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ABSTRACT
The emergence of carbapenem-resistant Escherichia coli (CREC) poses crucial challenges in clinical management, 
requiring continuous monitoring to inform control and treatment strategies. This study aimed to investigate the 
genomic and epidemiological characteristics of CREC isolates obtained from a tertiary hospital in China between 
2015 and 2022. Next-generation sequencing was used for genomic profiling, and clinical data from patients were 
integrated into the analysis. ST405 (21.2%), ST167 (20.3%) and ST410 (15.9%) were the most prevalent of the 30 
distinct sequence types (STs) identified among the 113 unique CREC isolates. Infections caused by the ST405 CREC 
clone and severe underlying diseases were associated with higher in-hospital mortality rates, particularly in patients 
aged ≥65 years. Furthermore, the ST405 clone exhibited a greater number of virulence and resistance genes than 
non-ST405 CREC clones. The virulence gene eaeX and resistance genes mph(E) and msr(E) were exclusively found in 
ST405 clones, while other virulence genes (agn43, ipad and malX) and resistance genes (armA, catB3 and arr-3) were 
more prevalent in this clones. Additionally, ST405 showed higher minimum inhibitory concentrations for both 
meropenem and imipenem and showed superior growth under the meropenem challenge. Galleria mellonella 
virulence assays revealed that the ST405 CREC clone was more virulent than other predominant CREC STs. Our 
findings underscore the clinical threat posed by the ST405 CREC clone, which exhibits both enhanced virulence and 
extensive drug resistance. These results highlight the urgent need for stringent surveillance and targeted 
interventions to curb its further dissemination and prevent potential outbreaks.
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Introduction

Antimicrobial resistance (AMR) has appeared as one 
of the most critical public health threats of the 
twenty-first century, affecting the effective prevention 
and treatment of infections in humans and animals 
[1–3]. Escherichia coli (E. coli) is a leading cause of 
urinary, respiratory and bloodstream infections [4– 
6]. Moreover, E. coli serves as a crucial reservoir for 
antimicrobial resistance genes within the “One 
Health” framework, which includes human, animal 
and environmental health [7,8]. Over the past two dec
ades, the emergence and spread of carbapenem-resist
ant E. coli (CREC) have posed substantial challenges in 
clinical management [9–11]. The primary mechanism 
driving carbapenem resistance in CREC is the acqui
sition of carbapenemase genes, such as blaKPC, 
blaNDM, and blaOXA-48-like [9]. Among these, the 

blaNDM gene has exhibited widespread global preva
lence, with Asia – particularly China – serving as a sig
nificant reservoir [12,13]. A genomic analysis of 7,731 
CREC isolates collected from various countries 
between 2005 and 2023 among humans determined 
ST167, ST410, ST131, ST38, ST405 and ST361 as 
dominant clones [9]. A genomic analysis of CREC iso
lates from Chinese hospitals between 2015 and 2017 
identified ST131, ST167 and ST410 as the most preva
lent CREC clones [10].

In China, E. coli has been the most frequently iso
lated clinical pathogen from 2005 to 2022, accounting 
for 16.0% to 20.4% of all isolates, with imipenem 
resistance rates ranging from 1.5% to 2.0% [14]. 
The prevalence of extended-spectrum beta-lactamases 
(ESBLs) in E. coli remains high, reaching approxi
mately 50%, with blaCTX-M being the predominant 
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ESBL genotype [14]. A study from China reported 
that the carriage rate of CREC among ICU patients 
was 4.39% in 2020 and 5.79% in 2022. ST131 was 
identified as the most common blaKPC-positive 
CREC isolate (30.09%), while blaNDM was associated 
with ST617 and ST410 isolates, indicating the spread 
of multiple CREC clones among ICU patients in 
China [15].

