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Abstract

Introduction. Carbapenem- resistant Enterobacteriaceae (CRE) have been responsible for nosocomial outbreaks worldwide and 
have become endemic in several countries.

Hypothesis/Gap Statement. To better understand the epidemiological trends and characteristics of CRE in the Henan province.

Aim. We assessed the molecular epidemiological characteristics of 305 CRE strains isolated from patients in 19 secondary or 
tertiary hospitals in ten areas of the Henan province in China.

Methodology. A total of 305 CRE isolates were subjected to multiple tests, including in vitro antimicrobial susceptibility testing, 
PCR for carbapenemase genes bla

KPC
, bla

NDM
, bla

IMP
, bla

VIM
, bla

OXA
-

48- like
. Tigecycline- resistant genes ramR, oqxR, acrR, tetA, rpsJ, tetX, 

tetM, tetL were analysed in five tigecycline non- susceptible carbapenem- resistant Klebsiella pneumoniae isolates (TNSCRKP). 
Additionally, multilocus sequence typing (MLST) was performed for carbapenem- resistant K. pneumoniae (CRKP).

Results. The most common CRE species were K. pneumoniae (234, 77 %), Escherichia coli (36, 12 %) and Enterobacter cloacae 
(13, 4 %). All strains exhibited multi- drug resistance. Overall, 97 % (295/305) and 97 % (297/305) of the isolates were susceptible 
to polymyxin B and tigecycline, respectively. A total of 89 % (271/305) of the CRE isolates were carbapenemase gene- positive, 
including 70 % bla

KPC
, 13 % bla

NDM
, 6 % bla

IMP
, and 1 % combined bla

KPC
/bla

NDM
 genes. K. pneumoniae carbapenemase (KPC) was the 

predominant carbapenemase in K. pneumoniae (87 %), whereas NDM and IMP were frequent in E. coli (53 %) and E. cloacae (69 %), 
respectively. Mutations in the ramR, tetA, and rpsJ genes were detected in five TNSCRKP. Moreover, 15 unique sequence types 
were detected, with ST11 (74 %), ST15 (9 %) and ST2237 (5 %) being dominant among K. pneumoniae strains.

Conclusion. A high proportion of CRE strains were carbapenemase- positive, and five carbapenem- resistant K. pneumonia iso-
lates were tigecycline non- susceptible, indicating a need for the ongoing surveillance of CRE and effective measures for the 
prevention of CRE infections.

INTRODUCTION

Carbapenems are often used as last- resort drugs to treat 
multi- drug- resistant (MDR) bacterial infections. In recent 
years, as carbapenems have become more frequently utilized, 
CRE strains have emerged worldwide, the management of 

which has been complicated by the occurrence of antimicro-
bial resistance [1, 2].

Particularly, many Enterobacteriaceae have acquired carbap-
enemases, a group of enzymes capable of hydrolysing carbap-
enems [3, 4]. Despite the global spread of Klebsiella pneumoniae 
carbapenemase (KPC), New Delhi metallo-β-lactamase 
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(NDM), and OXA-48, the prevalence of carbapenemases 
varies geographically [5]. For instance, carbapenem resistance 
in Enterobacteriaceae in China has been found to be primarily 
associated with KPC and metallo-β-lactamases. Specifically, 
data from 65 hospitals in 25 provinces across China revealed 
KPC in 77 % of carbapenem- resistant K. pneumoniae isolates, 
whereas NDM was detected in 75 % of carbapenem- resistant 
Escherichia coli and 53 % of carbapenem- resistant Entero-
bacter cloacae [6] Surveillance of antibiotic resistance by 
the China Antibiotic Resistance Surveillance System (http://
www. carss. cn/ Report/ Details? aId= 770) showed that Henan 
province had the second highest rate of carbapenem- resistant 
E. coli and highest rate of K. pneumoniae in 2019 (2 % versus 
3 % and 11 % versus 33 % for the national versus provincial 
rates, respectively). Although limited published data from the 
Henan province on CRE are available, high incidence and 
endemic spread of NDM-1- producing carbapenem- resistant 
E. cloacae isolates (73 %, 8/11) have been reported [7]. Indeed, 
NDM accounts for the most common carbapenemase carried 
by carbapenem- resistant E. coli (80 %, 4/5) in Henan [8]. 
Additionally, we previously reported a significant increase 
in the prevalence of CRE isolates from 13 % in 2014–19 % in 
2015 and 23 % in 2016, in a hospital in Henan [9].

