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Purpose: Carbapenem-resistant organisms (CROs) have posed a great threat to antibiotic use and induce multi-drug resistance. 
Contamination of the hospital environment and infection of healthcare workers (HCWs) are reported as sources of nosocomial 
infections. Here, we performed a comprehensive environment sampling and timely epidemiological investigation during outbreaks to 
investigate the role of the environment and HCWs in CRO transmission.
Patients and Methods: We enrolled carbapenem-resistant organism outbreaks in ICU-1 of Huashan Hospital from January 2019 to 
March 2019, and ICU-2 located at west branch of Huashan Hospital from October 2019 to November 2019. Carbapenem-resistant 
Klebsiella pneumoniae (CRKP) and carbapenem-resistant Acinetobacter baumannii (CRAB) isolates were collected from the patients. 
We performed a real-time comprehensive environmental and HCW sampling in the two ICUs. Isolated strains from patients and the 
positive colonies from the screening were sent for whole-genome sequencing. Finally, phylogenetic trees were constructed.
Results: CRAB and CRKP outbreaks simultaneously occurred in ICU-1; the outbreak involved 13 patients. Meanwhile, the CRKP 
outbreak in ICU-2 included 11 patients. Twelve out of 146 environment and HCWs samples in ICU-1 were carbapenem-resistant 
bacteria, including six CRKP and six CRAB strains. For ICU-2, hospital surfaces and HCWs were negative for CRKP. Phylogenetic 
analyses showed that CRKP strains in ICU-1 were classified into two clades: Clade 1 and Clade 2, sharing a high similarity of isolates 
from the environment and HCWs. The same phenomenon was observed in CRAB.
Conclusion: A timely comprehensive sampling combined with genome-based investigation may aid in tracking the transmission 
route of and controlling the infections. The environment and HCWs could be contaminated during CRO transmission, which calls for 
strengthened prevention and control measures.
Keywords: carbapenem-resistant, environment, whole-genome sequencing, prevention, control

Introduction
Carbapenem-resistant Klebsiella pneumoniae (CRKP) and Acinetobacter baumannii (CRAB) belong to “The ESKAPE 
pathogens”, which poses a great threat to antibiotic use and resistance. The increased attention to ESKAPE pathogens 
originates from high occurrence of outbreaks and hospital-associated infections harboring antimicrobial resistance 
(AMR) genes. Mutations and plasmid-mediated horizontal transfer of resistance and virulence genes accelerate the 
spread and transmission of infections, leading to difficulties in prevention and control. Whole-genome sequencing has 
been widely used in pathogen identification, genotyping, and assessment of transmission route.1,2

Infection and Drug Resistance 2022:15 4563–4573                                                         4563
© 2022 Zhang et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the 

work you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

Infection and Drug Resistance                                                              Dovepress
open access to scientific and medical research

Open Access Full Text Article

Received: 22 March 2022
Accepted: 23 July 2022
Published: 17 August 2022

In
fe

ct
io

n 
an

d 
D

ru
g 

R
es

is
ta

nc
e 

do
w

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.d
ov

ep
re

ss
.c

om
/

F
or

 p
er

so
na

l u
se

 o
nl

y.

http://www.dovepress.com/permissions.php
https://www.dovepress.com/terms.php
https://www.dovepress.com/terms.php
http://creativecommons.org/licenses/by-nc/3.0/
https://www.dovepress.com/terms.php
https://www.dovepress.com


Contact transmission is the most common mechanism of diseases caused by bacteria and virus. In nosocomial 
infections, the source of contact transmissions are infected patients or contaminated surfaces or equipment near the 
patients.3 High-touch surfaces in wards represent a critically important multi-drug resistant organism (MDRO) reservoir,4 

as well as the hospital environment including wastewater.5 In addition, infected healthcare workers play a key role in the 
transmission of multidrug-resistant bacteria.6

Previously, we have reported a CRKP outbreak tracing in intensive care units (ICUs) using short and long read 
sequencing. However, the source or media of transmission remains unclear. In the present study, we performed 
a comprehensive environment sampling and epidemiological investigation during the outbreak to investigate whether 
the environment plays an essential role in the transmission of infection and potential driving force for carbapenem- 
resistant organisms (CROs) transmission.

