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Abstract 

Antimicrobial resistance poses a global threat to human health. Analyzing monitoring data on antimicrobial resist-
ance can assist clinicians in making strategic decisions and promptly identifying outbreaks of antimicrobial-resistant 
organisms. The China Antimicrobial Surveillance Network (CHINET) was established in 2004 to monitor the trends 
in bacterial epidemiology and antimicrobial resistance. In this study, we analyzed the distribution and changing anti-
microbial resistance profiles of Enterobacter spp. isolated from 53 hospitals across China between 2015 and 2021 using 
the CHINET data. Over the seven-year period, a total of 37,966 clinical isolates of Enterobacter spp. were obtained, 
accounted for 2.5% of all isolates and 5.7% of Enterobacteriaceae isolates. Among those isolates, Enterobacter cloacae 
was the most prevalent, comprising 93.7% (35,571/37,966). The majority of strains were isolated from respiratory tract 
samples (44.6%), followed by secretion, pus (16.4%), and urine samples (16.0%). As for patient composition, 37,966 
Enterobacter spp. strains were predominantly isolated from inpatients (92.9%), whereas 7.1% were isolated from out-
patients and emergency patients. Among inpatients, isolates from patients in surgical ward accounted for the highest 
percentage (24.4%). E. cloacae exhibited the lowest rates of resistance to amikacin, tigecycline, polymyxin B, imipe-
nem, and meropenem (resistance rates < 8%). However, the percentage of carbapenem-resistant Enterobacter spp. 
was 10.0%, presenting a rising tendency over the 7-year study period. Antimicrobial resistance profiles of Enterobacter 
spp. isolates varied according to the department of isolation and patient age (adult or child), with the intensive care 
unit having the highest proportion of carbapenem-resistant Enterobacter spp. isolates.
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Introduction
The genus Enterobacter belongs to the ESKAPE group 
(Enterococcus faecium, Staphylococcus aureus, Klebsiella 
pneumoniae, Acinetobacter baumannii, Pseudomonas 
aeruginosa, and Enterobacter species) and is one of the 
main pathogens that cause nosocomial infections, due 
to its multiple resistance mechanisms and the ability to 
"evade" antimicrobial therapy. Those group of bacteria 
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can cause a multitude of hospital-acquired infections and 
less common community-acquired infections, including 
bacteremia, urinary tract infections, respiratory infec-
tions, soft tissue infections, osteomyelitis, and endocar-
ditis [1].

As the third-ranked Enterobacteriaceae, E. cloacae is 
naturally resistant to ampicillin, amoxicillin-clavulanate, 
first-generation cephalosporins, and cefoxitin due to the 
production of low levels of inducible AmpC β-lactamase. 
This cephalosporinase is highly inducible in the presence 
of some β-lactams (e.g., third generation cephalosporins, 
aztreonam). Overexpression of this enzymes can lead to 
resistance to broad-spectrum cephalosporins, with the 
exception of cefepime. Consequently, even when third-
generation cephalosporins show sensitivity, cautious con-
sideration should be given to their clinical use in treating 
severe infections caused by Enterobacter cloacae [2, 3]. 
Moreover, our statistics have shown that the abundance 
of carbapenem-resistant E. cloacae (CR-ECL) is increas-
ing. Antimicrobial resistance (AMR) poses an enormous 
health and economic burden [4, 5], particularly with 
respect to Enterobacteriaceae, which are third-genera-
tion cephalosporin-resistant, carbapenem-resistant, and 
multidrug-resistant bacteria. Therefore, it is imperative 
for clinical laboratories and public health organizations 
to remain vigilant regarding the evolving landscape anti-
microbial resistance in Enterobacter spp., especially E. 
cloacae.

The China Antimicrobial Surveillance Network (CHI-
NET, www. chine ts. com) is one of the most influential 
antimicrobial resistance surveillance networks in China, 
with members covering 30 provinces, autonomous 
regions and municipalities directly under the central gov-
ernment in China to date. All members voluntarily apply 
to join the network and undergo verification to ensure 
the laboratory capacity and data meet satisfactory stand-
ards. They perform antimicrobial resistance surveillance 
in accordance with a unified surveillance program to 
ensure that data are uniform, accurate and comprehen-
sive. The data for this study were obtained from 53 hos-
pitals (42 tertiary hospitals and 11 secondary hospitals or 
46 general and 7 children’s hospitals) spanning 29 prov-
inces and cities across China.

