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Purpose: The spread of carbapenem-resistant Klebsiella pneumoniae (CRKP) has become a great threat to human health, especially
in the intensive care unit. The aim of this study was to identify the origin and transmission route of a CRKP outbreak in an emergency
intensive care unit (EICU), so as to provide prevention and control strategies for CRKP outbreak.

Methods: Between Mar and Jun 2018, 10 CRKP isolates from 5 patients in the EICU ward of Shanghai Ruijin hospital north were
collected. Modified carbapenem inactivation method (mCIM) and whole-genome sequencing (WGS) were performed on all 10 CRKP
isolates. By integrating the genomic and epidemiological data of our isolates and 9 CRKP isolates from an outbreak in another
hospital, a putative transmission map was constructed.

Results: All 10 outbreak strains were carbapenemase positive in mCIM and belonged to the sequence type 11 (ST11) clone, harbored
a set of resistance genes and virulence genes. The phylogenetic tree of CRKP isolates based on two outbreaks revealed that the initial
isolate Al in our EICU ward belonged to one branch of isolates in another hospital, this introductive isolate evolved and caused
a subsequent outbreak in our EICU.

Conclusion: Integration of genomic and epidemiological data can yield a clear transmission map of CRKP outbreak. Monitoring the
rapid evolution of CRKP at the early stage of outbreak, CRKP monitoring after patients are discharged, active surveillance of newly
admitted patients, environmental hygiene and efficient antibiotic treatment may be the key to prevent and control of CRKP outbreak.
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Introduction

Klebsiella pneumoniae (K. pneumoniae), often commensally colonizes in the upper respiratory tract, gut, and skin of
human can cause invasive infections in the lower respiratory tract, urinary tract and blood in immunosuppressed
individuals." As the multiclass antimicrobial resistance (AMR) of K. pneumoniae is widespread in hospitals, especially
in the intensive care unit, it becomes a great threat to public health.? Although carbapenem antibiotics can be used for the
treatment of drug-resistant bacteria, K. pneumoniae has acquired carbapenemase that can inactive carbapenems, thus
conferring carbapenem-resistant, other mechanisms including porin loss, efflux pump, and the production of extended
spectrum beta-lactamases or AmpC beta-lactamases also led to carbapenem-resistant.'! Carbapenem-resistant
K. pneumoniae (CRKP) is a great challenge for clinicians, as it can cause invasive infections, with few therapeutic
options and high mortality.

K. pneumoniae carbapenemase (KPC) was first discovered in the USA in 1996, this plasmid-mediated carbapene-
mase gene was transferred horizontally worldwide and then isolated in China in 2014.> With the help of some special
mobile elements (Tnl1721 transposons and IncFII-like plasmids),’ blaKPC-producing K. pneumoniae spread wildly in
China and formed a dominant ST11 clone of blaKPC-producing K. pneumoniae.”® In 2016, the prevalence of CRKP in
different provinces of China ranged from 0.9% to 23.6%, with an average incidence rate of 8.7%.° Nosocomial outbreaks
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of CRKP were reported in different cities of China,'®'® community disseminations were also observed.'”'® CRKP
strains constitute the majority of carbapenem-resistant Enterobacteriaceae (CRE) in clinical settings, which has become
a major public health problem. However, the transmission map within or between different institutions was not well
depicted, making it difficult to develop efficient strategies for prevention and control of CRKP outbreak.

Traditional typing methods, such as pulsed-field gel electrophoresis (PFGE) and multi-locus sequence typing (MLST)
can characterize the epidemiological linkage of outbreak, but they only target a small portion of the bacterial genome,
limiting the resolution and, thus, our understanding of the molecular epidemiology of pathogens. Whole-genome
sequencing (WGS) based SNP-calling (short-read or long-read sequencing) provides enough resolution for outbreak
tracking. Long-read sequencing can provide information of mobile genetic elements (MGEs), but its high error rates pose
challenges for SNP-calling. Although short-read sequencing cannot provide information of MGEs, it is relatively
straightforward and can yield highly accurate results, making it a powerful tool for outbreak tracking.

In the present study, the WGS data (short-read sequencing) of CRKP strains in our EICU department and another
hospital were integrated with epidemiological data, a putative transmission map was constructed and some prevention
and control strategies were proposed.