Current treatment options for infections caused by CRE are 
severely limited. Tigecycline (TGC), a new class of broad- 
spectrum glycyl- tetracycline antibiotics, represents the last- 
line antibiotic to target CRE infections [10], as its clinical 
use has led to the emergence of resistant strains. Resistance 
in K. pneumoniae is thought to be primarily mediated by 
overexpression of genes encoding the AcrAB- TolC efflux 
pump [11, 12]. The AcrAB efflux pump is regulated by the 

global transcriptional factor ramA, whereas ramR serves 
as a local negative regulator of ramA [13]. In addition, an 
inactivating mutation in oqxR, the local repressor of the 
OqxAB efflux pump, can cause TGC resistance [14]. Muta-
tions in the rpsJ [15] and tetA [16] genes are also associated 
with reduced TGC susceptibility. Meanwhile, the plasmid- 
mediated high- level TGC resistance gene tetX has recently 
emerged in animals and humans [10, 17]. Furthermore, the 
CusS- CusR two- component system is reportedly associated 
with CRKP resistance to TGC [18]. TGC resistance mecha-
nisms have also been found to be caused by overexpression 
of tetL and tetM in Enterococcus faecium [19]. Although 
four carbapenem- resistant K. pneumoniae strains have been 
detected and characterized as non- susceptible to TGC in 
Henan [20], the underlying resistance mechanism has not 
been elucidated.

To better understand the epidemiological trends and char-
acteristics of CRE in the Henan province, 305 CRE isolates 
collected from ten different areas in Henan were analysed. This 
study provides data that may be clinically useful for control-
ling and reducing CRE infections within this geographical 
location.

METHODS
Clinical strains
A total of 305 CRE clinical isolates were collected in 2018–2019 
from 19 secondary or tertiary hospitals in Henan. These CRE 
isolates only accounted for a portion of the isolates collected 
from 19 hospitals. Duplicate isolates were excluded. Samples 
were isolated from different types of clinical specimens, 
including blood, sputum, urine, cerebrospinal fluid, etc. All 
isolates were identified by matrix- assisted laser desorption/
ionization time- of- flight (MALDI- TOF) mass spectrometry 
(Bruker Daltonics GmbH, Billerica, MA, USA).

Antibiotic susceptibility testing
Antimicrobial susceptibility was evaluated by microdilution 
methods, and the results were interpreted according to Clinical 
and Laboratory Standards Institute categories and minimum 
inhibitory concentration breakpoints [21]. Susceptibility 
tests were performed using E. coli ATCC 25922 as a quality 
control strain. The isolates were tested for susceptibility to 
imipenem (IPM), meropenem (MEM), aztreonam (ATM), 
ampicillin/sulbactam (SAM), cefazolin (KZ), ertapenem 
(ETP), cefotaxime (CTX), levofloxacin (LEV), gentamicin 
(GN), amikacin (AK), trimethoprim- sulfamethoxazole 
(SXT), TGC, and polymyxin B (PB). CRE were defined as 
carbapenem- non- susceptible (imipenem, meropenem, or 
ertapenem) organisms of the Enterobacteriaceae family. The 
interpretive criteria for TGC (≤2 μg ml−1, susceptible; 4 μg 
ml−1, intermediate; ≥8 μg ml−1, resistant) and polymyxin (≤2 
μg ml−1, susceptible; >2 μg ml−1, resistant) were based on the 
breakpoints established by the Food and Drug Administra-
tion [22] and European Committee on Antimicrobial Suscep-
tibility Testing [23], respectively.