Patients and Methods
Patients and Isolates
Patients from outbreaks in ICU-1 of Huashan Hospital from January 2019 to March 2019 and ICU-2 located at west 
branch of the hospital from October 2019 to November 2019 were enrolled in the study. Clinical information and 
epidemiological data were collected. CRKP and CRAB isolates were collected from patients who were admitted into 
ICU-1 during outbreak period, while only CRKP strains were obtained from patients in ICU-2. Carbapenem-resistance 
was identified using minimum inhibitory concentration (MIC) of imipenem or meropenem ≥4 ug/mL. Isolates were 
identified from 13 and 11 patients admitted to Huashan Hospital and the west branch of the hospital during the outbreak 
period, respectively. Isolates collected from the same study site with accordant antibiotic susceptibility tests were 
excluded from the study. Results from the antibiotic susceptibility tests (ASTs) were collected and analyzed using the 
Clinical and Laboratory Standards Institute version 2019 guidelines. The study protocol and informed consent forms 
were approved by the Huashan Hospital Ethical committee (KY19-429).

Environment and HCW Sampling and Isolation
A comprehensive environment and HCW sampling in ICU-1 during the outbreak was conducted for eight times until 
June 7, 2019. Meanwhile, environment and HCW sampling was conducted in ICU-2 as well. A total of 146 samples were 
collected from high-touch surfaces in the patients’ rooms and wards, including the bed railing, bedside tabletop, and 
ventilator surface, and in the doctors’ office, including phones, keyboards, and tables. Hand sampling was conducted on 
available nurses, nursing workers, and doctors. All samples were cultured in lysogeny broth (LB) medium for 48 h and 
screened using meropenem (4 μg/mL). Subsequently, the isolates were identified using 16S rRNA sequencing. CRAB 
and CRKP strains were then selected for storage and sequencing.

Whole-Genome Sequencing and Plasmid Identification
The total DNA from a single colony of clinical CRKP or CRAB isolate was extracted using the TIANAmp Micro DNA 
Kit (TIANAmp, China), according to the manufacturer’s recommendation. DNA libraries were sequenced on the 
Illumina Nova-seq Platform (Illumina, USA) using a pair-end 150-base pair strategy. De novo assembly of short-read 
sequencing data was performed using SPAdes (v3.11.1) with default parameters. Multilocus sequences were identified 
using the BIGSdb-Pasteur (https://bigsdb.pasteur.fr/).

Among the strains analyzed, CRKP strain kp8 was subjected for GridlON Nanopore long-read sequencing. The 
average depth for the Nanopore sequencing is approximately 400X, and error rate is approximately 15%. Unicycler tool 
was used to assemble short and long reads, and then the assembled plasmids of kp8 were mapped to the plasmid 
sequences in the NCBI database.

Single Nucleotide Polymorphism Analysis and Phylogenetic Tree Construction
Klebsiella pneumoniae strain SWU01 (GeneBank CP018454.1) and Acinetobacter baumannii strain MDR-ZJ06 
(GeneBank NC_017171.2) were used as the reference genomes for read mapping. Bowtie2 (v 2.3.3.1)7 was used for 
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read mapping, and candidate SNPs were identified using SAMtools (v 1.9).8 Next, we constructed a phylogenetic tree 
based on the SNPs of CRKP isolated from ICU-1 and ICU-2. To compare the CRKPs in the two ICUs, we performed an 
evolutionary analysis based on 54,338 SNPs found in the 30 clinical CRKP isolates. Meanwhile, the phylogenetic tree of 
CRAB was established using 7007 SNPs among 19 strains. All phylogenetic trees were generated using Molecular 
Evolutionary Genetics Analysis (MEGA) X,9 with maximum-likelihood estimation and the general time reversible 
nucleotide substitution model. The phylogenetic trees were generated in iTOL v6.

Results
Overview of CRAB and CRKP Outbreaks in ICU-1
ICU-1 experienced CRAB and CRKP outbreaks simultaneously, which involved 13 patients (Table 1). The median age of 
patients was 56 years old (range: 34–78 years old). Underlying diseases included central nervous system infection (CNS 
infection), severe pneumonia, liver failure, brain abscesses, and disseminated nocardiosis. Five patients died, of which 
four died of underlying disease, while one patient died due to CRAB and severe Pneumocystis jiroveci co-infection.