In recent years, ST167 has emerged as one of the 
most common sequence types of extraintestinal patho
genic E. coli (ExPEC) globally, often linked to carbape
nem resistance [9]. ST410 is another extraintestinal 
pathogen associated with multidrug resistance and 
has been recognized as a high-risk international 
clone [16,17]. ST131 has been extensively investigated 
for its association with ExPEC infections [18]. Its high 
virulence, broad metabolic capacity and multiple anti
biotic resistance have contributed to its global preva
lence and persistence [19,20]. ST405 is also a 
globally recognized clone, carrying virulence gene var
iants similar to those found in ST131 [21]. As part of 
phylogenetic group D, which is associated with 
increased virulence, ST405 is identified as a high-risk 
international clone with multidrug resistance (MDR) 
and is a potential reservoir of blaCTX-M and blaNDM-5 
[9,22,23]. ST405 CREC strains carrying both blaCTX- 

M-3 and blaNDM-5 have been reported to transmit 
within communities [24]. In Pakistan, ST405 (44.4%) 
was the most frequently identified sequence type 
among 184 carbapenem-resistant clinical E. coli iso
lates recovered from clinical specimens in Lahore 
[22]. Similarly, in China, carbapenem-resistant 
E. coli isolates harbouring blaNDM-4 were identified 
in a tertiary hospital, all belonging to ST405 and 
inferred to have spread covertly [25]. Unlike ST131 
and ST167, ST405 CREC exhibits higher median 
counts of resistance and virulence genes, posing a sig
nificant risk in clinical settings [26]. However, limited 
research has examined blaNDM-5-carrying ST405 
CREC, particularly studies integrating genomic fea
tures with clinical outcomes, leaving gaps in under
standing the clinical significance of these isolates.

In this study, we conducted a comprehensive geno
mic epidemiological analysis of a large longitudinal 
cohort of CREC isolates collected over 8 years 
(2015–2022) from a tertiary teaching hospital in 
China. By combining genomic data with clinical infor
mation from patient electronic health records, we con
ducted a comparative analysis of the virulence and 
resistance genomic features of the predominant ST 
clonal lineages. Our results revealed the presence of 
a highly virulent and multidrug-resistant ST405 
clone. Improved vigilance is required to monitor the 
spread of ST405 CREC, especially among critically ill 
patients in-hospital settings. Continuous surveillance 
of CREC will be important in controlling future 
outbreaks.

Materials and methods

Bacterial isolates and patient data collection

Carbapenem resistance was defined as a minimum 
inhibitory concentration (MIC) of ≥4 μg/mL for imi
penem or meropenem and ≥2 μg/mL for ertapenem 
[27]. A total of 123 CREC isolates were collected 
from the patients admitted to Taian Central Hospital 
between January 2015 and December 2022. These 
CREC isolates were obtained as part of the routine 
clinical surveillance of carbapenem-resistant bacteria 
at Taian Central Hospital, during which a total of 
123 CREC strains and 1,066 other carbapenem-resist
ant strains were collected. Species identification was 
performed using MALDI-TOF MS (Bruker Microflex 
LT, Bruker Daltonik GmbH, Germany). Infection and 
colonization were distinguished following the Infec
tious Diseases Society of America guidelines, with 
infections diagnosed based on clinical symptoms, 
local or systemic inflammation evidence, high drug 
resistance levels and strain isolation from a sterile 
site [28]. The clinical data collected included patient 
age, gender, length of hospital stay, admission and dis
charge dates, ward location during sample collection, 
sample collection date, sample type and diagnoses 
during the hospital stay. Community-acquired infec
tions were those identified within 48 h of hospital 
admission. The clinical outcomes included 30-day 
mortality (within 30 days of the first positive culture) 
and in-hospital mortality (death during hospitaliz
ation after the first culture).