Fig. 1. Areas included in the study are shaded. Areas with TNSCRKP 
isolates are denoted with stars.

http://www.carss.cn/Report/Details?aId=770
http://www.carss.cn/Report/Details?aId=770


3

Yan et al., Journal of Medical Microbiology 2021;70:001325

Molecular analysis of carbapenemase genes
All isolates were subjected to PCR to screen for the presence 
of blaKPC[24], blaIMP[25], blaVIM[25], blaNDM[26] and blaOXA-

48[25], as described previously. TGC resistance determinants 
ramR [11], oqxR [11], acrR [11], tetA [11], tetX [11 ], tetL [11], 
tetM [11], and rpsJ [11] were amplified in the five TNSCRKP 
with gene- specific primers, sequenced and compared with 
the wild- type reference strain K. pneumoniae MGH78578 
(CP000647) as described previously [11]. To identify carbap-
enemase genes, nucleotide sequence analysis was performed 
using the Basic Local Alignment Search Tool from the 
National Center for Biotechnology Information.

Multilocus sequence typing
Multilocus sequence typing (MLST) analysis of K. pneu-
moniae isolates was performed using the Institute Pasteur’s 
MLST scheme. Seven housekeeping genes, i.e. rpoB, gapA, 
mdh, pgi, phoE, infB and tonB, were used to characterize 
carbapenem- resistant K. pneumoniae (CRKP) isolates. 
CRKP is defined as K. pneumoniae that is non- susceptible 
to any carbapenems (imipenem, meropenem or ertapenem). 
Primers and amplification conditions were obtained from 
https:// bigsdb. pasteur. fr/ klebsiella/ primers_ used. html. The 
allele sequences and sequence types were identified using 
http:// bigsdb. web. pasteur. fr/ klebsiella/  klebsiella. html. Data 
were analysed using Global Optimal eBURST (goeBURST) 
version 1.2.1.

RESULTS
Strain characteristics
In total, 305 CRE strains from ten different areas in the 
Henan province were identified in this study (Fig. 1). The 
most commonly identified CRE species were K. pneumoniae 
(77 %), followed by E. coli (12 %) and E. cloacae (4 %). Among 

the CRE, 47 % were isolated from sputum samples, 27 % from 
blood samples, 7 % from urine samples, and the remaining 
from other sample types (Table 1).

Antimicrobial susceptibility of CRE strains
Fig. 2 summarizes the antibiotic susceptibilities of the 305 
CRE strains identified in this study. The CRE isolates showed 
high susceptibility to PB (97 %) and TGC (97 %), however, 
exhibited lower susceptibility to the other tested antibiotics. 
The susceptibility rates to SXT, AK, GN and LEV were 34, 29, 
11 and 8 %, respectively. The susceptibility rates of IPM, MEM 
and ATM were all 1 %, while the intermediate rates were 6 % 
for IPM, 5 % for MEM, and 2 % for ATM, whereas SAM, CTX, 
KZ and ETP susceptibility rates were zero.

Molecular analysis of carbapenemase genes
A total of five carbapenemases, namely blaKPC, blaIMP, blaVIM, 
blaNDM and blaOXA-48, were detected in the isolated strains. 
At least one carbapenemase- encoding gene was detected in 
271 (89 %) of the isolates. In 215 (70 %) isolates, blaKPC was 
detected with PCR; 13 % were blaNDM- positive and 6 % were 
blaIMP- positive. Two strains contained both blaNDM and blaKPC 
and 87 % of the CRKP were KPC producers. Meanwhile, 44 % 
of E. coli and 39 % E. cloacae were NDM positive (Table 2). 
blaVIM and blaOXA-48 were not detected in any of the isolates.