Results
Proportion of Enterobacter spp.
A total of 37,966 nonduplicated isolates of Enterobac-
ter spp. were obtained from the CHINET Antimicro-
bial Resistance Surveillance Program between 2015 
and 2021. These isolates accounted for 2.5% of all clini-
cal isolates (37,966 of 1,500,839) and 5.7% of Entero-
bacteriaceae isolates (37,966 of 661,336). The isolation 
rate of Enterobacter spp. exhibited a fluctuating trend 

over the study period (Supplementary Table  1). Among 
the isolates, 93.7% (35,571 strains) were identified as E. 
cloacae, 3.3% (1,239 strains) as Enterobacter asburiae, 
and 0.8% (292 strains) as Enterobacter gergeoviae. The 
remaining Enterobacter spp. included Enterobacter can-
cerogenus  (formerly Enterobacter taylorae), with  121 
strains; Enterobacter amnigenus, with  118 strains; and 
625 strains of Enterobacter spp. that were not successfully 
identified  to species. Compared with 2015, there was a 
decrease in the proportion of E. cloacae among Entero-
bacter spp., but the proportion of E. asburiae was signifi-
cantly increased (Supplementary Table 2).

Regarding the specimen sources of E. cloacae isolates, 
respiratory secretion specimens were the most common, 
accounting for 44.6% of isolates, followed by secretions/
pus, urine, blood/bone marrow, bile, thoracoabdomi-
nal fluid, and cerebrospinal fluid. The percentage of 
respiratory samples demonstrated a downward trend 
over the 7-year study period whereas the proportions of 
secretions/pus, blood/bone marrow, and drainage fluid 
increased (Supplementary Table 3).

Departmental distribution of Enterobacter spp.
Among Enterobacter spp. isolates, those from adult 
patients (≥ 18 years old) accounted for 85.9% of the total, 
with an average proportion from inpatients was 92.9%. 
Isolates were predominantly obtained from the surgi-
cal department (24.4%), followed by the department of 
medicine (20.1%), intensive care unit (ICU, 11.9%), and 
pediatric department (10.4%). The proportion of iso-
lates from pediatric patients decreased over the 7-year 
period whereas the number from patients in the ICU 
and neurology departments increased significantly, the 
proportion of patients in the outpatient and emergency 
departments also exhibited a sawtooth increase (Supple-
mentary Table 4).

Resistance of Enterobacter spp. to different antimicrobial 
drugs
Isolated Enterobacter spp. mainly included E. cloacae, 
E. asburiae, E. gergoviae, and E. cancerogenus. Anti-
microbial susceptibility testing revealed that E. cloa-
cae was resistant to most cephalosporins, including 
ceftazidime (32.8%) and cefotaxime (41.6%); however, 
the rate of resistance to cefepime was low, at approxi-
mately 15.0%. The antimicrobial activities of amikacin, 
polymyxin B, meropenem, and imipenem were the most 
effective, with sensitivity rates of over 90%. E. cloacae 
showed an increasing trend of resistance to a wide range 
of antimicrobial drugs including carbapenems, cepha-
losporins (except for cefotaxime), β-lactamase inhibi-
tors, and quinolones over the 7 years from 2015 to 2021 
(P < 0.005). No significant trend was observed in the rates 
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of resistance against cefotaxime, gentamicin, nitrofuran-
toin, polymyxin B and sulfamethoxazole-trimethoprim 
(P > 0.05) over the 7-year study period (Supplementary 
Table 5, Fig. 1).

E. cloacae had a higher rate of resistance to various 
antimicrobial drugs compared to E. asburiae and E. ger-
goviae, except for polymyxin B; the rates of resistance to 
polymyxin B were as follows: E. cloacae 3.9%, E. asburiae 
19.7%, and E. gergoviae 10.5%. E. asburiae had the low-
est resistance rates to amikacin, gentamicin, cefepime, 
and carbapenems (≤ 8%). E. gergoviae demonstrated 

lower resistance rates than E. cloacae and E. asburiae to 
ceftazidime (14.3% vs. 32.8%, 24.9%), ceftriaxone (23.3% 
vs. 38.8%, 29.4%), cefotaxime (20.5% vs. 41.6%, 35%), and 
ciprofloxacin (10.8% vs. 23.8%, 17.2%). E. cancerogenus 
displayed significantly lower rates of resistance to most 
antimicrobial drugs than other Enterobacter spp. isolates, 
except for cefazolin (92.3% vs. 28.4%), cefuroxime (43.8% 
vs. 32.3%), cefoxitin (94.7% vs. 34.5%), ampicillin (84.6% 
vs. 34.6%), and ampicillin-sulbactam (60.0% vs. 18.9%) 
(Supplementary Tables 5 and 6, Fig. 2).

