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Purpose: The continuous emergence of carbapenem-resistant Klebsiella pneumoniae (CRKP) 
has become a serious public health problem globally, especially for children, but data on CRKP 
infection in pediatric patients are limited. This study aimed to identify epidemiological and 
molecular patterns of CRKP among pediatric patients in Jiangsu province, China.
Patients and Methods: CRKP were consecutively collected from the Children’s Hospital 
of Nanjing Medical University in China from July 2018 to May 2019. Then, CRKP strains 
were performed for further study: antimicrobial susceptibility testing, drug-resistance deter
minants screening and homology analysis.
Results: We collected 94 CRKP from 94 children. Overall, blaKPC-2 (79.8%) was the 
predominant carbapenemase gene, followed by blaNDM-1(14.9%), blaIMP-4 (5.3%) and 
blaNDM-5(4.3%). Notably, two isolates coharbored blaKPC-2 and blaIMP-4, and two isolates 
coharbored blaKPC-2 and blaNDM-5. MLST analysis revealed that 14 distinct sequence types 
(STs) were identified, of which ST11 was the most common sequence type identified. 
Moreover, two novel STs, ST4854 and ST4855, were detected in this study. PFGE revealed 
that a predominant cluster consisting of KPC-2-producing CRKP ST11 clone isolates was 
identified and was distributed mainly in the pediatric intensive care unit (PICU) and cardiac 
intensive care unit (CCU). Moreover, this is the first report to identify the dissemination of 
ST716 CRKP coproducing KPC-2 and IMP-4 clones.
Conclusion: Clonal dissemination of KPC-2-producing CRKP ST11 was observed in 
multiple departments. Moreover, two novel STs (ST4854 and ST4855) were identified, 
which indicates an increased diversity of CRKP strains. To our knowledge, this is the first 
report that identified the dissemination of Klebsiella pneumoniae coproducing KPC-2 and 
IMP-4 clones among children, which represents a significant health risk to pediatric patients. 
Active surveillance and effective control measures are urgently needed to prevent further 
transmission of these strains among children.
Keywords: Klebsiella pneumoniae, carbapenemase, KPC-2, ST11, clonal dissemination, 
children

Introduction
The emergence of carbapenem-resistant Klebsiella pneumoniae (CRKP) has become 
a serious global public health problem that spreads among our most vulnerable 
population, children.1 In 2017, the World Health Organization (WHO) published its 
first list of antibiotic-resistant “priority pathogens” - a catalog of 12 families of bacteria 
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that pose the greatest threat to human health, and CRKP was 
listed as a critical priority pathogen.2 According to data from 
the China Antimicrobial Surveillance Network (CHINET) 
for 2005–2017, the prevalence of CRKP in children drama
tically increased from 2.2% (5.0% in adults) to 25.4% 
(21.2% in adults).3 The production of carbapenemase is the 
major mechanism of CRKP strain resistance to carbapenem. 
Carbapenemases reported worldwide mainly include class 
A enzyme Klebsiella pneumoniae carbapenemase (KPC), 
class B enzyme New Delhi metallo-β-lactamase (NDM) 
and class D enzyme oxacillinase type 48 (OXA-48). In 
China, previous studies revealed that the main carbapene
mase of adults was KPC-2, while the predominant carbape
nemase of pediatric patients was NDM-1.4,5

Children, as naturally vulnerable groups, have a limited 
choice of antibiotics due to side effects. In addition, car
bapenem resistance genes and other resistance genes are 
often detected in CRKP strains simultaneously, which 
increases the difficulty of anti-infection treatment in 
children.6 Previous studies showed high morbidity and 
mortality in pediatric patients infected with CRKP.1 

Therefore, more information about the molecular charac
teristics of CRKP is needed to effectively control the 
spread of CRKP and prevent outbreaks in pediatric 
patients in the future. We aimed to investigate the resis
tance determinants, antibiotic resistance characteristics, 
and genetic relatedness among CRKP isolates from pedia
tric patients at the Children’s Hospital of Nanjing Medical 
University in Jiangsu Province, China.