TGC resistance determinants
Five TNSCRKP strains with a minimum inhibitory concen-
tration of 4 μg ml−1 were collected from three tertiary hospi-
tals and one secondary hospital (Fig. 1). The five strains were 
isolated from sputum and blood specimens, of which four 
were found to carry KPC and one carried NDM. The strains 
belong to three STs, i.e. ST11, ST2237 and ST1035. Antimicro-
bial susceptibility testing results showed that two strains were 

Table 1. Species of 305 carbapenem- resistant Enterobacteriaceae according to the specimen type

Species Specimen type (n) Total

Sputum Blood Urine Ascites Wound CSF Other N (%)

K. pneumoniae 129 58 12 5 5 3 22 234 (77)

E. coli 9 12 6 2 2 0 5 36 (12)

E. cloacae 3 6 1 0 2 0 1 13 (4)

C. freundii 1 2 2 1 0 0 1 7 (2)

K. oxytoca 0 3 0 2 0 0 2 7 (2)

P. rettgeri 0 0 0 1 0 1 1 3 (1)

K. aerogenes 0 1 0 0 0 0 3 4 (1)

S. marcescens 0 0 0 0 0 1 0 1 (1)

Total 142 82 21 11 9 5 35 305

C. freundii, Citrobacter freundii; CSF, cerebrospinal fluid; K. aerogenes, Klebsiella aerogenes; E. cloacae, Enterobacter cloacae; E. coli, Escherichia coli; 
K. oxytoca, Klebsiella oxytoca; K. pneumoniae, Klebsiella pneumoniae; P. rettgeri, Providencia rettgeri; S. marcescens, Serratia marcescens.
n, number of isolates

https://bigsdb.pasteur.fr/klebsiella/primers_used.html.
http://bigsdb.web.pasteur.fr/
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susceptible to amikacin, gentamicin and polymyxin B, one 
was susceptible to SXT and PB, and two were only susceptible 
to polymyxin B (Fig. 3).

Potential TGC resistance determinants ramR, oqxR, tetA, 
tetX, tetL, tetM, acrR and rpsJ were identified with PCR and 
sequenced in the five isolates. The genes ramR, tetA, acrR 
and rpsJ were detected in all isolates; oqxR was found in three 
(60%) isolates, while tetX, tetL and tetM were not detected 
in any of the five TNSCRKP isolates. Three isolates showed 
nucleotide changes or insertion in ramR. Specifically, the 
A19V and R107C mutations in ramR were identified in two 
isolates, while one isolate had lysine inserted between 118 
glutamate and 119 threonine in ramR. Mutations in acrR, 
oqxR and rpsJ were also compared to the MGH78578 refer-
ence sequence (CP000647). The V57L mutation in rpsJ was 
detected in three isolates, of which two also combined with 
the T69S mutation. In addition, all five TNSCRKP isolates 
had S201A, F202S and V203F mutations in tetA. Meanwhile, 
mutations in acrR and oqxR were not identified in this study 
(Table 3).

Multilocus sequence typing
A total of 234 CRKP were analysed by MLST, and 15 STs were 
detected. ST11 (74 %) was the most frequent type, followed 

by ST15 (9 %). ST2237 (5 %), ST48 (3 %), ST438 (2 %), ST147 
(1 %), ST530 (1 %) and ST36 (1 %). ST23, ST37, ST17, ST290, 
ST1035, ST1 and ST18 were detected in only one strain each. 
Moreover, 88 % (153/174) of ST11 isolates, 86 % (18/21) of 
ST15 isolates, and 67 % (8/12) of ST2237 isolates produced 
KPC carbapenemase; whereas 4 % (7/174) of ST11 isolates 
and 17 % (2/12) of ST2237 isolates produced NDM carbap-
enemase. Additionally, 2 % (4/174) of ST11 and 67 % (2/3) of 
ST147 isolates were IMP producers (Table 4). The goeBURST 
analysis further demonstrated that ST290, ST15, ST11, ST36 
and ST1035 are triple- locus variants (TLVs) of ST18, while 
ST17 is a double- locus variant (DLV) of ST18 and ST530 is 
a singleton (Fig. 4).

DISCUSSION
Carbapenems are antibiotics used to treat severe infections 
caused by MDR Enterobacteriaceae. However, CRE has been 
increasingly reported worldwide over the past ten years, 
posing a serious threat to public health. Particularly, the 
increasing prevalence of carbapenem- resistant K. pneumo-
niae is a major source of concern [27]. Globally, the most 
common carbapenemases in CRE are KPC, NDM and 
OXA-48; however, only scattered reports of epidemiological 
data on CRE in the Henan province in China is available. For 
instance, five carbapenemase- producing E. coli strains were 

Fig. 2. Antimicrobial susceptibility testing results of 305 carbapenem- 
resistant Enterobacteriaceae isolates.

