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Purpose: This study aims to investigate the clinical and molecular characteristics of carbapenemase-producing E. coli strains (CPECO).
Patients and Methods: We collected 38 non-repetitive CPECO strains, identified them using MALDI-TOF, and assessed their 
antimicrobial susceptibility via the VITEK-Compact II system. We gathered demographic and clinical patient data. Phenotypic assays 
were employed to detect carbapenemase types. Polymerase chain reaction (PCR) was utilized to identify the carbapenemase genes. 
Seven housekeeping genes were amplified and sequenced to determine the multilocus sequence typings (MLSTs).
Results: These CPECO strains, primarily isolated from aseptic site and stool screening specimens, exhibited significant resistance to most 
clinical antibiotics, except for tigecycline and amikacin. Most patients had underlying medical conditions and underwent invasive procedures. 
There were significant differences among patients concerning the presence of malignancies, digestive system disorders, endoscopic retrograde 
cholangiopancreatography (ERCP) surgeries and abdominal drainage tubes. However, no significant differences were observed among patients 
regarding conditions, including hypertension, diabetes, respiratory diseases, urinary diseases and cardiovascular diseases, as well as invasive 
procedures such as deep venous catheterization, endotracheal intubation and gastrointestinal catheterization. Metallo-β-lactamase was primarily 
responsible for carbapenem resistance, including blaNDM-5(24/38), blaNDM-1(5/38), blaNDM-9(1/38) and blaIMP-4(1/38). Additionally, 7 CPECO 
strains carried blaKPC-2. The distribution of CPECO sequence types (STs) was diverse, with seven strains being ST131, six strains being ST410, 
three strains each of ST1196 and ST10, although most STs were represented by only one strain.
Conclusion: CPECO infections in patients with biliary system diseases may result from intestinal CPECO translocation, with ERCP 
surgery potentially facilitating this. Meanwhile, malignant tumor was found to be a significant factor affecting CPECO infections in 
patients with hematological diseases. blaNDM-5, blaNDM-1 and blaNDM-9 were primarily responsible for carbapenem resistance in 
CPECO strains. The emergence of carbapenem-resistant ST131 and ST410 strains should be alert to prevent the spread of carbapenem- 
resistant genes within high-risk epidemic clones.
Keywords: carbapenemase-producing E. coli, underlying diseases, endoscopic retrograde cholangiopancreatography, ERCP, NDM

Introduction
Carbapenem-resistant Enterobacterales (CRE) poses a serious threat to global public health. CRE infections extend hospital stays 
and elevate mortality rates among patients, resulting in a substantial economic burden on individuals and society.1–4 Recognizing 
the urgency, the World Health Organization has listed CRE as a priority level among antibiotic-resistant bacteria.5 According to 
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the definition of CRE, it encompasses both carbapenemase-producing and non-carbapenemase-producing strains. The former 
constitutes the majority of CRE strains, making carbapenemase production the primary resistance mechanism of CRE.6,7

According to the molecular classification of β-lactamases, carbapenemases are categorized into classes A, B, and D. Classes 
A and D comprise serine-dependent β-lactamases, whereas class B consists of metallo-ion-dependent β-lactamases. The types of 
carbapenemases produced by CRE strains vary across different countries and regions. For example, class A carbapenemases 
KPC accounts for a dominant proportion of patients from China, United States, Brazil, Argentina, and Colombia. Class 
B metallo-β-lactamases, like NDMs, are predominantly present in patients from India and Southeast Asia, while VIM is more 
commonly encountered in Greece, Italy, and Russia. In Europe, the most prevalent carbapenemase is the class D carbapenemase 
OXA-48.7,8

In China, the prevalence of CRE has been on the rise, with Klebsiella pneumoniae being the predominant species 
among CRE strains. Nevertheless, the isolation of other CRE species, including Escherichia coli, Enterobacter cloacae, 
and Klebsiella oxytoca, has also been increasing.9–11 For instance, the resistance rate of E. coli to imipenem and 
meropenem has escalated from 0.7% and 0.8% in 2007 to 2.0% and 2.2% in 2020, respectively. As E. coli has the 
largest number of clinical strains, CPECO demands our immediate attention. This study primarily aims to investigate the 
clinical and molecular characteristics of CPECO strains.