Fig. 1 Resistance rates of E. cloacae to antimicrobial agents from 2015 to 2021. Analysis of the chi-square test results revealed a significant linear 
trend in the distribution of antimicrobial resistance (P < 0.005). AK, amikacin; IMP, imipenem; MEM, meropenem; FEP, cefepime; CZ, ceftazidime; CRO, 
ceftriaxone; SCF, cefoperazone-sulbactam; TZP, piperacillin-tazobactam; CIP, ciprofloxacin; TGC, tigecycline

Fig. 2 Resistance rates of Enterobacter strains to antimicrobial agents from 2015 to 2021. AK, amikacin; CN, gentamicin; IMP, imipenem; MEM, 
meropenem; FEP, cefepime; CZ, ceftazidime; CRO, ceftriaxone; CTX, cefotaxime; SCF, cefoperazone-sulbactam; FOX, cefoxitin; CXM, cefuroxime; 
KZ, cefazolin; TZP, piperacillin-tazobactam; AMP, ampicillin; SAM, ampicillin-sulbactam; CIP, ciprofloxacin; NIT, nitrofurantoin; TGC, tigecycline; PB, 
polymyxins B; SXT, sulfamethoxazole-trimethoprim
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Rates of antimicrobial resistance among isolates 
from different departments
Antimicrobial resistance of E. cloacae varied among dif-
ferent departments. Isolates from patients in the ICU 
showed higher rates of resistance to most antimicrobial 
agents compared to isolates from outpatients, emer-
gency patients, and other hospitalized non-ICU patients 
(P < 0.05), except for ciprofloxacin, nitrofurantoin, tigecy-
cline, polymyxin B, and sulfamethoxazole-trimethoprim. 
Additionally, isolates from pediatric patients (< 18  years 
of age) generally displayed lower resistance rates than 
those from adult hospitalized non-ICU patients, except 
for carbapenems, where resistance rates were higher 
among pediatric than adult patients (P < 0.05). Isolates 
from surgical patients were more frequently resistant to 
cephalosporins and enzyme inhibitor complex antimicro-
bials compared to those from medical patients (P < 0.05) 
(Supplementary Table 7).

Carbapenem‑resistant Enterobacter
Among isolated Enterobacter spp., 93.7% were E. cloacae. 
The proportion of CR-ECL increased over the years from 
8.4% in 2015 to 10.2% in 2021, showing an increasing trend 
(P < 0.05). The prevalence of carbapenem-resistant E. asbur-
iae and E. gergoviae fluctuated and was slightly lower over-
all than that of CR-ECL across the previous 7 years (7.8%, 
9.1% vs. 10.2%) (Supplementary Table 8). The highest rate 
of CR-ECL was observed in ICU patients, averaging 16.1%, 
followed by outpatients and emergency patients (averaging 
11.4%), inpatient non-ICU patients age < 18  years, (aver-
aging 10.4%), and surgical (averaging 9.5%) and medical 
patients (averaging 7.9%) (Supplementary Table 9, Fig. 3).

Discussion
Enterobacter was first described in 1960, and those there 
have been ongoing taxonomic  reversion. Several spe-
cies that formerly belonged to this genus have been 

reclassified into several new genera [6]. In 2019, Entero-
bacter aeogenes underwent taxonomic reclassification 
and was  renamed Klebsiella aerogenes in both Clinical 
and Laboratory Standards Institute (CLSI) [7] and Euro-
pean Committee on Antimicrobial Susceptibility Testing 
(EUCAST) [8], which resulted a significant difference 
in both the strain distribution and antimicrobial resist-
ance rates of Enterobacter spp. E. cloacae emerged as the 
predominant species within this genus. In this study, we 
analyzed the distribution and variability in antimicrobial 
resistance among all suspected pathogenic Enterobac-
ter spp. isolated from health care facilities across most 
regions of China.