Antibiotic susceptibility testing

Antibiotic susceptibility testing was conducted using 
the VITEK-2 Compact system (bioMérieux, France) 
for ampicillin, cefuroxime, ceftazidime, ceftriaxone, 
cefepime, aztreonam, piperacillin–tazobactam, ertape
nem, imipenem, meropenem, amikacin, gentamicin, 
trimethoprim–sulfamethoxazole, ciprofloxacin and 
levofloxacin. Colistin and tigecycline were tested 
using broth microdilution [29]. Results were inter
preted based on the 2022 Clinical and Laboratory 
Standards Institute guidelines (CLSI M100, 2022) 
[29], except for tigecycline and colistin, which were 
interpreted according to the European Committee 
on Antimicrobial Susceptibility Testing criteria 
(https://www.eucast.org/). E. coli American Type Cul
ture Collection (ATCC) 25922 was used as a quality 
control strain.

Whole-genome sequencing, assembly and 
publicly available sequences

Genomic DNAs from the 123 CREC isolates were 
extracted using the Omega Bio-Tek Bacterial DNA 
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Kit (Doraville, GA, USA). The quality and concen
tration of the bacterial genomic DNA were evaluated 
via electrophoresis on a 1% agarose gel and analysis 
on a NanoDrop2000 system (Thermo Scientific, Wal
tham, MA, USA) and a Qubit 4 Fluorometer (Thermo 
Scientific, Waltham, USA). Libraries were constructed 
based on the qualified DNA by using a NEB Next 
Ultra TM II DNA Library Prep Kit (New England Bio
Labs, Ipswich, USA) and sequenced using paired-end 
libraries with an average insert size of 350 bp on the 
NovaSeq 6000 platform (Illumina, CA, USA). Raw 
reads with low quality were removed as described pre
viously [30]. De novo assembly of the corrected reads 
was performed with SPAdes version 3.11 [31]. To 
further investigate the ST405 clone identified in this 
study, ST405 isolate genomes were retrieved from 
EnteroBase (accessed on 13 July, 2024), yielding 
2,062 isolates with associated metadata (year of collec
tion, country and source) and raw reads.

Genome annotation and characterization

Resistance genes, plasmid replicons, virulence factors 
and serotypes were determined using ABRicate 
v1.0.1 (https://github.com/tseemann/abricate) with 
the Resfinder, Plasmidfinder, Ecoli-vf and EcOH data
bases (updated 15 September 2022), using default par
ameters [32–34]. The Multilocus sequence typing 
(MLST) types were assigned using the Achtman 
scheme and performed using MLST v2.19.0 (https:// 
github.com/tseemann/mlst) with the “ecoli” scheme. 
fimH typing was identified utilizing FimTyper version 
1.0 [35].

Phylogenetic tree construction

Snippy version 4.6.0 (https://github.com/tseemann/ 
snippy), with EB003 (GenBank accession no. 
CP086334) as the reference genome, was used to gen
erate whole-genome alignment for the first CREC iso
late (the initial CREC isolate detected from a patient’s 
clinical specimen if more than one isolates were col
lected from the same patient) from each of the 113 
patients. The full-length genome alignment was 
cleaned using the snippy-clean function and then pro
cessed using Gubbins version 2.4.1 to identify and 
remove homologous recombination regions [36]. 
SNP-sites version 2.5.1 was used to extract variant 
sites from the alignment, and FAST-tree was utilized 
to reconstruct the maximum likelihood phylogenetic 
tree [37]. The resulting tree was annotated using 
iTOL v7 [38].

Galleria mellonella larvae model

The virulence of the selected isolates was assessed 
using a G. mellonella larvae model, as previously 

described [16,39,40]. Supplementary Material presents 
the detailed methods for the G. mellonella larvae viru
lence assay.

In vitro competition assay

Competitive growth experiments were conducted to 
evaluate the interactions between ST405 and other 
STs following the protocol described by a previous 
study [27]. Supplementary Material shows the detailed 
methods for the in vitro competition assay.

Data statistical analysis

All statistical analyses were conducted using Graph
Pad Prism version 9.3.1 and Statistical Package for 
the Social Sciences (SPSS) version 29.0.1.0. Sup
plementary Material presents the detailed methods 
for statistical analysis.