Materials and Methods
Bacteria Isolation and Species Identification
Nonrepetitive carbapenem-resistant E. coli strains were collected from June 2017 to October 2020 in Hangzhou First 
People’s Hospital. All strains were identified using MALDI-TOF. Antimicrobial susceptibility testing was performed 
using the VITEK-Compact II with GN16 card. The tested antibiotics included piperacillin/tazobactam, amoxicillin/ 
clavulanic acid, ceftriaxone, cefepime, aztreonam, ertapenem, imipenem, gentamicin, levofloxacin, ciprofloxacin, sulfa-
methoxazole-trimethoprim, tigecycline, amikacin and tobramycin. Cefoperazone/sulbactam, ceftazidime and meropenem 
susceptibility were assessed using E-test method. E. coli ATCC25922 served as the control strain. Antibiotic breakpoints 
were determined in accordance with the 2020 National Clinical Laboratory Standards Institute (CLSI) guidelines.12 

Carbapenem resistance is defined by resistance to meropenem, imipenem, ertapenem, or the presence of carbapenemase 
production (https://www.cdc.gov/hai/organisms/cre/cre-clinicians.html).

Demographic and Clinical Information
The demographic data of patients from whom CPECO strains were isolated were gathered through the electronic patient 
administration system. This information encompasses age, gender, sample types, diagnosis, medical expenses, prognosis, 
antibiotics administered, coexisting bacterial infections, white blood cells, C-reactive protein levels, and neutrophil percentage.

Phenotypic Screening for Carbapenemases
Phenotypic screening for carbapenemases was conducted using the modified carbapenemase inactivation test (mCIM) and 
EDTA-modified carbapenemase inactivation test (eCIM). These screening procedures were carried out following the guidelines 
outlined in CLSI 2020.12

Carbapenemase Genotype
Carbapenemase genes, namely blaKPC, blaNDM, blaIMP, blaVIM and blaOXA-48 were detected using the polymerase chain 
reaction (PCR) method, as previously described.13,14 PCR products were visualized through 1% agarose gel electro-
phoresis and subsequently sequenced. Sequencing results were verified using BLAST (www.ncbi.nlm.nih.gov/blast/).

Multilocus Sequence Typing (MLST)
We employed multilocus sequence typing (MLST) to analyze the genetic profiles of the strains. Seven house-keeping genes 
(adk, fumC, gyrB, icd, mdh, purA, recA) were amplified through PCR and subsequently sequenced. MLSTs profiles were 
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analyzed using the database available at https://pubmlst.org/bigsdb?db=pubmlst_escherichia_seqdef. Primer sequences used 
for amplification were sourced from the database https://enterobase.readthedocs.io/en/latest/mlst/mlst-legacy-info-ecoli.html.

Results
CPECO Strains
A total of 38 carbapenem-resistant E. coli strains were collected. Among these, 27 strains were obtained from aseptic 
growth site, comprising bile (n=16), urine (n=5), blood (n=3), pur (n=2) and ascites (n=1); the remaining 11 strains were 
isolated from stool samples, primarily from intestinal CRE screening in patients with hematological tumor (n=8). The 
majority of these strains were sourced from patients with biliary system diseases (n=20) and hematological malignancies 
(n=10). As detailed in Table 1, the CPECO isolates exhibited resistance to nearly all antibiotic agents. They displayed 
high susceptibility rates to tigecycline (97.3%), followed by amikacin (89.5%) and gentamicin (47.4%).

Patient Information
Detailed demographic and clinical information regarding the patients could be found in Supplementary Table 1. Of the 38 
patients, 24 were male and 14 were female, with an average age of 63 years. The majority of these patients presented 
underlying medical conditions, including hypertension, diabetes, malignant tumors, digestive system diseases, respiratory 
diseases, urinary system diseases and cardiovascular diseases. Additionally, most patients had undergone invasive 
procedures such as deep venous catheterization, endotracheal intubation, indwelling catheter insertion, gastrointestinal 
catheterization, endoscopic retrograde cholangiopancreatography (ERCP) and drainage tube placement. Some patients 
had concurrent infections with other bacteria and had used at least one antibiotic within 2 months prior to admission.