Table 2. Distribution of positive carbapenemase gene loci according to bacterial species

Species KPC IMP NDM Not detected No. of isolates

K. pneumoniae*, n (%) 204 (87) 6 (3) 9 (4) 17 (7) 234

E. coli, n (%) 6 (17) 3 (8) 16 (44) 11 (31) 36

E. cloacae, n (%) 2(15) 4 (31) 5 (39) 2 (15) 13

C. freundii, n (%) 2(29) 2 (29) 1 (14) 2 (29) 7

K. oxytoca, n (%) 0 2 (29) 4 (57) 1 (14) 7

P. rettgeri, n (%) 0 0 3 (100) 0 3

K. aerogenes, n (%) 1 (25) 0 2 (50) 1 (25) 4

S. marcescens, n (%) 0 1 (100) 0 0 1

Total, n (%) 215 (70) 18 (6) 40 (13) 34 (11) 305

*Two K. pneumoniae coproduce KPC and NDM.
n,number of isolates

Fig. 3. Antimicrobial susceptibility testing results and related 
characteristics of five TNSCRKP clinical isolates.
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screened from 1014 isolates, and the positive rate of blaNDM-1 
was 80 % in Xinxiang, Henan [8]. Moreover, the prevalence 
of CRE in a hospital in Henan rapidly increased from 2014 
to 2016 according to our previous study [9]. Meanwhile, 
the results of the current study, which represents the first 
multicentre study in the Henan province, agreed with other 
reports in China [6, 28, 29], showing that 89 % of CRE were 
carbapenemase- producers, of which 70, 13 and 6 % were 
KPC-, NDM- and IMP- producers, respectively. Moreover, 
11 % common carbapenemase- negative strains were identi-
fied, which may carry unknown types of metallo- lactamase or 
overexpress extended- spectrum β-lactamases and/or AmpC 
enzymes combined with outer- membrane porin loss [30–32].

CRE strains observed in this study were highly resistant to 
the most common antimicrobial agents, except TGC and 

PB, which are considered as last- line treatments for CRE 
infections [33]. Two TNSCRKP strains harboured the A19V 
mutation combined with R107C in ramR, and one strain had 
118_119ins in ramR. In fact, the A19V mutation is report-
edly the most common ramR mutation in TGC- resistant 
K. pneumoniae [11, 34]. Additionally, the R107C mutation 
and 118_119ins were detected in ramR in the current study; 
however, the R107H mutation was previously reported in one 
laboratory- evolved TGC- resistant K. pneumoniae strain [35]. 
In addition, a V57L mutation in rpsJ was detected in three 
TNSCRKP, of which two were combined with T69S muta-
tion; meanwhile, the V57L mutation in rpsJ, which is related 
to TGC resistant, was also reported in a laboratory- evolved 
TGC- resistant K. pneumoniae strain in China [35] and Korea 
[36], as well as in a 59- year- old male patient infected with 

Table 3. Related resistance determinants of tigecycline non- susceptible clinical isolates examined in the present study

Isolate TGC*
MIC (μg ml−1)

Presence of TGC resistance determinants
(mutations occurring in the protein sequence)

ramR acrR oqxR rpsJ tetA tetX tetL tetM

1kpn 4 + + − +(V57L) +(S201A, F202S, V203F) − − −

2kpn 4 +(118_119ins†) + + + +(S201A, F202S, V203F) − − −

3kpn 4 +(A19V, R107C) + + +(V57L, T69S) +(S201A, F202S, V203F) − − −

4kpn 4 +(A19V, R107C) + + +(V57L, T69S) +(S201A, F202S, V203F) − − −

5kpn 4 + + − + +(S201A, F202S, V203F) − − −

*TGC, tigecycline; †ins, insertion; +, presence of PCR product and no change in the nucleotide/amino acid sequences; −, absence of PCR product;