Ethical approval

The study was reviewed and approved by the Ethical 
Review Committee of The Affiliated Taian City Cen
tral Hospital of Qingdao University. Isolates were col
lected from routine microbiological samples, and all 
samples were anonymised. Informed consent was 
waived as patients did not directly participate in the 
study.

Result

Clinical characteristics

We conducted whole-genome sequencing on 123 
CREC isolates collected from clinical samples of 
113 patients at Taian Central Hospital between 
2015 and 2022. The isolates were recovered from 
urine (n = 50), sputum (n = 32), secretions (n = 12; 
including 9 skin wound exudates and 3 vaginal 
secretions), blood (n = 11), drainage fluid (n = 8), 
stool (n = 3) and other sources (n = 7) 
(Figure S1A). In silico MLST analysis revealed sub
stantial diversity among the 123 CREC isolates, 
with 122 assigned to 30 known STs and one isolate 
possessing a novel ST type. Isolates of the same ST 
were recovered more than once in nine patients, 
with intervals ranging from 7 days to 30 months. 
In four of these patients, isolates of the same ST 
were recovered from different body sites, indicating 
potential intra-host colonization and secondary 
infection (Table S1). Among the first non-replicate 
isolates recovered from each patient, three STs 
were notably prevalent: ST405 (n = 24), ST167 (n =  
23) and ST410 (n = 18) (Figure S1B), together com
prising 57.5% of the total isolates. Serotyping 
revealed the dominant serotypes for these STs: 
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O102 for ST405, Onovel32 for ST167 and O8 for 
ST410, with frequencies of 100%, 69.6% and 94.4%, 
respectively (Table S1).

Phylogenetic analysis

To further investigate the evolutionary associations of 
the first non-replicated 113 CREC isolates, we con
structed a phylogenetic tree based on core-genome 
single-nucleotide polymorphisms (SNPs). Phyloge
netic analysis revealed five distinct clades. Clade 1 pre
dominantly consisted of isolates from phylogroup D, 
along with others from phylogroups B2, F and G, 
including all ST405, ST38 and ST354 clones. 95.8% 
(23/24) of ST405 isolates carried fimH29. Clade 2 con
tained isolates from phylogroup A, including ST156, 
ST224, ST101 and several others. Clade 3 consisted 
of phylogroup C isolates, including all ST410 clones 
that carried fimH24. Clades 4 and 5 belonged to phy
logroup A. Clade 4 included all ST361 clones, most of 
which carried fimH54, whereas clade 5 comprised 
ST167, ST617, ST10 and other clones, with 91.3% 
(21/23) of ST167 isolates lacking fimH. Notably, 
ST405 isolates clustered within the ICU in both 2019 
and 2021, with other clades exhibiting clustering 
(Figure 1).

AMR and antibiotic resistance genes (ARG) 
diversity in CREC isolates

All CREC isolates exhibited resistance to at least one 
carbapenem. The resistance rates to meropenem and 
ertapenem were 99.1% (112/113) and that to imipe
nem was 97.4% (111/113). The resistance rates were 
100% for ampicillin, cefuroxime, cefotaxime, ceftriax
one, ceftazidime, cefepime, cefoperazone–sulbactam, 
piperacillin–tazobactam and cefoxitin. The resistance 
rate for aztreonam was 88.5% (100/113), whereas 
that for levofloxacin and ciprofloxacin were 93.8% 
(106/113) and 92.9% (105/113), respectively. Resist
ance to gentamicin, amikacin and trimethoprim–sul
famethoxazole was observed in 77.9% (88/113), 
48.7% (55/113) and 92.9% (105/113) of the isolates. 
Colistin resistance was relatively rare, occurring in 
5.3% (6/113) of the isolates (MIC: 4–8 μg/mL). All iso
lates were sensitive to tigecycline (Figure S2A). The 
resistance phenotype was largely attributable to the 
presence of the corresponding ARGs.