Materials and Methods

Patients and Isolates

In late Mar and Jun 2018, 5 cases of infection due to carbapenem-resistant K. pneumoniae in the EICU ward of Shanghai
Ruijin hospital north (Shanghai, China) were identified. As in the medical institutions more than 3 cases of infection with
similar clinical symptoms and suspected common infection source in a short time can be determined as suspected
outbreak of hospital infection, therefore we initiated a retrospective outbreak investigation. Isolates from 5 patients were
collected. The sample types consisted of blood, urine, deep vein catheters and sputum. Clinical data including the
patient’s age, gender, diagnosis, outcome, time of admission, time of discharge, and length of hospital stay were extracted
from the patient administration system.

Species identification and antimicrobial susceptibility testing were performed with the MALDI-TOF MS spectro-
metry (bioMérieux, France) and VITEK-2 compact system (bioMérieux, France), the susceptibility of the strain to
imipenem, meropenem and ertapenem was checked by K-B paper diffusion method (Oxoid, UK). Modified carbapenem
inactivation method (mCIM) was used for phenotypic detection of carbapenemase. If the test isolate produces
a carbapenemase, the meropenem in the disk will be hydrolyzed and there will be no inhibition or limited growth
inhibition of the meropenem-susceptible E. coli ATCC® 25922. The zone diameter of 6-15mm or presence of pinpoint
colonies within a 16-18mm zone is considered to be carbapenemase positive.'” Antibiotic susceptibility and minimum
inhibitory concentrations (MIC) were determined according to the Clinical and Laboratory Standards Institute (CLSI)-
M100 2021 guidelines.

DNA Extraction and Quality Control

Genomic DNA was extracted using Wizard® Genomic DNA Purification Kit (Promega) according to manufacturer’s
protocol. Purified genomic DNA was quantified by TBS-380 fluorometer (Turner BioSystems Inc., Sunnyvale, CA).
High-quality DNA (0OD260/280=1.8~2.0, >1pg) was used for further research.

Whole Genome Sequencing

Total DNA was extracted from 10 CRKP isolates and sequenced with next-generation sequencing technology (Illumina
Hiseqx10 with 2x150bp pair-end reads). Raw sequence data were pre-processed as follows: (1) removing adaptor
sequence. (2) removing the bases containing non-A, G, C and T at the 5 end. (3) removing the ends of reads with
low sequencing quality (quality score <Q20). (4) removing the reads with the proportion of N-base removal reached
10%. (5) removing reads shorter than 25bp after the above trim. The Q20 of raw reads were about 97% and Q30 of raw
reads were about 93%. The Q20 of clean reads were above 98% and the Q30 of clean reads were above 95%. Clean data
were de-novo assembled with SOAPdenovo2. Draft genome sequences were compared with the Genome Taxonomy
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Database (GTDB), the constructed phylogenetic tree based on the difference of 31 housekeeping genes (dnaG, frr, infC,
nusA, pgk, pyrG, rplA, rplB, rplC, rplD, 1plE, 1plF, rplK, rplL, rpIM, rpIN, rplP, rplS, rplT, rpmA, rpoB, rpsB, rpsC, rpsE,
rpsl, rpsJ, rpsK, rpsM, rpsS, smpB, tsf) indicated that K. pneumoniae IM45, complete genome (CP006656.1) was the
closest strain to our isolates and could be used as a reference genome.

Multi-Locus Sequence Typing

Seven housekeeping genes of K. pneumoniae (gapA, mdh, tonB, infB, pgi, rpoB and phoE) were used to characterize the
CRKP isolates by MLST. Data of 10 CRKP isolates in our study were analyzed on the online tool of Majorbio Cloud
Platform (https://cloud.majorbio.com/page/tools/).

Identification of Antimicrobial-Resistant (AMR) Genes and Virulence Factor (VF)
Genes
The AMR genes of 10 CRKP isolates were identified by ResFinder tools V4.1.0 in the ResFinder (https://cge.cbs.dtu.dk/

services/ResFinder/) database. The VF genes of 10 CRKP isolates were identified by Diamond in the virulence factor
database (VFDB) (http://www.mgc.ac.cn/VFs/).

In silico Detection of Plasmid Replicons
The clean short sequencing reads of CRKP strains were assembled into contigs by SOAPdenovo2, these assembled
contigs were uploaded to Center for Genomic Epidemiology (http://www.genomicepidemiology.org/) and analyzed by

PlasmidFinder 2.1 (threshold for minimum % identity, 80%; minimum % coverage, 60%).