Patients and Methods
Collection of Bacterial Strains
Consecutive nonduplicated strains of CRKP were prospec
tively collected from July 2018 to May 2019 from inpa
tients who were admitted to Children’s Hospital of 
Nanjing Medical University, which is one of the largest 
Children’s hospitals in Jiangsu, China. There are approxi
mately1400 beds in the hospital with an estimated popula
tion of two million patient visits per year. Strain 
identification was performed by matrix-assisted laser des
orption/ionization time-of-flight mass spectrometry. In 
vitro antimicrobial susceptibility testing of isolates was 
analyzed with a VITEK-2 compact system (bioMérieux, 
Marcy-l’Étoile, France). The electronic medical records of 
the children, including patient age, sex, ward, underlying 
diseases and specimen source, were retrospectively 
reviewed.

Antimicrobial Susceptibility Testing
The minimum inhibitory concentrations (MICs) of imipe
nem, meropenem, cefazolin, cefuroxime, ceftazidime, 
cefepime, piperacillin-tazobactam, aztreonam, amikacin, 
ciprofloxacin, colistin, tigecycline, and sulfamethoxazole 
were detected by the broth microdilution method. 
Susceptibility breakpoints were interpreted in accordance 
with the Clinical and Laboratory Standards Institute 
(CLSI), except for tigecycline and colistin, which were 
interpreted based on the European Committee for 
Antimicrobial Susceptibility Testing (EUCAST) criteria.7,8

Detection of Resistance Determinant
PCR using the primers was conducted as previously 
described and used to detect carbapenemase genes 
(blaKPC, blaNDM, blaIMP, blaVIM, blaOXA-48), common 
extended-spectrum β-lactamase (ESBL) genes (blaCTX-M, 
blaSHV and blaTEM) and plasmid-encoding AmpC genes 
(blaDHA, blaCIT, blaMOX, blaEBC, blaFOX).9–15 The ampli
cons were screened by electrophoresis on a 1.5% agarose 
gel. The positive amplicons were sequenced using Sanger 
sequencing, and the entire sequences obtained were com
pared to the reported sequences in GenBank using the 
BLAST algorithm (http://www.ncbi.nlm.nih.gov/blast/).

Molecular Typing
Multilocus sequence typing (MLST) was performed for 
genotyping according to the protocol described previously 
on the MLST website of the Pasteur Institute (http:// 
bigsdb.pasteur.fr/klebsiella/klebsiella.html). The sequences 
of seven housekeeping genes (infB, pgi, mdh, phoE, gapA, 
tonB and rpoB) were compared with those in the 
Klebsiella pneumoniae MLST database. A minimum span
ning tree of 94 Klebsiella pneumoniae strains was con
structed in BioNumerics software version 7.6.

The clonal relationships of Klebsiella pneumoniae iso
lates were determined by pulsed-field gel electrophoresis 
(PFGE). PFGE was performed according to the protocol 
established by the Centers for Disease Control and 
Prevention (Atlanta, GA). The PFGE patterns were also 
compared using BioNumerics software version 7.6, with 
a cutoff at 80% similarity to indicate identical PFGE types.

Results
Clinical Characteristics of CRKP Isolates
During the study period, 942 nonrepetitive Klebsiella 
pneumoniae were isolated from pediatric patients in 
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Children’s Hospital of Nanjing Medical University, of 
which 94 (10.0%) were identified as carbapenem- 
resistant Klebsiella pneumoniae. The clinical and epide
miological characteristics of these isolates are summarized 
in Table 1. Children who were colonized or infected with 
CRKP had a median age of 4 months (interquartile range, 
2–12 months), and the male-to-female ratio was 1.7. The 
isolated CRKP strains were collected from clinical speci
mens, which included sputum (72.3%, 68/94), urine 
(9.6%, 9/94), blood (8.5%, 8/94), and other samples 
(9.6%, 9/94). The CRKP strains were isolated from pedia
tric patients in 16 different wards but were primarily from 
PICU (26.6%, 25/94), pneumology department (13.9%, 
13/94) and CCU (13.9%, 13/94). From electronic medical 
records, the most common diseases in patients were pneu
monia (62.8%, 59/94) and sepsis (18.1%, 17/94), and the 
most common underlying conditions was chronic heart 
disease (8.5%, 8/94).