Among the 113 CREC isolates, 107 carried carbape
nemase genes, with blaNDM being the most prevalent 
(94.7%, 107/113). The most predominant variant was 
blaNDM-5, observed in 82.3% (93/113) of the isolates, 
followed by blaNDM-1 (n = 10), blaNDM-6 (n = 1), 
blaNDM-9 (n = 2) and blaNDM-13 (n = 1). Three isolates 
carried both blaKPC-2 and blaNDM-1, whereas five 

Figure 1. Phylogenetic tree of 113 clinical CREC isolates. The branch lengths are coloured according to the ST, phylogroup, Fim 
type, year, wards and carbapenemase gene. CREC: carbapenem-resistant Escherichia coli; ST: sequence type.
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isolates harboured both blaNDM-5 and mcr-1.1. 
Additionally, one isolate carried both blaNDM-9 and 
mcr-1.1 (Figure S2B).

In addition to carbapenemase genes, the CREC iso
lates contained various other resistance genes, includ
ing those conferring resistance to fosfomycin ( fosA3, 
54.9%), sulfonamides (sul1, 59.3%; sul2, 44.3%), ami
noglycosides [aadA2, 39.8%; aadA5, 38.9%; aac(3)- 
IId, 45.1%], tetracyclines [tet(A), 40.7%; tet(B), 
35.4%] and trimethoprim (dfrA12, 38.9%; dfrA14, 
12.4%; dfrA17, 42.5%). A total of 104 CREC isolates 
(92%) tested positive for ESBL genes, with blaCTX-M 
(84.1%, 95/113), blaSHV (10.6%, 12/113), blaTEM 
(46.9%, 53/113) and blaOXA-1 (37.2%, 42/113) being 
the most prevalent. The most predominant subtype 
was blaCTX-M-55, observed in 53.1% (60/113) of the iso
lates. Additionally, 22 isolates carried AmpC β-lacta
mase genes, consisting of blaCMY-2 (n = 17), blaCMY-6 
(n = 4) and blaCMY-42 (n = 1) (Table S2).

A heatmap of the resistance genes and plasmid 
replicons revealed distinct patterns among the ST405 
and ST410 isolates. For example, msr(E) and mph(E) 
were exclusively observed in ST405 isolates, whereas 
blaCMY-2 was only present in the ST410 isolates 

(Figure S3). Among the 113 CREC isolates, the plas
mid replicons IncX3 and IncFIB were the most preva
lent, each detected in 66.4% (75/113) of the isolates 
(Table S3). The diversity of the resistance genes and 
plasmid replicons was higher in the ST167 and 
ST410 isolates, whereas the ST405 isolates exhibited 
minimal variation, with most harbouring identical 
resistance genes and plasmid replicons (Figure S3).

Relationships between genomic features and 
clinical data in ST405 and non-ST405 strains

The 113 isolates were categorized into four groups 
based on their STs: ST167, ST405, ST410 and others. 
We compared their clinical and resistance character
istics (Table 1). The median age of the patients was 
65 years (range: 3–95), with significant differences in 
age distribution across the ST groups (P = 0.01). 
Patients infected with ST405 exhibited the highest 
median age (73.5 years), while those infected with 
ST410 demonstrated the lowest (59.5 years). The 
type of specimen did not significantly differ across 
STs (P = 0.426). However, significant differences 
were observed in the distribution of wards (P <  

Table 1. Clinical characteristics and antimicrobial resistance of 113 CREC isolates.
Patient/bacterial  
characteristics

ST167 
N = 23 n(%)

ST405 
N = 24 n(%)

ST410 
N = 18 n(%)

Other ST  
N = 48 n(%)

Total 
N = 113 n(%) P Valuea

Age, median, IQR 63 (6,88) 73.5 (36,94) 59.5 (38,75) 64 (3,95) 65 (3,95) 0.01
Sex 0.105