Single Nucleotide Polymorphisms (SNPs) Identification and Phylogenetic Tree

To detect SNPs between isolates of our study and another hospital, the genome data of 9 isolates downloaded from the
Short Read Archive (SRR9600321 to SRR9600329, sample ID kp-sl to kp-s9) and the clean data of 10 isolates in our
study were mapped to the JM45 reference genome with CLC Genomics Workbench 21.0.5. High-quality SNPs were
identified, SNP matrix across samples and SNP phylogenetic tree were constructed by Compare Variants Across Samples
Workflow V0.3 in microbial genomics module plugin of CLC Genomics Workbench. The required significance level for
low frequency variant calls was set as 0.01. Variants with a frequency below 20% were removed and variants with an
average base quality below 20% were also removed. Neighbor-Joining Algorithm was used for the construction of SNP
tree.

Results
Outbreak Description

Between March and June 2018, 5 cases of infection due to carbapenem-resistant K. pneumoniae occurred in the EICU
ward of Shanghai Ruijin hospital north. Epidemiological data showed that a 59-year-old man was patient zero (indicated
as patient A), he had been transferred to the EICU from another hospital, with diabetes and hepatoma. The first CRKP
strain was obtained from the mid-stream urine upon his admission and was named as Al. Within the following days of
patient A’s hospitalization, the CRKP strain was detected in his urine 8 times but was not found in his sputum and blood
samples. During his stay in the EICU, infection spread to other four patients.

Patient B’s bed was adjacent to patient A’s bed. Before patient A’s admission, patient B had been subjected to multiple
sputum and urine cultures, including perianal screening, and no CRKP was detected. However, 10 days after patient A’s
admission, CRKP strains (B1, B2, B3, B4) were found in patient B’s sputum, blood, deep vein catheters and urine
successively.

Despite implementing control measures which included bedside isolation, contact precautions and hand hygiene,
another 5 CRKP isolates (C1, D1, D2, D3, E1) were detected in 3 patients within the next 45 days, giving an average of
one new K. pneumoniae infection case emerging every 15 days. Finally, two cases died due to CRKP blood infection and
another 3 cases improved and were discharged. The 5 patients’ clinical characteristics are summarized in Table 1 and the
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Table | Clinical Characteristics of Patients in the EICU Outbreak

Patient | Isolate Isolate Isolate Age | Gender Primary Antibiotics Outcome
ID type Date Diagnosis Treatment

A Al Urine 20-Mar 59 Male Hepatoma, diabetes Tigecycline, Discharged

meropenem
B Bl Sputum I-Apr 90 Male Epilepsy, diabetes Tigecycline, Death
imipenem

B2 Blood 5-Apr
B3 Deep vein 5-Apr
B4 Urine 22-Apr

C Cl Sputum 22-Apr 33 Male Rhabdomyolysis, Tigecycline linezolid | Discharged

diabetes

D DI Urine 29-Apr 67 Female Atrial fibrillation Tigecycline linezolid Death
D2 Sputum 20-May
D3 Blood 20-May

E El Sputum 16-May 45 Male Trauma Tigecycline Discharged

timelines of patients’ admission, discharge, sample taking and outcomes are shown in Figure 1, hospital time overlaps
were found among these patients.

Antimicrobial Susceptibility Testing and MLST

As shown in Figure 2A, all suspected outbreak strains showed multiple drug classes resistance, particularly against
carbapenems, all 10 strains were resistant to cefazolin, ceftriaxone, ceftazidime, cefepime, cefotetan, ampicillin-
sulbactam, piperacillin-tazobactam, aztreonam, imipenem, ertapenem, meropenem, gentamicin, amikacin, tobramycin,
ciprofloxacin, levofloxacin, trimethoprim-sulfamethoxazole and fosfomycin, but still susceptible to tigecycline and
polymyxin B. All the 10 CRKP isolates were positive to mCIM and WGS produced draft genomes showed that they
were blaKPC-2 producing strains. MLST analysis showed that all the strains in this outbreak belonged to ST11

K. pneumoniae strains.

Genetic Determinants of Resistance and Virulence

The next-generation sequencing analysis was performed on the 10 CRKP strains. Almost all suspected CRKP outbreak
strains harbored multiple genes encoding resistance to p-lactams (blaTEM-1B, blaSHV-182, blaCTX-M-65, blaLAP-2,
blaKPC-2), aminoglycosides (rmtB, aadA2b, aadA1, aph(6)-1d), fluoroquinolones (qnrS1, OgxB, OgxA), sulfamethox-
azoles (sull, sul2, sul3, dfrA12), fosfomycins (fosA3, fosA), macrolides (mef(B)) and tetracyclines (tet(A)). However,
the antimicrobial-resistant gene character of A1 was a little different from the other 9 strains (Figure 2B).