CRAB and CRKP strains were isolated from 11 and 7 patients, respectively. Five patients had simultaneous CRKP 
and CRAB infections before discharge. On December 25, 2018, the index patient (Pt 1) was admitted into ICU-1 of 
A Hospital due to CNS infection. Eight days later, CRAB was isolated from his sputum, and the other 11 strains were 
found in the next two months in this ward. Most of the patients were admitted in Room 3. Admission of Pt 3 overlapped 
with Pt 1 and 2 from January 23 to February 6, 2019. Furthermore, Pt 6, 7, 8, and 9 shared Room 3 with Pt 3 from 
February 15 to March 7, 2019. Pt 4 had no evident epidemiological link with other patients. In total, rectal swab screen 
was performed on seven patients (Table 1), among which Pt 6, 9, 10, and 12 were positive for ESBL. Three patients had 
positive CRAB CSF (Pt 1–6) or sputum (Pt 10 and 12) on admission.

For CRKP, the first identified infection during this outbreak was Patient 6, who was admitted in ICU-1 on 15th 
February and diagnosed with brain abscesses and ventriculitis. The patient was implanted with Ommaya reservoir on 
February 18; three days later, CRKP was isolated from the cerebrospinal fluid. In the following month, a total of six 
patients in ICU-1 acquired CRKP infections. As shown in Figure 1A, Patients 1, 3, and 6 had an epidemiological link of 
shared ward stays. In addition, Patients 1, 7, 9, and 10 overlapped in Room 3. Patient 9 had a positive ESBL screen 
result, and two CRKP strains isolated from sputum and blood were collected.

Overview of the CRKP Outbreak in ICU-2
The CRKP outbreak in ICU-2 occurred in October 2019 until late December 2019 (Table 2). The first identified patient 
infected with CRKP (Pt A) in ICU-2 was hospitalized in B Hospital on October 28, 2019. Pt A was identified as an 
imported CRKP case. He received neurosurgery in other hospital in June 2019 and acquired CRKP infection in the CSF 
afterwards. Pt C, D, and E had overlapped stays of a room, and a similar epidemiological link was observed in Pt H and 
I (Room 5) (Figure 1B). Pt E and G shared Room 1 and Room 4, while Pt 2–10 and 2–11 had no evident epidemiological 
relationship with other patients. The patients were transferred in different wards in ICU-2, especially Pt D, E, and F.

Effects of Comprehensive Environmental Sampling and Control Measures
We performed a comprehensive environmental and medical staff sampling in ICU-1 for a total of eight times since the 
outbreak. Sampling on March 12, March 29, and April 4 showed positive results, while the next five sampling days 
reported negative results. Twelve out of 146 isolates (8.22%) were carbapenem-resistant bacteria. The CRKP strain H7 
was isolated on March 12; strains E1, E13, E14, and E19 were isolated on March 29, and strain ES5 was isolated on 
April 4, which came from bed railing, bedside tabletop, and ventilator surfaces. CRAB strains E4, E16, and E25 were 
isolated on March 29, while strains ES1, ES3, and ES9 were isolated on April 14; the strains were isolated from bed 
railing, bedside tabletop, computer keyboards, and hands of intern doctors. Surfaces of and HCWs in ICU-2 were 
negative for CRKP.

Meanwhile, control measures against nosocomial infection were implemented in both ICU-1 and ICU-2 to control the 
outbreaks. Control measures included strengthening of the active rectal swab screening, isolating CRO-infected patients, 
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Table 1 Characteristics of Patients in ICU-1