Based on clinical diagnosis, these patients were categorized into three groups: biliary system diseases group, 
hematological system diseases group and other diseases group. Significant differences were observed among these 
groups in terms of malignant tumors, digestive system disease, ERCP operation and drainage tube placements (P<0.05) 
(Table 2). Specifically, the prevalence of malignant tumors in the biliary system disease group was lower, whereas the 
occurrence of digestive system disease and the frequency of ERCP operation in this group were significantly higher than 
those in the other two groups. However, no significant differences were detected among these groups regarding medical 
conditions, encompassing hypertension, diabetes, respiratory diseases, urinary diseases and cardiovascular diseases, as 

Table 1 Antimicrobial Susceptibility Testing Results of 38 CPECO 
Strains

Antibiotic Agents R (%) I (%) S (%)

Amikacin 7.9 2.6 89.5

Piperacillin/Tazobactam 79 18.4 2.6

Amoxicillin/Clavulanate 100.0 0.0 0.0
Ceftriaxone 100.0 0.0 0.0

Cefepime 89.5 7.9 2.6

Ceftazidime 100.0 0.0 0.0
Aztreonam 65.8 5.3 28.9

Meropenem 97.4 2.6 0.0

Imipenem 100.0 0.0 0.0
Gentamicin 47.4 5.2 47.4

Levofloxacin 92.1 2.6 5.3

Ciprofloxacin 91.9 0.0 8.1
Trimethoprim/sulfamethoxazole 77.3 2.3 20.4

Cefoperazone/sulbactam 97.4 2.6 0.0

Tigecycline 2.7 0.0 97.3
Tobramycin 50.0 10.5 39.5
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well as invasive medical procedures like deep venous catheterization, endotracheal intubation and gastrointestinal 
catheterization (P>0.05) (Table 2).

Characteristics of Carbapenemase
All 38 E. coli strains tested positive for the mCIM assay, indicating the production of carbapenemases production. 
Among these, 31 strains also tested positive for the eCIM assay, suggesting the presence of metallo-β-lactamases. The 
primary metallo-β-lactamase genes identified were blaNDM, with subtypes including blaNDM-5(24/38), blaNDM-1(5/38) 
andblaNDM-9(1/38), while only one CPECO strain carried metallo-β-lactamase gene blaIMP-4(1/38). Additionally, 7 
CPECO strains carried the blaKPC-2 gene.

NDM5 was the predominant metallo-β-lactamase type among CPECO strains. Patients were categorized into two 
groups: the NDM-5 group and the non-NDM-5 group based on the presence of this carbapenemase. No significant 
differences were observed between the two groups in terms of patient age, length of hospital stay, underlying diseases, 
whether they had undergone ERCP procedures, and the mortality rate (P<0.05). The distribution of carbapenemase types 
among the underlying diseases and invasive operations of patients are shown in Table 3. Additionally, there were no 
significant differences in the results of the antibiotic susceptibility tests between the two groups (P<0.05).

MLST of CPECO Strains
The distribution of STs was relatively diverse. As indicated in previous documentation, ST131 and ST410 were the 
predominant clones. Specifically, there were seven CPECO strains identified as ST131, six as ST410, three as ST10, and 
three as ST1196. Other STs were represented by no more than two strains each, including ST448, ST224, ST167, T648, 
ST155, ect (Table 4).

Discussion
While carbapenem antibiotics have traditionally been the main treatment option for combating extended-spectrum β- 
lactamases (ESBL)-producing E. coli, the emergence of CPECO strains has significantly altered the treatment landscape, 
presenting a pressing public health concern. On the one hand, treatment options for CPECO are severely limited. In 
China, CPECO strains have shown susceptibility primarily to amikacin, tigecycline, polymyxin and ceftazidime/avibac-
tam. However, the clinical use of amikacin and polymyxin is hampered by their nephrotoxicity, while tigecycline often 
achieves insufficient blood concentrations, reducing its clinical efficacy. On the other hand, a substantial portion of 

Table 2 Comparative Analysis of Underlying Diseases and Invasive Procedures Among Patients with CPECO Strains

Underlying Diseases/Invasive Operation Group 1 (n=20) Group 2 (n=10) Group 3 (n=8) X2 P value

n % n % n %

Hypertension 9 45.00 1 10.00 3 37.50 3.677 0.159

Diabetes 6 30.00 1 10.00 2 25.00 1.485 0.476
Malignant tumor 5 25.00 9 90.00 4 50.00 11.326 0.003*