Male 11 (48) 17 (71) 11 (61) 20 (42) 59 (52)
Female 12 (52) 7 (29) 7 (39) 28 (58) 54 (48)

Samples Types 0.426
Urine 8 (35) 12 (50) 9 (50) 19 (40) 48 (42)
Sputum 9 (39) 5 (21) 4 (22) 10 (21) 28 (25)
Blood 1 (4) 4 (17) 2 (11) 3 (6) 10 (9)
Other 5 (22) 3 (13) 3 (17) 16 (33) 27 (24)

Year 0.016
2015–2016 6 (26) 4 (17) 0 (0) 5 (10) 15 (13)
2017–2018 6 (26) 3 (13) 2 (11) 11 (23) 22 (20)
2019–2020 8 (34) 10 (42) 3 (17) 11 (23) 32 (28)
2021–2022 3 (13) 7 (29) 13 (72) 21 (44) 44 (39)

Wards <0.001
Intensive care unit 5 (22) 20 (83) 1 (6) 6 (13) 32 (28.3)
Urology 3 (13) 1 (4) 5 (28) 8 (17) 17 (15.0)
Neurosurgery 4 (17) 1 (4) 3 (17) 5 (10) 13 (11.5)
Hematology 2 (9) 0 (0) 1 (6) 7 (15) 10 (8.8)
Others 9 (39) 2 (8) 8 (44) 22 (46) 41 (36.2)

Patient/bacterial  
characteristics

ST167 
N = 23 n(%)

ST405 
N = 24 n(%)

ST410 
N = 18 n(%)

Other ST  
N = 48 n(%)

Total 
N = 113 n(%)

P Valuea

Antimicrobial resistance
Trimethoprim–sulfamethoxazole 19 (83) 23 (96) 18 (100) 45 (94) 105 (93) 0.2
Amikacin 9 (39) 22 (92) 11 (61) 13 (27) 55 (49) <0.0001
Gentamicin 15 (65) 23 (96) 17 (94) 33 (69) 88 (78) 0.005
Aztreonam 21 (91) 24(100) 18(100) 37 (77) 100(89) 0.007
Fluoroquinolonesb 23 (100) 24 (100) 18 (100) 41 (85) 106 (94) 0.03
Cephalosporinsc 23 (100) 24 (100) 18 (100) 48 (100) 113 (100) –
Carbapenemsd 23 (100) 24 (100) 18 (100) 48 (100) 113 (100) –
Tigecycline 0 (0) 0 (0) 0 (0) 0 (0) 0 (0) –
Colistin 0 (0) 0 (0) 0 (0) 6 (13) 6 (5) 0.076

30 days morality 0 (0) 4 (17) 0 (0) 1 (2) 5 (4) 0.029
In-hospital mortality 2(9) 7(29) 0(0) 1(2) 10(9) 0.001
aχ2 or Fisher exact test was used for categorical variables, and Kruskal-Wallis test was used for continuous variables; P value < 0.05 (bolded) was considered 

statistically significant. 
bFluoroquinolones included ciprofloxacin and levofloxacin. 
cCephalosporins included cefuroxime, ceftazidime, ceftriaxone and cefepime. 
dCarbapenems included ertapenem, imipenem and meropenem.
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0.001). CREC isolates were most frequently recovered 
from the ICU (32/113, 28.3%) (Figure S1C). ST405 
was the dominant clone in the ICU, accounting for 
62.5% of the isolates collected (Figure S1D).

ST frequencies changed over time, with a gradual 
increase in the number of CREC isolates. ST distri
bution by year significantly differed (P = 0.016). ST167 
was the most prevalent ST between 2015 and 2016 
and persisted through 2022. ST405 was consistently 
detected from 2015 to 2022, peaking at 31.3% (10/32) 
between 2019 and 2020. ST410 first emerged in 2018 
and reached its highest proportion (29.5%, 13/44) 
between 2021 and 2022 (Figure S1E and F; Table 1).