Our analysis showed that E. cloacae among all clinically 
isolated Enterobacter spp., comprising an overall propor-
tion of 93.7% between 2015 and 2021. This was followed by 
E. asburiae (3.3%) and E. gergoviae (0.8%). Notably,   92.9% 
of strains were isolated from hospitalized patients with the 
majority originating from respiratory secretion samples 
(44.4%). Regarding  ward distribution, surgical wards had 
the highest number of bacterial isolates (24.4%), followed 
by medical wards (20.1%), and the ICU and pediatric wards. 
The percentage of isolates from pediatric patients decreased 
from 13.9% in 2015 to 9.0% in 2021, whereas the percentage 
of isolates from patients in the ICU increased. Moreover, 
ICU isolates demonstrated higher rates of resistance to gen-
tamicin, carbapenems, cephalosporins, and enzyme inhibi-
tor combinations compared to isolates from outpatients 
and hospitalized non-ICU patients. Antimicrobial sensitiv-
ity testing results showed that Enterobacter spp., particu-
larly E. cloacae, exhibited the lowest resistance to amikacin, 
polymyxin B, imipenem, meropenem, and tigecycline, with 
resistance rates all < 8%. Additionally, resistance rates of E. 
asburiae, E. gergoviae, and E. cancerogenus to most antimi-
crobial drugs were lower than those of E. cloacae.

Regarding changing trends in antimicrobial resist-
ance, E. cloacae displayed an increasing trend toward 

Fig. 3 Prevalence of carbapenem-resistant E. cloacae isolated from different departments between 2015 and 2021. Analysis based 
on the trend chi-square test showed that the 2015–2021 CHINET Antimicrobial Resistance Surveillance Program revealed a linear increase 
in carbapenem-resistant Enterobacter cloacae over time in medical, surgical, and pediatric patients. ICU, intensive care unit
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resistance to various antibacterial drugs, except for gen-
tamicin, nitrofurantoin, cefotaxime, polymyxin B, and 
sulfamethoxazole-trimethoprim; in particular, the rate 
of carbapenem resistance showed a significant increase. 
After a brief decline in 2016, antimicrobial resistance 
rates have recently been on the rise. The average propor-
tion of carbapenem-resistant Enterobacter spp. over the 
7-year period was 10.0%, making it the second-leading 
carbapenem-resistant Enterobacteriaceae (CRE), fol-
lowing a decreasing trend in K. pneumoniae [9]. Global 
antimicrobial resistance surveillance data from 2008–
2018 indicate a CR-ECL proportion of 2.2%. However, 
we found that this proportion in China reached 12.1% 
in 2021, warranting urgent attention. The trend in CR-
ECL observed in this study aligns with global and Euro-
pean trends in rates of resistance, which have continued 
to rise following a decline in 2016 [9]. An increase in 
CRE can contribute to increased mortality rates, with 
reports suggesting that 26% to 44% of all-cause deaths 
are caused by CRE infection [10]. The rates of 30- and 
90-day all-cause mortality caused by carbapenem-
resistant Gram-negative bacteria infections were 19% 
and 31% [11]. Carbapenem-resistant Enterobacter spp. 
were mainly  isolated from ICU wards. More seriously, 
the percentage of CRE during the year from 2015 to 
2021 showed an increasing trend each year. Admission 
to the ICU has been identified as an independent risk 
factor for acquiring CR-ECL. Autoimmune diseases, 
lung infections, and recent corticosteroid use are also 
associated with an increased risk of CR-ECL infection 
[12]. Medical institutions should focus on monitoring 
individuals with these risk factors. The primary mecha-
nism of carbapenem resistance in E. cloacae is the pro-
duction of carbapenem-hydrolyzing β-lactamases [13]. 
The prevalence of carbapenemase types varies across 
regions, with NDM being predominant in China [12–
14]. However, cefozoxime-avibactam, a new drug for the 
treatment of CRE infections, is less susceptible to CR-
ECL strains with NDM-type metallocarbapenemases as 
the primary mechanism of resistance in China than to 
other CREs. Additionally, a high prevalence of the mcr 
gene (mobile colistin resistance) in E. cloacae increases 
the risk of colistin resistance, thereby complicating the 
treatment of CR-ECL [15].

Our analysis showed that E. cloacae strains had a high 
percentage of resistance to third-generation cephalo-
sporin antimicrobials, such as ceftazidime, ceftriaxone 
and cefotaxime (above 32.8%), but only 15% of strains 
were resistant to cefepime. This is because E. cloacae 
contains chromosomally encoded inducible ampC genes, 
due to de-deterrent mutations of the ampC gene or the 
acquisition of a plasmid-borne ampC, overproduction 
of AmpC β-lactamase leads to the resistance to broad 

spectrum cephalosporins. Third-generation cephalospor-
ins, are unstable during AmpC enzyme hydrolysis and 
are easily destroyed by hydrolysis; in contrast, cefepime 
has been shown to be stable  against such hydrolysis. 
High-producing AmpC-type enzyme resistant strains 
also often co-produce extended spectrum beta-lactams, 
further enhancing their resistance to broad-spectrum 
cephalosporins [16, 17]. Consequently, it is imperative for 
clinical microbiology laboratories and healthcare provid-
ers to closely monitor patients infected with these strains.