Digestive system diseases 19 95.00 4 40.00 3 37.50 13.818 <0.001*

Respiratory diseases 4 20.00 4 40.00 2 25.00 1.384 0.501
Urinary system disease 9 45.00 4 40.00 3 37.50 0.157 0.925

Cardiovascular diseases 6 30.00 2 20.00 1 12.50 1.07 0.586

Deep venous catheterization 3 15.00 2 20.00 2 25.00 0.43 0.818
Endotracheal intubation 0 0.00 0 0.00 1 12.50 3.851 0.146

Gastrointestinal catheterization 1 5.00 0 0.00 0 0.00 0.924 0.63

ERCP 19 95.00 0 0.00 2 25.00 28.09 <0.001*
Drainage tube 12 60.00 1 10.00 3 37.50 6.925 0.031*

Notes: Group 1: Patients with biliary system diseases, Group 2: Patients with hematological diseases, Group 3: Patients with other diseases. ERCP: Endoscopic retrograde 
cholangiopancreatography. *A significance level of P<0.05 indicates statistical significance.
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CPECO strains in our country produces class B metallo-β-lactamases. Unfortunately, the new antibacterial agent 
ceftazidime/avibactam is not effective against CPECO strains that produce metallo-β-lactamases. Based on monitoring 
data of the antibiotic resistance system,9,11 although the overall isolation rate of CPECO has remained relatively stable, 

Table 3 The Association Between the Distribution of Carbapenemase Types and the Underlying Diseases 
and Invasive Operations of Patients

NDM-1 NDM-5 NDM-9 KPC-2 IMP-4 Total (n)

Underlying diseases

Hypertension 1 10 1 2 0 14

Diabetes 1 4 0 3 0 8

Malignant tumor 2 10 0 2 1 17

Digestive system diseases 5 15 1 5 0 27

Respiratory diseases 0 8 0 2 0 10

Urinary system disease 3 10 0 3 0 16

Cardiovascular diseases 0 7 0 2 0 9

Invasive operation

Deep venous catheterization 0 3 0 3 1 7

Endotracheal intubation 0 0 0 1 0 1

Indwelling catheter 0 2 0 1 0 3

Gastrointestinal catheterization 0 0 0 1 0 1

ERCP 4 9 1 6 1 21

Drainage tube 3 9 0 2 1 15

Strain source

Blood 0 3 0 0 0 3

Sputum 0 2 0 1 0 3

Urine 0 4 0 1 0 5

Bile / Ascites 2 10 1 5 1 19

Stool 3 5 0 0 0 8

Abbreviation: ERCP, Endoscopic retrograde cholangiopancreatography.

Table 4 The Characteristics of Carbapenemase and the Multilocus Sequence Typings (MLSTs)

Carbapenemase 
Types

Total (n) MLSTs

NDM-1 5 ST131, ST410, ST448, ST648, ST8622

NDM-5 24 ST10(3), ST46, ST48(2), ST131(3), ST155, ST167, ST216, ST354, ST361, ST410(5), ST448, ST457, ST648, 

ST8670, ST1011

NDM-9 1 ST224

KPC-2 7 ST131(3), ST1196(3), ST162

IMP-4 1 ST224
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the sheer number of isolated E. coli strain has been substantial. With the increasing prevalence of CPECO strains, the 
challenge of effectively treating CPECO is becoming progressively more prominent.

In our study, we conducted an analysis of the clinical and molecular characteristics of 38 CPECO strains. These 
strains were primarily isolated from aseptic growth sites and intestinal CRE screening samples from patients with biliary 
system diseases and hematological diseases. Notably, no significant differences were observed in terms of underlying 
medical conditions among different patients with CPECO, including hypertension, diabetes, respiratory diseases, urinary 
diseases and cardiovascular diseases. Additionally, no statistically significant differences were noted in the occurrence of 
invasive procedures among different patient groups, such as deep venous catheterization, endotracheal intubation and 
gastrointestinal catheterization.