Antibiotic resistance rates varied among different 
STs. The amikacin resistance rate was 92% for ST405 
isolates and 39%, 67% and 27% for ST167, ST410 
and other STs, respectively. Gentamicin resistance 
rates were >90% for ST167 and ST410 and 65% and 
69% for ST167 and other STs, respectively. Aztreonam 
resistance rates were 100% for ST410 and ST405, 91% 
for ST167 and 77% for the other STs. Quinolone 
resistance was observed in 100% of ST167, ST405 
and ST410 isolates and 85% of other STs. All colis
tin-resistant strains belonged to nondominant STs.

Significant differences in the mortality rates were 
observed among the different ST clones (30-day 

mortality, P = 0.029; in-hospital mortality, P = 0.001). 
Among the five patients who died within 30 days, 
four were isolated with ST405. The in-hospital mor
tality rate for patients with the ST405 clone was 
29.1% (7/24, P = 0.0007), which was significantly 
higher than that of patients with the non-ST405 clone.

Clinical and genomic characterisation of the 
ST405 clone

Clinical and resistance characteristic analysis revealed 
that the ST405 clone was associated with a higher 
mortality rate and greater AMR compared with non- 
ST405 clones. An epidemiological investigation was 
conducted on 26 ST405 isolates from 24 patients in 
this study. Of the 26 isolates, 21 were recovered 
from patients in the ICU, whereas the remaining 5 
were from 4 other wards. A phylogenetic tree based 
on the core-genome SNP analysis was developed and 
mapped with isolation year, wards and sample types 
(Figure 2(a)). Supplementary Table S4 shows the pair
wise SNP differences between the isolates. The 
remaining 25 isolates carrying blaNDM-5 clustered 
together, except for one isolate carrying blaNDM-1 
(HD13864), which formed a separate branch (Figure 
S3). This cluster exhibited SNP differences of 0–204 

Figure 2. (A) Core-genome SNP phylogeny of the 26 ST405 CREC isolates in the hospital. Reference strains were selected based on 
the association of their core-genome multilocus sequence typing (cgMLST) with the earliest ST405 clone collected in this study. 
The branch lengths are coloured according to department, isolation time and sample types. (B) Thirty-day survival analysis curves 
for ST405 and non-ST405 clone-infected patients aged ≥65 years. (C–E) Comparison of resistance genes, virulence genes and 
insertion sequence number among ST167, ST405, ST410 and other STs. Statistical significance is indicated as *P < 0.05, **P <  
0.01, ***P < 0.001 and ****P < 0.0001. ns: not significant; CREC: carbapenem-resistant Escherichia coli; ST: sequence type; SNP: 
single-nucleotide polymorphism.
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bp and was categorized into two main groups. Group 1 
included isolates from patients hospitalized from July 
2015 to May 2019, with SNP differences of 0–76. 
Group 2 consisted of isolates from patients hospital
ized from May 2015 to 2022, with SNP differences of 
0–43. Four isolates (HD13742, HD13743, HD13745, 
and HD13746) were isolated between 2015 and 2016, 
each exhibiting pairwise SNP distances of less than 
10 bp. Additionally, eight isolates (HD13802 to 
HD13849) displayed pairwise SNP distances of less 
than 10 bp. These isolates were all recovered from 
ICU patients between 2019 and 2022. The close gen
etic relatedness and temporal clustering suggest a 
potential outbreak and transmission of ST405 clones 
within the ICU.

Within Group 2, two patients had two CREC iso
lates each. For one patient, the first CREC isolate 
was obtained from the respiratory tract, and 31 days 
later, another CREC isolate was obtained from the 
bloodstream, with a 2-SNP difference between the 
two isolates. In another patient, the first CREC isolate 
was recovered from sputum, and 7 months later, a 
second CREC isolate was obtained from sputum, 
showing an 8-SNP difference. The results suggest 
that in the first patient, the CREC strain may have dis
seminated from the respiratory tract to the blood
stream, while in the second patient, the persistence 
of the strain over several months indicates prolonged 
colonization or recurrent infection. The low SNP 
differences between isolates further support in-host 
evolution rather than reinfection with a distinct strain.