Antibiotic Susceptibility Testing
The results of the antimicrobial susceptibility testing of the 
94 CRKP strains are shown in Table 2 and the minimum 
inhibitory concentration (MIC) values are showed 
Supplementary Table 1. All 94 clinical isolates were 
observed as multidrug-resistant bacteria and exhibited 
resistance to meropenem, cephalosporins and enzyme inhi
bitors. The rates of susceptibility to imipenem, aztreonam, 
ciprofloxacin, amikacin and sulfamethoxazole were 1.1%, 
4.3%, 18.1%, 43.6% and 85.1%, respectively. 
Additionally, the CRKP strains showed a high susceptibil
ity rate to tigecycline and colistin (100.0%).

Detection of Resistance Determinants
All 94 isolates carried the carbapenemase genes, and 
blaKPC-2 (79.8%, 75/94) was predominantly detected, fol
lowed by blaNDM-1 (14.9%, 14/94), blaIMP-4 (5.3%, 5/94) 
and blaNDM-5 (4.3%, 4/94).

Notably, two strains coharboring blaKPC-2 and blaIMP-4 

were obtained from two children in the PICU who under
went mechanical ventilation and died of severe lung infec
tion. In addition, two strains coharboring blaKPC-2 and 
blaNDM-5 were also isolated from two children in the PICU.

All isolates were successfully identified with ESBL 
genes. BlaSHV was the most prevalent among the ESBL 

Table 1 Clinical Characteristics of the CRKP Strains

Characteristics n=94

Age in months (median) 4

Male gender 59 (62.8%)

Specimen
Sputum 68 (72.3%)

Urine 9 (9.6%)
Blood 8 (8.5%)

Others 9 (9.6%)

Wards
PICU 25 (26.6%)

Pneumology department 13 (13.9%)
CCU 13 (13.9%)

Neonatal medicine 12 (12.8%)

Others 31 (33.0%)

Diseases
Pneumonia 59 (62.8%)
Sepsis 17 (18.1%)

Cerebral disease 3 (3.2%)

Urinary tract infection 1 (1.1%)

Underlying conditions
Chronic Heart Disease 8 (8.5%)
Neonatal Respiratory Distress Syndrome 3 (3.2%)

Gastroenteritis 2 (2.1%)

Immunodeficiency 2 (2.1%)

Outcome
Cure 90 (95.7%)
Death 4 (4.3%)

Abbreviations: PICU, pediatric intensive care unit; CCU, cardiac care unit.

Table 2 Antimicrobial Susceptibility Patterns of CRKP Strains, % (n)

Antibiotics Susceptible Intermediate Resistant

Imipenem 1.1 (1) 0.0 (0) 98.9 (93)

Meropenem 0.0 (0) 0.0 (0) 100.0 (94)

Piperacillin- 

tazobactam

0.0 (0) 0.0 (0) 100.0 (94)

Cefazolin 0.0 (0) 0.0 (0) 100.0 (94)

Cefuroxime 0.0 (0) 0.0 (0) 100.0 (94)

Ceftazidime 0.0 (0) 0.0 (0) 100.0 (94)

Cefepime 0.0 (0) 0.0 (0) 100.0 (94)

Aztreonam 4.3 (4) 0.0 (0) 95.7 (90)

Ciprofloxacin 18.1 (17) 2.1% (2) 79.8 (75)

Amikacin 43.6 (41) 0.0 (0) 56.4 (53)

Sulfamethoxazole 85.1 (80) 0.0 (0) 14.9 (14)

Tigecycline 100.0 (94) 0.0 (0) 0.0 (0)

Colistin 100.0 (94) 0.0 (0) 0.0 (0)
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genes. The common subtypes of blaSHV in these strains were 
blaSHV-11 (46.8%, 44/94), blaSHV-12 (24.5%, 23/94), blaSHV-2a 