Time line:

do d2o d40 d6o dso

1 I | ] ] ] | I I
Sample:
I] Sputum

rovercs D + [ oo
“ Deep vein
Outcome:

+ Death

Figure | Timelines of CRKP-infected patients in the EICU. DO refers the day of patient A’s admission, the blue horizontal bars are patients’ hospital days, colored boxes are
the notes of sample date, clinical outcomes are also depicted at the end of horizontal bars.
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Figure 2 Antimicrobial susceptibility, AMR genes, and VF genes of 10 CRKP isolates. (A) The resistance phenotypes of 10 CRKP isolates to antibiotics, red dot represents
resistant and white dot represents sensitive; (B) AMR genes of 10 CRKP isolates, different classes of AMR genes were distinguished by different colors, colored box
represents presence of AMR gene and white box represents absence of AMR gene; (C) VF genes of 10 CRKP isolates, different classes of VF genes were distinguished by
different colors, colored box represents the presence of VF gene and white box represents the absence of VF gene.
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Moreover, the 10 CRKP outbreak strains also harbored multiple virulence genes. Gene coding for type I fimbriae
(fim), type III fimbriae (mrk), efflux pump (acrAB), regulation factors (rcsAB) and the siderophore genes (enterobactin,
salmochelin, yersiniabactin, iutA) were detected in all strains and almost all strains shared the same virulence factors.
However, type IV pili biosynthesis associated genes (pilURV), aerobactin siderophore genes (iucABCD) and T6SS genes
associated secretion system (vipA/tssB) were not detected in strain Al, but were detected in the other 9 strains
(Figure 2C).

Plasmid of Isolates

Nine different plasmids [ColRNAI, IncFIB(K), IncFII(pHN7AS8), IncR, IncFIB(pKPHSI1), IncFII(pKP91), Col
(pHAD?28), IncFII(pCRY) and IncFII(K)] were identified by PlasmidFinder, with the first four being present in the 10
CRKP strains. IncFIB(pKPHS1), IncFII(pKP91) and Col(pHAD28) were only identified in strain A1, IncFII(pCRY) was
not identified in strain A1 but in other 9 strains, IncFII(K) was identified in some strains (Supplement Table 1).

WGS-Based SNPs, Phylogenetic Tree and Putative Transmission Map

After integrating the WGS data of our strains and strains from another hospital, high-quality SNPs (frequency and base
quality all above 20%) between each pair of strains were detected in all strains. Taking strain Al as a reference, the
different SNPs revealed that these strains can be divided into 3 clades. Clade 1 comprised strain Al in our EICU and
strains kp-s1, kp-s2, kp-s3, kp-s4 and kp-s6 in another hospital, whereas strains kp-s5, kp-s7, kp-s8 and kp-s9 in another
hospital formed clade 2. Clade 3 consisted of 9 strains in our EICU (B1, B2, B3, B4, C1, D1, D2, D3, E1). The internal
members of each clade had high homology, the differences in the internal strains of clade 1, clade 2 and clade 3 were in
the range of 1-68, 3—41 and 0-8 SNPs, respectively. In contrast, 922-959 SNPs differed between clades 1 and 2, 366—
379 SNPs were found between clades 1 and 3, and there were 961-984 SNPs differences between clades 2 and 3
(Figure 3A). Based on the SNPs differences, the phylogenetic tree of 19 CRKP strains was established, and this

Sample Al SNPs
A Al Bl l 1000

BI_| 362 B2 -

B2 | 362 B3

B3 | 362 B4

B4 | 363 Cl

Cl_| 363 D1

DI_| 365 4 4 D2 0
D2 | 366 | 4 4 4 5 7 D3

D3 | 366 | 4 4 4 5 7 El

El_| 362 kp-s1

kp-s | 49 | 367 | 367 | 367 | 368 | 368 367 kp-s2

kps2 | 45 | 369 [ 369 | 369 | 370 [ 370 369 | 4 kp-s3

[ kp-s3 | 48 [ 366 | 366 | 366 | 367 | 367 366 kp-s4

kp-s4 | 57 | 375 | 375 | 375 | 376 | 376 6 375 | 62 | 64 | 61 kp-s5

kp-s5 kp-s6

kp-s6 | 49 | 373 | 373 | 373 | 374 | 374 | 376 | 377 [ 377 | 373 | 60 [ 56 | 59 | 68 kp-s7
kp-s7 41 kp-s8
kp-s8 4 39 kp-s9
kp-s9 7 42