It was noteworthy that, on the one hand, significant differences were observed among different patients based on 
whether they had digestive system diseases, underwent ERCP surgery or had drainage tubes. Most of the CPECO strains 
isolated from patients with biliary system diseases were obtained from bile (16/20) and stool (3/20), with the remaining 
strain originating from a blood culture. This suggests that the digestive system, particularly the intestinal system, serves 
as a crucial reservoir for CPECO. Furthermore, as all these patients underwent ERCP surgery, it raised the possibility that 
ERCP operation might facilitate the translocation of CPECO to other anatomical sites, potentially leading to CPECO 
strains becoming infectious pathogens in those sites. Several studies have indicated a significant correlation between 
CRE infection and CRE colonization in hospitalized patients. K. Kontopoulou’s study supported a strong association 
between colonization and blood stream infection.15 While Gu’s study suggested that CPECO strains in blood cultures 
might originate from intestinal colonization strains, as they had highly similar PFGE fingerprinting.16 Previous studies 
had also shown a higher rate of CRE infection in patients who were CRE intestinal colonization carriers compared to 
non-CRE colonization patients.17 We hypothesized that the probable pathway of CPECO infection in patients with biliary 
system diseases involved the translocation of CPECO strains from the intestinal tract, particularly with the assistance of 
certain invasive procedures, such as ERCP surgery, which might accelerate the occurrence of translocation and infection. 
However, it is noteworthy that while it is generally believed that patients with malignant tumors often had compromised 
immune function, which is considered a risk factor for CPECO infection, the majority of patients with biliary system 
diseases in our study did not have malignant tumors. This presented an obvious difference in patients with hematological 
diseases and other disease groups. Our findings suggest that CPECO infections in patients with biliary system diseases 
are likely caused by the translocation of intestinal CPECO, with the immune status of patients playing a limited role. In 
contrast, for patients without digestive diseases, malignant tumors appear to play a significant role in predisposing 
patients to CPECO infections, particularly due to the fragile nature of the gastrointestinal mucosa in patients receiving 
chemotherapy. This fragility increases the likelihood of CPECO translocation and subsequent infection.

Among the 38 CPECO strains, the predominant metallo-β-lactamase produced was NDM. Metallo-β-lactamase activity 
was dependent on Zn2+ and could be inhibited by ethylene diamine tetraacetic acid (EDTA) but not by clavulanic acid, 
sulbactam or avibactam. NDM, IMP and VIM were the most common types of metallo-β-lactamase. Within this study, NDM- 
5 was the most prevalent subtype. In comparison with NDM-1, NDM-5 exhibited two amino acid mutations (Met 154 Leu and 
Val 88 Leu) and displayed stronger hydrolytic activity. Horizontal dissemination of blaNDM-5 was facilitated significantly by 
IncX3-type plasmids, as these plasmids were conjugatable and responsible for the widespread distribution of blaNDM-5. We 
compared the clinical information between patients from the NDM-5 isolating-group and those from the non-NDM-5 isolating 
group, and we found no significant differences between the two groups. Although there were variations in antibiotic 
susceptibility between the two groups, these differences were not statistically significant.

In addition to horizontal transfer of resistant genes, the clonal dissemination of strains also played an important role in 
the transmission of antibiotic resistance. While the distribution of CPECO clones exhibited relative dispersion and lacked 
dominant clones, several relatively common CPECO STs were ST131, ST410, ST167 and ST617.

As widely recognized, E. coli ST131 and ST410 were high-risk clones with global distribution. They are known to 
carry multiple drug resistance genes and virulence genes, which could be transmitted among patients, environmental 
sources and animals.18–20 The acquisition of carbapenem resistance genes by ST131 and ST410 clones would pose 
a serious global public health threat.21,22 Reports of small-scale outbreak of OXA-181-producing CPECO ST410 had 
been documented in Danish hospitals.23 ST167 and ST617 were also capable of carrying multiple drug resistance genes, 
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including blaESBL, blaNDM, blaOXA, blaKPC and so on.24,25 Giulia Bibbolino reported an outbreak of NDM-5-producing 
E. coli strains belonging to ST167 and ST617 in an Italian hospital.26

Conclusions
CPECO infection in patients with biliary system diseases is probably caused by intestinal CPECO translocation, and 
ERCP surgery is beneficial to the occurrence of this infection. Malignant tumor was an important influencing factor of 
CPECO infection in patients with hematological diseases and other diseases, which was associated with the immune 
function of patients and increased the opportunities of intestinal CPECO translocation and infection. Metallo-β-lactamase 
NDMs were responsible for carbapenem resistance of E. coli, mainly blaNDM-5, blaNDM-1 and blaNDM-9. The emergence 
of carbapenem-resistant ST131 and ST410 strains should be alert to prevent the spread of carbapenem-resistant genes in 
epidemic high-risk clones.
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