(7.4%, 7/94), blaSHV-1 (6.4%, 6/94), blaSHV-27 (2.1%, 2/94), 
blaSHV-26 (1.1%, 1/94), blaSHV-28 (1.1%, 1/94) and blaSHV-187 

(1.1%, 1/94). Other ESBL genes were blaTEM-1 (n=68), 
blaCTX-M-15 (n=13), blaCTX-M-65 (n=6), blaCTX-M-27 (n=1) 
and blaCTX-M-14 (n=1). The blaDHA-1 gene, which is an 
AmpC β-lactamase gene, was detected in one strain.

Molecular Typing
Among the 94 CRKP strains, a total of 14 different 
sequence types (STs) (12 previously described STs and 2 
novel STs) were identified. ST11 (75.5%, 71/94) was the 
most common type, followed by ST76 (8.5%, 8/94) and 
other uncommon STs that were identified in one or two 
strains each. Furthermore, ST4854 (gapA = 2, infB = 3, 
mdh = 1, pgi = 1, phoE = 4, rpoB = 4, tonB = 56) and 
ST4855 (gapA = 18, infB = 22, mdh = 63, pgi = 96, phoE 
= 167, rpoB = 13, tonB = 192) represented two novel 
allelic profiles of seven housekeeping genes. ST4854 is 

close to the 10 known STs including ST20, ST422, ST691, 
ST924, ST1188, ST1482, ST2806, ST2807, ST3640, 
ST4682. ST4855 is the closest to the discovered ST1105.

The distributions of carbapenemases among different 
STs are shown in Figure 1. This study showed that most 
KPC-2 producers (94.7%, 71/75) belonged to ST11, 
whereas NDM-1 producers belonged to many STs such 
as ST76 (n=7), ST20 (n=2), ST17 (n=1), ST35 (n=1), 
ST193 (n=1), ST690 (n=1), and ST4854 (n=1). Strains 
carrying the IMP-4 gene belonged to ST716 (n=2), ST34 
(n=1), ST76 (n=1), and ST307 (n=1). The NDM-5 gene 
belonged to ST1140 (n=2), ST11 (n=1) and ST4855 (n=1). 
Additionally, two isolates coharboring KPC-2 and IMP-4 
were typed as ST716, and two strains coharboring KPC-2 
and NDM-5 were typed as ST11 and ST4855, respectively.

PFGE patterns of XbaI-digested genomic DNA of 94 
CRKP isolates revealed 12 different clusters. PFGE pro
files of 71 ST11 CRKP isolates were grouped into 3 
different PFGE clusters. The predominant cluster consist
ing of 63 KPC-2-producing CRKP ST11 clone strains was 

Figure 1 Minimum spanning trees of 94 CRKP isolates. Each node represents a single ST. The size of the nodes was proportional to the number of strains within the 
represent ST. The color distribution represents distribution of carbapenemase genes among different STs.
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identified, indicating clone dissemination of those isolates 
mainly from the PICU (n=16), CCU (n=11) and pneumol
ogy department (n=9) (Figure 2). Furthermore, the PFGE 
profiles of the other 23 non-ST11 CRKP isolates were 
grouped into nine different PFGE clusters (Figure 3). 
Among them, 7 NDM-1-producing CRKP ST76 clones 
displayed the same PFGE profiles, which revealed clonal 
dissemination of these strains from the pneumology 

department (n=3), neonatal medicine department (n=3), 
and infectious disease department (n=1). Two isolates 
coharboring KPC-2 and IMP-4 belonged to ST716 from 
the PICU and shared highly similar PFGE patterns. In 
addition, two NDM-5-producing ST1140 clones and two 
NDM-1-producing CRKP ST20 clones from the surgical 
intensive care unit (SICU) shared the same PFGE profiles. 
In general, the clonal dissemination of CRKP was 

Figure 2 Dendrogram of PFGE profiles of 71 CRKP ST11 isolates. The UPGMA algorithm was performed to construct a dendrogram based on the dice similarity 
coefficient. Strains were classified as the same clone cluster when their dice similarity index was ≥80%. 
Abbreviations: SICU, surgical intensive care unit; PICU, pediatric intensive care unit; CCU, cardiac care unit.
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identified in multiple departments, with the intensive care 
unit being the most common.