Conclusions
Antimicrobial susceptibility data for Enterobacter spp. 
isolated from various regions across China over a 7-year 
period (2015–2021) showed an increasing trend of resist-
ance to multiple antibiotics. In particular, the proportion 
of CR-ECL among isolates exceeded global average signif-
icantly. It is therefore crucial to remain vigilant regarding 
carbapenem-resistant Enterobacter spp. and implement 
measures to mitigate the occurrence of antimicrobial 
resistance. Surveillance data of resistance facilitate clini-
cal decision-making and reduce the unnecessary and 
ineffective use of antimicrobials.

Materials and methods
Bacterial isolates
This is a retrospective epidemiologic surveillance study 
of Enterobacter spp. infection during 2015–2021. All 
Enterobacter isolated from outpatients and inpatients 
in 53 CHINET member institutions (42 tertiary hos-
pitals and 11 secondary hospitals or 46 general and 7 
children’s hospitals), covering 29 provinces, autono-
mous regions, and municipalities directly under the 
central government during the period 2015–2021 were 
included. The names, grades, and geographic locations 
of the 53 hospitals are shown in Supplementary materi-
als (Supplementary  Table  10). Isolates from open sites 
such as pharyngeal swabs and feces were rejected. In 
addition, the same strain isolated from the same site in 
the same patient were rejected. Strain identification was 
performed by each member unit and confirmed by the 
central laboratory using matrix-assisted laser desorption 
ionization-time of fight mass spectrometry (BioMérieux, 
Marcy I’Etoile, France).

Antimicrobial susceptibility testing
Antimicrobial drugs monitored in this study included ami-
kacin, gentamicin, ampicillin, ampicillin-sulbactam, piper-
acillin-tazobactam, cefoperazone-sulbactam, cefazolin, 
cefuroxime, cefoxitin, cefotaxime, ceftazidime, cefepime, 
imipenem, meropenem, ciprofloxacin, sulfamethoxazole-
trimethoprim, nitrofurantoin (urine specimens), tige-
cycline, and polymyxin B. The antibiotics tested varied 
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slightly across the years, (e.g., polymyxin B was tested after 
2016). The antimicrobial susceptibility test was performed 
followed CLSI and the unified technical protocol specified 
of CHINET [18]. Antimicrobial susceptibility testing was 
co-produce using commercial automated systems (VITEK 
2, bioMérieux, Inc., Hazelwood, MO, USA; Phoenix™, BD, 
Inc.,  Sparks, NV,  USA; DL-96, Zhuhai DL Biotech. Co., 
Ltd., Zhuhai, China) or disk diffusion method, micro broth 
dilution method and E-test. All ranges of antimicrobial 
drug concentrations with a commercial automated anti-
microbial sensitivity detector must meet the CLSI anti-
microbial drug determination criteria. As required by the 
CHINET technical protocol, for antimicrobial drugs that 
are not covered by automated antimicrobial sensitivity 
detectors or whose concentrations do not meet the CLSI 
criteria for antimicrobial drug determination, other meth-
ods must be used to supplement the sensitivity test for that 
drug. The interpretation of susceptibility data was based 
on the 2021 CLSI M100-S31 guidelines [19]. Polymyxin B 
minimum inhibitory concentrations (MICs) were inter-
preted using EUCAST breakpoint for colistin [20], and 
tigecycline susceptibility was assessed according to the cri-
teria of the U.S. Food and Drug Administration [21]. The 
methodology used was consistent across all participating 
hospitals over the five-year sampling period.

Strains resistant to any carbapenem antibiotics, 
including imipenem, meropenem, or ertapenem, were 
classified as CRE [22].

Statistical analysis
All medical institutions imported and shared routine 
antimicrobial susceptibility testing data using WHONET 
5.6 software (http:// www. whonet. org). We performed 
statistical analysis using IBM SPSS version 27.0 soft-
ware (IBM Corp., Armonk, NY, USA). We analyzed the 
dynamic trend in the rates of resistance to different anti-
microbial drugs over time using the trend chi-square test, 
and the variability of resistance rates among isolates from 
patients in different departments was analyzed using the 
chi-square test. A P value < 0.05 was considered statisti-
cally significant. Strain information, sample informa-
tion, the departmental distribution, and resistance data 
information for every year between 2015 and 2021 were 
recorded for all datasets (Supplementary Tables 1–9).
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