Patient 
Number

Isolate 
ID

Gender Age Underlying 
Disease

Admission 
Date

Sample Date Species Rectal 
Swab 

Screen

Sample 
Specimen 

Source

Outcome Date of 
Discharge 
or Death

Cause of Death

Pt1 ab5 Male 43 Central nervous 

system infection

2018/12/25 2019/1/3 CRAB Not 

done

Sputum Improved 2019/3/28 /

kp5 2019/3/3 CRKP Sputum

kp11 2019/3/4 CRKP CSF

Pt2 ab11 Female 51 Myasthenia gravis; 
Severe pneumonia

2019/1/9 2019/1/27 CRAB Not 
done

Blood Died 2019/2/6 Infection

Pt3 ab9 Male 46 Severe pneumonia; 
eczema scroti

2019/1/23 2019/2/15 CRAB Not 
done

BALF Improved 2019/3/1 /

kp7 2019/2/26 CRKP Sputum

Pt4 ab12 Male 64 Pulmonary 

aspergillosis

2019/2/12 2019/2/19 CRAB Not 

done

BALF Improved 2019/3/11 /

Pt5 Kp10 Male 68 Liver failure; 

Hepatorenal 

syndrome

2019/2/12 2019/3/22 CRKP Not 

done

Fiber 

bronchoscopy 

aspirates

Died 2019/3/31 Liver failure, 

Hepatorenal syndrome, 

Severe pneumonia

kp9 2019/3/29 CRKP Pus

Pt6 ab10 Male 34 Brain abscesses; 

ventriculitis

2019/2/15 2019/2/15 CRAB 02/19 

ESBL 

positive

CSF died 2019/2/27 Central nervous system 

infection
kp8 2019/2/20 CRKP CSF

Pt7 kp6 Male 66 Central nervous 

system infection 
(Encephalitis)

2019/2/25 2019/2/27 CRAB 02/26 

negative

Sputum Improved 2019/3/20 /

ab6 2019/3/4 CRKP Sputum

ab13 2019/3/4 CRAB Sputum

Pt8 ab2 Male 43 Severe pneumonia 

(adenovirus 
infection)

2019/2/28 2019/3/11 CRAB 03/05 

negative

Blood Died 2019/3/15 Septic shock

ab3 2019/3/12 CRAB Sputum

Pt9 kp1 Male 78 Severe pneumonia 2019/2/28 2019/3/15 CRKP 02/28 
ESBL 

positive

Sputum Died 2019/4/1 Severe pneumonia, 
CRKP infection

kp2 2019/3/19 CRKP Blood

https://doi.org/10.2147/ID
R

.S367398                                                                                                                                                                                                                                   

D
o

v
e

P
r
e

s
s
                                                                                                                                                      

Infection and D
rug Resistance 2022:15 

4566

Z
hang et al                                                                                                                                                            

D
o

v
e

p
r
e

s
s

Powered by TCPDF (www.tcpdf.org)Powered by TCPDF (www.tcpdf.org)

https://www.dovepress.com
https://www.dovepress.com


Pt10 ab4 Male 73 Disseminated 

nocardiosis

2019/3/11 2019/3/12 CRAB 03/11 

ESBL 
positive

Sputum Improved 2019/4/24 /

kp4 2019/3/16 CRKP Sputum

kp12 2019/4/20 CRKP Blood

Pt11 ab1 Female 71 Severe pneumonia 2019/3/12 2019/3/12 CRAB Not 

done

Sputum Improved 2019/4/6 /

Pt12 ab8 Male 59 Viral 

meningoencephalitis

2019/3/20 2019/3/24 CRAB 03/21 

ESBL 
positive

Sputum Improved 2019/4/4 /

Pt13 ab14 Male 75 Severe pneumonia 2019/3/22 2019/3/28 CRAB 0327 
Negative

Sputum Improved 2019/4/2 /
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contact precautions and hand hygiene, and environment cleaning. The outbreaks in ICU-1 and ICU-2 were attenuated in 
April 2019 and December 2021, respectively.

Phylogenetic Analysis and Genome Comparisons of CRKP and CRAB
A total of 54,338 SNPs detected in all CRKP strains isolated from ICU-1 and ICU-2 were used to construct the 
phylogenetic tree (Figure 2A). Strains W873 and W937 were considered as the outgroup strains.