Table 4. Different MLSTs with carbapenemase gene distribution of CRKP isolates

ST Total KPC NDM IMP KPC+NDM Negative

ST11, no.(%) 174 151 (87) 5 (3) 4 (2) 2 (1) 12 (7)

ST15, no.(%) 21 18 (86) 0 0 3 (14)

ST2237, no.(%) 12 8 (67) 2 (17) 0 2 (17)

ST48, no.(%) 6 6 (100)

ST438, no.(%) 5 5 (100)

ST147, no.(%) 3 1 (33) 2 (67)

ST530, no.(%) 3 3 (100)

ST36, no.(%) 3 3 (100)

ST23, no.(%) 1 1 (100)

ST37, no.(%) 1 1 (100)

ST17, no.(%) 1 1 (100)

ST290, no.(%) 1 1 (100)

ST1035, no.(%) 1 1 (100)

ST18, no.(%) 1 1 (100)

ST1, no.(%) 1 1 (100)

Total 234 202 7 6 2 17
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KPC- producing K. pneumonia following TGC therapy [15]. 
However, the T69S mutation was newly identified in the 
current study. All five TNSCRKP strains harboured S201A, 
F202S and V203F mutations in the tetA, which was reported 
previously, and designated as a novel Type 2 TetA variant, 
that commonly combined with other mutations, including 
I5R, A93V, G151S and G268A [11]. However, it was reported 
that the 201nd to the 203rd amino acids in the sequence were 
substituted from serine, phenylalanine and valine (SFV) to 
alanine, serine and proline (ASP) in tigecycline- susceptible 
CRKP isolates [37]. Considering that no mutations were 
detected in oqxR or acrR, in this study, the ramR and rpsJ 
mutations may represent the primary contributor to the TGC 
non- susceptible phenotype observed in this study. However, 
one TNSCRKP strain did not harbour ramR or rpsJ muta-
tions, indicating that other regulatory mechanisms may 
also exist in this strain. Moreover, only five TNSCRKP were 
detected in this study; hence, further research is needed to 
determine if the new mutations identified in this study are 
frequent and contribute to TGC non- susceptibility among 
TNSCRKP strains in Henan.

The prevalent CP- Kps STs also vary geographically. In 
Asia, particularly in China and Taiwan, the spread of KPC- 
producing K. pneumoniae is associated with ST11 [29, 38]. 
With the exception of the most common ST11, 14 different 
STs were detected in CRKP. ST15 and ST2237 were the second 
and third most common sequence types in CRKP in Henan, 
detected in this study. Other STs, such as ST23, ST490, ST15, 
ST1, ST37, ST36 and ST147, were also detected in 70 K. 
pneumoniae strains and associated with ventilator- associated 
pneumonia in Henan [39]. Meanwhile, 88 % of ST11 strains 
were KPC producers, whereas 4 % of ST11 and 17 % of ST2237 
were NDM- positive in this study; however, ST17 isolates were 
more likely to produce NDM carbapenemase (91 %) in CRKP 
strains in a national CRE Study in China[6]. IMP was also 

detected in six CRKP strains in this study, indicating its low 
prevalence in CRKP in Henan.

In conclusion, K. pneumoniae and E. coli were the most 
common species of CRE in the Henan province of China. KPC 
was primarily detected in K. pneumoniae, whereas NDM and 
IMP were the most common carbapenemases among other 
CRE species. In addition, ST11, ST15 and ST2237 were the 
first, second and third most common STs in CRKP isolates, 
and 88 % of ST11 strains were KPC producers in Henan. The 
ramR and rpsJ mutations may contribute to the TGC- non- 
susceptible phenotype in K. pneumoniae strains, which should 
be considered further in a surveillance study. Taken together, 
the results of this study indicate that surveillance of CRE and 
carbapenemases should be improved to monitor CRE on an 
ongoing basis, and prevention and control measures must be 
implemented to reduce the spread of CRE strains.
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