Figure 3 SNP matrix, phylogenetic tree and putative transmission map. (A) The SNP numbers between our isolates and isolates from another hospital (kp-s| to kp-s9). (B)
The SNP based phylogenetic tree of CRKP isolates in our EICU (A to E) and another hospital (kp-s| to kp-s9). (C) Putative map of CRKP transmission during the outbreak:
the square frame represents the EICU ward, nodes show the patients and their relative position in ward, arrows indicate the source and the transmission events from one
patient to another.
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phylogenetic tree showed that the initial strain Al in our EICU also belonged to one branch of another hospital
(Figure 3B).

Focused on clade 3 composed of 9 strains in our EICU, only 8 SNPs’ differences were found among them, indicating
that they had the same source. It should be noted that there were only 6 beds in our EICU, and one bed had not been
occupied by the patient during outbreak period. Before patient A was admitted, CRKP was not detected in all samples of
other patients, including drug-resistant bacteria screening samples. Combined with the temporal and spatial epidemio-
logical data in Figures 1 and 3C, patient B was at the center of the timeline and the center of the ward, strains from
patient B were also in the center of clade 3 in the phylogenetic tree. Based on epidemiological and SNPs’ differences
data, the strains from patient B might come from patient A and spread to others directly (Figure 3C). Meanwhile,
although patient E had no direct connections with patient B in time and space, the SNPs matrix in Figure 3A shows that
strains from patient B and patient E had the highest homology, SNPs between them were almost 0, indicating the strain
source of patient E was also patient B, not the other 3 patients.

Discussion

The spread of CRKP brought great challenges to public health,>* >

understanding the molecular characteristics of CRKP
strains can help outbreak control. Traditional typing methods such as PFGE and MLST cannot accurately track the spread of
CRKP strains due to insufficient resolution. In recent years, WGS-based SNP-calling has been used in CRKP outbreak

.2 - 13,1624
tracking,” some studies'>'®

used it to depict the CRKP transmission map within hospitals. However, the CRKP
transmission map between institutions still masked, making it hard for the prevention and control of CRKP outbreak. In
this study, the genomic and epidemical data of two CRKP outbreaks were integrated by SNP-calling and epidemiological
investigation, a hypermutable strain linked two outbreaks was identified and some outbreak control strategies were
proposed.

Epidemiological data showed that before patient A’s admission, no CRKP was detected in our EICU. The first CRKP
strain Al was detected from the mid-stream urine upon patient A’s admission, then 9 CRKP strains were successively
cultured from different specimen types of the other four patients, therefore it can be speculated that patient A was the
initial patient causing this outbreak. But the SNPs analysis based on WGS revealed that there were about 360 SNPs’
differences between Al and the other 9 outbreak strains. There might be several possibilities for this difference, first,
patient A was not the index patient, second, patient A carried various K. pneumoniae mutants and Al was not the real
index strain, third, strain A1 was hypermutable. To clarify the real reason, relevant factors were analyzed, on the one
hand, our EICU is a relatively independent environment with only 6 beds, doctors and nurses were also relatively
independent, only caring for EICU patients. It was almost impossible that CRKP strains come from patients or staff
outside the EICU. On the other hand, we had performed bacterial culture on sputum, blood and perianal specimens of
patient A, and no CRKP was detected. Therefore, it can be concluded that A1 from patient A was the index strain and it
was a hypermutable strain.

During the hospitalization of patient A, CRKP strain was detected in his urine 9 times, as the urinary tract is filled
with various stress factors, such as mechanical shear stress, limitation of nutrients, iron and oxygen, host immune
responses and antimicrobial therapy,”® these might be the reasons for Al to become a hypermutable strain. Some studies
reported that when spread into a new environment, the intraspecies shift may happen in CRKP to adapt to the
environmental changes.”® CRKP may acquire enhanced virulence and this hypervirulent CRKP may cause severe and
untreatable invasive infections in hospitals.?’® In our study, plasmid analysis showed that compared with A1, other 9
strains lost three plasmids [IncFIB(pKPHS1), IncFII(pKP91), Col(pHAD28)], obtained one plasmid IncFII(pCRY) while
some of them obtained IncFII(K), these differences might be caused by environmental selection pressure or plasmid
incompatibility. The loss and acquisition of plasmids may cause the other 9 strains to carry more resistance genes and
virulence genes such as aadA2b, aadA1, OgxB, OqxA, sull, sul3, dfrA12, fosA, mef(B), tet(A), pilURV, iucABCD and
vipA/tssB, these genes may make the outbreak strain more adaptable to environment and more harmful to patients.
Although these outbreak strains in our study were only virulent, not hypervirulent (harboring mediated genes related to
host cell adhesion (fim, mrk), iron-transport-related genes (aerobactin, ent, fep, iro, ybt, irp), efflux pump (acrAB) and
regulation factors related genes (rcsAB), not harboring capsular polysaccharide production gene rmpA and wabG), they
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still led to the death of 2 patients because of blood infection. Based on these data, we proposed that in the early stage of
the outbreak, rapid evolution of CRKP should be monitored and the emergence of hypervirulent CRKP should be alerted.