Interestingly, CRKP strains from ICU-1 were classified into two clades: Clade 1 and Clade 2. As shown in Figure 2B, 
the ICU-1 Clade 1 (ST17) was distributed in the upper branch of the tree, while ICU-1 Clade 2 (ST11) was located at the 

A

B

Figure 1 The timeline of patients in ICU-1 and ICU-2. (A) Timeline of 13 patients enrolled in ICU-1. The corresponding strain numbers were showed near patient’s number. 
Black and red box showed sample data of CRKP and CRAB, respectively. The room stay of Room 1, 2, 3, 4 in ICU-1 was represented by different stripes. Red star meant the 
death date of patient. (B) Timeline of 11 patients enrolled in ICU-2. The corresponding strain numbers were showed near patient’s number. Black and red box showed 
sample data of CRKP and CRAB, respectively. The room stay of Room 1, 2, 3, 4 and 5 in ICU-2 was represented by different stripes. Red star meant the death date of 
patient.
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Table 2 Characteristics of Patients in ICU-2

Number Isolate 
ID

Gender Age Underlying 
Disease

Admission 
Date

Sample Date Rectal 
Screen

Species Sample 
Specimen 

Source

Outcome Date of 
Discharge or 

Death

Cause of 
Death

Pt A W873 Male 65 Central nervous 

system infection

2019/10/28 2019/10/28 2019/11/11 

positive

CRKP Rectal Swab Improved 2019/12/17 /

Pt B W909 Male 45 Cerebral 
hemorrhage

2019/11/1 2019/11/6 2019/10/28 
negative

CRKP Sputum Improved 2019/11/21 /

Pt C W902 Female 21 Intracranial tumor 2019/10/14 2019/11/4 Not done CRKP Sputum Improved 2019/11/18 /

Pt D W916 Female 24 Moyamoya disease 2019/10/17 2019/11/6 Not done CRKP Sputum Improved 2019/11/21 /

Pt E W920 Male 65 Cerebral infarction 2019/9/25 2019/11/7 2019/10/28 

negative

CRKP Sputum Death 2019/11/19 Cerebral 

infarction
W938 2019/11/11 CRKP Rectal Swab

Pt F W942 Male 19 Autoimmune 

encephalitis

2019/10/22 2019/11/11 Not done CRKP Sputum Improved 2019/12/25 /

Pt G W945 Male 42 Intracranial tumor 2019/10/21 2019/11/12 not done CRKP Sputum Improved 2019/12/25 /

Pt H W948 Male 50 Central nervous 

system infection

2019/11/5 2019/11/12 2019/11/5 CRKP CSF Improved 2019/12/23 /

Pt I W901 Female 29 Cerebral infarction 2019/10/22 2019/11/7 Not done CRKP CSF Improved 2019/11/29 /

Pt J W937 Male 42 Intracranial tumor 2019/10/21 2019/11/11 2019/11/11 
positive

CRKP Rectal Swab Improved 2019/11/15

W932 2019/11/11 CRKP Sputum

Pt K W 963 Female 49 Intracranial tumor 2019/11/1 2019/11/14 Not done CRKP Sputum Improved 2019/12/17 /
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lower group. The ICU-1 Clade 1 belonged to ST11 CRKP, which was resistant to aminoglycoside and beta-lactams. 
These observations were consistent with those from the AST (Supplementary Table 1). Although the fluoroquinolone- 
resistance gene Qnr-S1 was detected, the AST showed that the resistance of ST17 clinical strain to ciprofloxacin and 
levofloxacin was intermediate. Meanwhile, 11 strains belonged to ICU-1 Clade 2, and these strains shared four SNPs. 
Aside from multidrug-resistance genes, all strains harbored the following virulence genes: iutA, rmpA, and rmpA2.

Among the CRKP strains isolated from ICU-2, strains W873 (ST2250) and W937 (ST15) were considered as the 
outgroup strains (Figure 2C). Nine strains in the lower clade shared 11 SNPs in total. The remaining strains in the 
phylogenetic tree belonged to ST11 and harbored the virulence genes iutA and rmpA. Although no carbapenem-resistant 
gene was detected in W937, the AST showed that the strain was resistant to both imipenem and meropenem, the AST 
results are listed in Supplementary Table 2. W909 was identified as wzi209 and KL47, while the other ST11 strains were 
wzi64 and KL64.