Discussion
CRKP is an emerging problem that spreads among our 
most vulnerable population, children. Previous studies 
have mostly focused on adults, and molecular epidemio
logical data on children are limited. The aim of the present 
study was to describe the microbial resistance character
istics and epidemiological clinical characteristics of 
CRKP, which may help to prevent CRKP from becoming 
an epidemic in children. To the best of our knowledge, this 
is the first report of the clonal spread of Klebsiella pneu
moniae ST716 coproducing KPC-2 and IMP-4 among 
pediatric patients.

In this study, all 94 CRKPs were multidrug-resistant 
bacteria, but the resistance rate of strains to sulfamethox
azole, tigecycline and colistin was low, which may be due 
to their less use in children. In China, sulfamethoxazole, 
tigecycline and colistin were not recommended for chil
dren due to their potential side effects. A previous study 
revealed that colistin in combination with other antimicro
bial agents resulted in relatively low nephrotoxicity and 
a favorable outcome in >70% of pediatric patients with 
infections due to carbapenem-resistant bacteria.16 It is 
worth noting that with the continuous use of colistin in 

clinical practice, Klebsiella pneumoniae has been reported 
to be resistant to colistin, and its resistance mechanism is 
different from previous chromosomal mutations but is 
caused by the colistin resistance gene (mcr-1) carried by 
plasmids.17 With the limited choice of antimicrobial agents 
in children, there is an urgent need to take effective infec
tion control measures and strengthen continuous surveil
lance to prevent further dissemination of CRKPs among 
pediatric patients.

KPC was previously described as the most common 
type of carbapenemase in Klebsiella pneumoniae strains in 
adults,18 which is consistent with the current results that 
the 75 (79.8%) CRKPs collected from children mainly 
produced the KPC-2 enzyme. In addition, homology ana
lysis showed that KPC-2-producing CRKP ST11 clones 
were widely spread in multiple departments, mainly in the 
PICU and CCU. ST11 was the dominant clone of KPC- 
2-producing CRKP isolates in China. A previous study 
revealed that ST11 Klebsiella pneumoniae showed 
a pandrug-resistant phenotype with a high prevalence of 
virulence factors favoring the binding, biofilm formation, 
colonization and escape from phagocytosis, which can 
make clones of this pathogen successfully spread 
worldwide.19 In this study, NDM-1-producing Klebsiella 
pneumoniae were identified, accounting for 14.9% of the 
CRKPs collected. A 5-year surveillance of CRKP strains 

Figure 3 Dendrogram of PFGE profiles of 23 CRKP non-ST11 strains. The UPGMA algorithm was performed to construct dendrogram based on the dice similarity 
coefficient. Strains were classified as the same clone cluster when their dice similarity index was ≥80%. 
Abbreviations: PICU, pediatric intensive care unit; CCU, cardiac care unit; SICU, surgical intensive care unit; NICU, cardiac care unit.
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in China revealed that NDM-1 enzymes gradually became 
the most prevalent type of carbapenemase in children.5 