SNP-based phylogenetics analysis showed that the initial strain Al in our EICU ward belonged to one branch of
strains in another hospital, epidemiological data showed that since two hospitals were located in the adjacent area of
the same city, patient A had visited two hospitals successively. All these data showed that the outbreak of our EICU
in Mar 2018 may originate from the outbreak of another hospital in Apr 2017. Zimmerman et al found that
carbapenem-resistant Enterobacteriaceae (CRE) patients from a previous hospitalization may carry CRE for almost
one year and they may readmit to the hospital because of the same strain infection.”® In our study, patient A had
visited many hospitals, in this process, he may carry colonized CRKP strain and then led to the outbreak of our EICU
one year later after the outbreak of another hospital. Based on these data, we proposed that CRKP patients should be
monitored for at least one year after they are discharged, for those with immune insufficiency, the monitoring time
could be longer.

A recent CRKP transmission dynamics model®® showed that the admission of CRKP colonized patients, whether
they have symptoms or not, impacted the endemic transmission in health-care units significantly. Spyridopoulou et al
found that screening patients at admission can reduce the spread of pathogens within the hospital.®' In our study, CRKP
was identified in the patient A’s urine on the day of his admission, proper measures including bedside isolation, contact
precautions and hand hygiene had been taken and the outbreak was limited to 5 patients within 3 months. Our data
showed that active surveillance of newly admitted patients attained maximum containment of CRKP infection in
EICU.

Based on epidemiological and SNPs differences data, the strains from patient B came from patient A and spread to
patient C, patient D and patient E. It is worth noting that, patients B and E did not have an overlap in time and space, but
the genomic data of their strains were identical, which proves that the transmission between them may be indirect and
may be mediated by devices or environment. Some studies showed that hospital devices such as ventilators and monitors,
hospital environment including beds, beddings, saline stands and relevant objects in the immediate vicinity of the patients
may also take part in the transmission of CRKP in an outbreak.’>>* Unfortunately, no CRKP strain was detected in
samples of our equipment and environment, but the equipment or environmental pollution cannot be ruled out. These
data showed that during the control of an outbreak, in addition to bedside isolation, contact precautions and hand
hygiene, the environment and equipment hygiene are also nonnegligible.

In addition, in our study, all CRKP strains were sensitive to tigecycline and polymyxin B, and the antimicrobial
resistance phenotype was consistent with the resistance genes based on WGS, and proper antibiotics were given to all
patients and the outbreak ended in a relatively short period. A CRKP transmission dynamics model by WGS has also
proved that antibiotic treatment efficacy was also an important factor for CRKP control.’® These data showed that
effective antibiotic use may reduce the duration time of CRKP infection and colonization in EICU patients, which was
important to control outbreak.

There were several limitations in our study. First, our study was only a retrospective study so it cannot provide real-
time assistance to CRKP dissemination control. Second, the WGS data in our study were based on short-read sequencing,
although we have analyzed the presence of plasmids, the specific information of MGEs was still unclear. Thus,
experiments such as conjugation and transformation tests were needed to further explore the dissemination mechanisms
of CRKP. Finally, CRKP strain was detected in patient A’s urine 9 times, although they showed the same characters in
antimicrobial susceptibility testing and mCIM, they may have different WGS characters, future studies are needed to
further analyze the WGS differences of these isolates.

Conclusion

By integrating the genomic and epidemiological data of two CRKP outbreaks, we tracked the source and the route of
CRKP transmission in our EICU. Through analysis of the key links in the transmission, we proposed that monitoring the
rapid evolution of CRKP at the early stage of outbreak, CRKP monitoring after patients are discharged, active
surveillance of newly admitted patients, environmental hygiene and efficient antibiotic treatment may be the key for
prevention and control of CRKP outbreak.
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