As for the CRAB outbreak, 7007 SNPs were detected in 13 clinical and 6 environmental and HCW samples 
(Figure 3). All strains belonged to ST2 via the Pasteur sequence type, while several Oxford sequence types were 
identified, including ST191 (n = 8), ST195 (n = 2), ST540 (n = 6), ST1806 (n = 1), ST136 (n = 1), and ST1837 (n = 1). 
All the strains carried the carbapenem-resistance gene OXA-23. The lower Clade-1 including ab2 and ab3 (Pt 8), ab5 
(Pt1), ab8 (Pt12), ab11 (Pt 2), ES1, ES-3, and ES-9 shared only 20 SNPs. Similarly, in the upper clade, ab1 and E4 shared 
one SNP. The Clade-2 ST540 strains ab6, ab10, ab12, and E16 were closely related as well, with 43 SNPs detected 
among these four strains.

Plasmid Identification Through Transmission
Since the CRKP strains of ICU-1 Clade 2 were found to possess the virulence genes rmpA, rmpA2, and iuc1, we performed 
Nanopore sequencing to characterize the plasmids. A total of five plasmids of strain kp8 were confirmed through short- and 
long-read sequencing. Plasmid 1 carried the virulence genes iutA, rmpA, and rmpA2, with a mapping coverage of 93.65% to 
plasmid MG053312.1, which was first confirmed as a hypervirulent plasmid in Henan, China, in 2018. Additionally, Plasmid 

A B

C

Figure 2 Phylogenetic tree of CRKP isolates in ICU-1 and ICU-2. (A) The genetic structure of total 30 CRKP isolates. The yellow and green range represented two clades 
in ICU-1 while purple range indicated strains in ICU-2. (B) The detailed phylogenetic tree of CRKPs in ICU-1. The upper branch indicated Clade 1, and the lower branch was 
classified Clade 2. (C) The detailed phylogenetic tree of CRKPs in ICU-2. Samples with grey dots showed strains isolated from environment. Sequence type were showed as 
stripes. Blue and red binary data meant antibiotic resistance genes (including resistance genes against aminoglycoside, beta-lactams, carbapenem, fluoroquinolone, and 
macrolide) and virulence genes (rmpA, rmpA2, and iuc1), respectively.
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2 is a KPC-harboring plasmid, carrying the resistance genes RmtB, SHV12, and TEM30, and had a 97.48% mapping to 
MF168404.1. The multidrug-resistant Plasmid 3 (MF133496, 100.00%) harbored Qnr-S1, SuIII, tetA, DfrA14, and LAP-2. 
The two remaining plasmids were identified as CP023932.1 and CP023936.1 (both 100.00% mapped).

Putative Source of and Driving Force for CRO Transmission
Combined with the epidemiological and genomic evidence, we could infer the potential transmission route and source of the 
CRO outbreaks. Among the ICU-1 infections, kp5 (Pt 1), kp8 (Pt 6), and W901 (Pt I) were considered as index cases of 
CRKP ICU-1 Clade 1, ICU-1 Clade 2, and ICU-2, respectively. The index cases of CRAB transmission were ab5 (pt1) and 
ab10 (Pt6). The environmental and HCW samples were contaminated during both CRKP and CRAB transmission in ICU-1.

The CRKP ICU-1 Clade 1 originated from kp5, while the strain isolated from Pt 1 was transmitted to kp6 (Pt 7), kp7 (Pt 3), 
and kp10 (Pt 5). Pt 6 contributed the index KP strain of ICU-2 CRKP Clade 2. The strain was transmitted to clinical strains 
kp1, kp2, and kp9. Additionally, environmental strains including H7, E1, E14, and E19 were contaminated during the CRO 
transmission. Subsequently, the kp4 was infected by these strains with another three SNP site mutations. In addition, the strain 
ES5 had two SNPs different from kp8. The outbreak of CRKP in ICU-2 might have come from strain W901 (Pt I, ICU-2), then 
the other seven patients got infected, which was most likely driven by frequent transferring among distinguished rooms; thus, 
the CRO in the environment or other media were contaminated. Furthermore, CRAB is inferred to be transmitted from ab5 
(Pt 1) to ab2 and ab3 (Pt 8), and ab8 (Pt 12) and ab11 (Pt 2). The ST540 strain of ab6 (Pt 7) and ab12 (Pt 4) might have 
originated from ab10 (Pt 6), which was an imported case carrying CRAB upon admission.