The current findings revealed that ST76 and ST20 
Klebsiella pneumoniae cause clonal dissemination of 
NDM-1-producing Klebsiella pneumoniae in our hospital. 
It has been reported that NDM-1-producing Klebsiella 
pneumoniae ST76 caused an infection outbreak in the 
neonatal unit in Shanghai and that NDM-1-producing 
Klebsiella pneumoniae ST20 caused an infection outbreak 
in the neonatal unit in Shandong Province, suggesting that 
ST76 and ST20 are potentially high-risk clones that need 
more attention.20,21 Moreover, NDM-1-producing 
Klebsiella pneumoniae had different clonal backgrounds, 
and NDM-1 was also observed in ST17, ST35 and ST690 
isolates in our study. To our knowledge, ST690 and 
ST4854 NDM-1-producing Klebsiella pneumoniae have 
never been reported globally, indicating that the diversity 
of NDM-1-producing Klebsiella pneumoniae is increasing. 
The NDM-5 enzyme, first identified in the Escherichia coli 
strain in the UK, appeared to show increased hydrolytic 
activity to carbapenems and extended-spectrum 
cephalosporins.22,23 Notably, our previous research found 
that the NDM-5 enzyme was associated with nosocomial 
outbreaks of ST337 Klebsiella pneumoniae in a neonatal 
unit in Jiangsu Province.24 Our current results show that 
the spread of blaNDM-5-harboring ST1140 clone strains 
was first identified in the SICU at the Children’s Hospital 
of Nanjing Medical University, revealing rapid evolution 
of CRKP strains among pediatric patients.

Notably, two ST716 Klebsiella pneumoniae strains 
coharboring blaKPC-2 and blaIMP-4 and a novel Klebsiella 
pneumoniae sequence type 4855 carrying both blaKPC-2 

and blaNDM-5 were identified. The KPC enzyme has the 
ability to hydrolyze monobactam antibiotics but can be 
inhibited by some β-lactamase inhibitors, such as avibac
tam. However, avibactam is inactive against metallo-β- 
lactamase (MBL) producers, including NDM and IMP, 
and monobactam antibiotics are active against MBL 
producers.25 Therefore, the synergistic effects of different 
carbapenemase classes may lead to higher levels of resis
tance to carbapenems and other antimicrobials. Due to the 
limited choice of antibiotics in children, the emergence of 
these strains brings great challenges to clinical treatment.

Up to now, only one KPC-2 and IMP-4 co-producing 
CRKP isolate and one strain harbored blaKPC-2 and 
blaNDM-5 have been identified from children.26,27 To our 
knowledge, this is the first report of the dissemination of 
Klebsiella pneumoniae coproducing KPC-2 and IMP-4 

clones among children. Something of concern is that 
these two pediatric patients died of severe lung infection, 
which suggests that the Klebsiella pneumoniae isolates 
coproducing two carbapenemases may pose a significant 
health risk to pediatric patients. A previous study revealed 
that Klebsiella pneumoniae coproducing the KPC-2 and 
NDM-1 enzymes are highly stable, have interhost trans
mission capacity, and are resistant to the newly marketed 
ceftazidime-avibactam.28 Therefore, effective infection 
control measures are urgently required to prevent the 
further spread of the strains coproducing two carbapene
mases among children.

There are some limitations to this study. First, it was 
performed at a third-grade children’s hospital in Jiangsu 
province, and molecular epidemiology and drug-resistance 
mechanisms of CRKP strains in our children may not be 
generalizable to children patients throughout our country. 
In addition, the clinical characteristics of patients with 
CRKP isolates were briefly reviewed in our study, and 
we did not identify independent risk factors for CRKP 
strains infections due to a lot of related research has 
been performed, and our study focused mainly on clinical 
molecular epidemiology of carbapenem-resistant 
Klebsiella pneumoniae among pediatric patients.

Conclusion
In summary, the production of KPC-2 was the main 
mechanism of carbapenem resistance among pediatric 
patients in Nanjing, Jiangsu Province. Clonal dissemina
tion of KPC-2-producing Klebsiella pneumoniae ST11 
isolates was observed in multiple departments, with 
PICU and CCU being the most common, showing exten
sive cross-transmission of CRKP strains among high-risk 
wards. This was the first report of the dissemination of 
ST716 Klebsiella pneumoniae coproducing KPC-2 and 
IMP-4 clones in children, and the detection of the 
Klebsiella pneumoniae isolates coproducing two carbape
nemases represents a significant health risk to pediatric 
patients. Therefore, active surveillance and strict infection 
control measures are urgently needed to prevent Klebsiella 
pneumoniae strains coproducing two or more carbapene
mases from becoming epidemic among children in the 
future.
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