Discussion
Here, we performed a real-time investigation of outbreaks using comprehensive sampling and whole-genome sequencing 
to identify the sources and driving force of CRO spreading in tertiary hospitals. Two findings were illustrated: (1) 
environmental and HCW contamination were common during CRO transmission, and (2) real-time comprehensive 
sampling combined with genome-based investigation might help track the transmission.

Figure 3 Phylogenetic tree of CRAB isolates in ICU-1. Samples with grey dots showed strains isolated from environment. Sequence type were showed as stripes. Blue 
binary data meant antibiotic resistance genes (including resistance genes against aminoglycoside, beta-lactams, macrolide, tetracycline, and genes of OXA-23, sul and Sull).
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In this study, we performed real-time investigation using a comprehensive environmental and HCW sampling. The origin 
of CRKP transmission might have stemmed from dominant CRKP clones throughout the hospital, including surfaces, which 
infected the patients after admission. Persistent environmental contamination and HCW infection may be possible sources of 
carbapenem-resistance in both Klebsiella pneumoniae and Acinetobacter baumannii.10,11 Several studies have shown the 
genetically similarity between strains isolated from the patients, HCWs, and the environment.5,11 However, the origin of 
transmission between patient, HCW, and environment remains unknown, and thus should be elucidated in the future.12 The 
index patient of ICU-1 CRKP transmission, Pt 6, underwent a surgery before testing positive, which may be due to bacterial 
translocation from the gut microbiota caused by procedures.13 After detection of CRO contaminants in the environment and 
HCWs, we strengthened the environmental disinfections, and subsequently no more CROs were detected from the third 
sampling. No significant evidence was detected in the transmission of methicillin-resistant Staphylococcus aureus and 
Vancomycin-resistant Enterococci when the contact precaution measure was implemented.14 However, OXA-23 was still 
transmitted in a new environment, even after the implementation of the control measures in the ICUs. Thus, apart from the 
contact precaution measures and environment disinfection, additional measures should be conducted.

Studies have shown that gram-negative bacteria mainly colonize the intestinal tract, and approximately 40% of CRKP 
infections are caused by the patients’ own unique strain.13 Active rectal swab screen could identify CRO carriers and 
provide evidences in tracking and controlling multidrug-resistant bacteria infection in subsequent hospital outbreaks. 
However, the positive rectal swab screen could not rule out hospital-acquired infection. In the present study, we isolated 
the strain 932 from Pt J (rectal swab), while strain W937 was isolated from sputum. Interestingly, the two strains were 
genetically different. The gut microbiota is complex and might harbor different genotypes of CRO; therefore, a timely 
surveillance and follow-up of rectal screening might help identify nosocomial transmission index and route.

Environment disinfection, contact precaution, and rectal swab are “bundle” measures suggested to be conducted in the 
ICUs. Since the introduction of Israel national intervention of CRE in 2007,15 the incidence of CRE acquisition declined 
by a 79%.15,16 Subsequently, these bundle measures combined with real-time surveillance should be performed to 
observe the impact of hospital-acquired CRO infection.

In ICU-2, no pathogen indicating environmental or staff contamination was found. Although no direct evidence was 
observed for the transmission route, we found that this outbreak might come from an imported index patient from 
referring hospitals, resulting in its transmission.

In our study, whole-genome sequencing combined with real-time comprehensive sampling was performed. These 
techniques have been widely used in outbreak tracing and genetic analysis.17–19 The WGS-based surveillance was 
applied in Candida auris infection control in ICU.20 Furthermore, we utilized a combination of short and long-read 
sequencing for plasmids analysis and reported plasmids carrying virulence genes, indicating the spread of hypervirulent- 
CRKP, which is of concern recently.21–24

This study has several limitations. First, the direction of the transmission route between the environment and HCWs was 
unclear, although close genomic distances were identified. Thus, timely surveillance should be conducted in a new ward in 
the future. Second, follow-up sample collections were not performed since the first sampling of ICU-2 was negative. Third, 
we did not perform the previous surveillance culture in Pt 6; thus, the source of Pt 6 infection was unclear.

Conclusion
In conclusion, a timely and comprehensive sampling combined with genome-based investigation may help in tracking the 
transmission route of and controlling the infections. HCWs and the environment could be contaminated during CRO 
transmission, which calls for strengthened prevention and control of infections.
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