Considering the potential effect of age on patient 
outcomes, we categorized the patients into two groups: 
<65 years and ≥65 years of age. The univariable analysis 
identified ICU location on the day of CREC isolation, 
Charlson Comorbidity Index (CCI), polymicrobial 
infections and ST405 clone infection as risk factors 
for CREC-infected patients aged ≥65 years (Table 2
and Table S5). In the final multivariable model, CCI 
[P = 0.033, odds ratio (OR): 2.96 (1.089–8.045]) and 
infection with the ST405 clone (P = 0.038, OR: 33.054 

(1.218–897.008)] were independently associated with 
death in patients aged ≥65 years after adjusting for 
ICU location on the day of CREC isolation and polymi
crobial infections (Table 3). Survival curve analysis 
revealed that among CREC-infected patients aged 
≥65 years, those infected with ST405 isolates demon
strated a significantly higher risk of mortality than 
those infected with non-ST405 isolates (P = 0.0146) 
(Figure 2(b)).

A comparison of the resistance genes, virulence 
genes and insertion sequence counts between the 
three dominant ST clones and other ST clones 
revealed that ST405 harboured a greater number of 
resistance genes, virulence genes and insertion 
sequences (Figure 2(c–e)). Several of these genes 
were unique or more prevalent in ST405. Notably, 
the resistance genes mph(E) and msr(E) were found 
exclusively in ST405 clones. while the invasiveness- 
associated gene eaeX was present in 79.2% of ST405 
isolates but absent in non-ST405 isolates. Compared 
with non-ST405 clones, certain virulence genes, such 
as those encoding type III secretion system proteins 
(espX3, espY3, espY4, eivACEFGIJ), iron acquisition- 
related proteins ( fyuA, chuASTVWXY, irp1, irp2, 
ybtAEPQSTUX), autotransporter-related proteins 
(agn43), protectins (kpsM), miscellaneous proteins 
(malX, ipad, ECs3728, EcE24377A_0237), and resist
ance genes (armA, catB3, ARR-3), were more preva
lent in ST405 clones (Tables S6 and S7) [41,42].

Enhanced carbapenem resistance and virulence 
in ST405

The median MICs for imipenem and meropenem 
were 64 μg/mL in the ST405 clone and 32 μg/mL in 
both ST167 and ST410 clones (Figure 3(b)). A corre
lation between the copy number and expression levels 
of carbapenemase genes and the MIC values of carba
penem antibiotics in the strains was observed in E. coli 
[43]. Using quantitative reverse transcription poly
merase chain reaction, we confirmed that the relative 

Table 2. Univariate analysis of factors influencing in-hospital mortality in patients aged 65 and older with CREC infection.

Patient characteristics
Survival 

N = 45 n (%)
Non-survival  
N = 9 n (%) P Valuea

Odds ratio  
(95%CI)

Sex(male vs female) 0.709 1.333 (0.295–6.028)
Male 27 (60) 6 (67)
Female 18 (40) 3 (33)

Age(median) 75 76 0.168 1.065 (0.974–1.164)
ICU location on the day of CREC isolation 18 (40) 8 (89) 0.024 12.000 (1.380–104.336)
Comorbidities

CCI (Charlson Comorbidity Index) (median) 2 4 0.031 1.522 (1.040–2.227)
Urinary system disease 27 (60) 6 (67) 0.709 0.75 (0.166–3.391)
Cerebrovascular disease 27 (60) 8 (89) 0.129 0.188 (0.022–1.630)
Chronic kidney disease 17 (38) 4 (44) 0.709 0.759 (0.179–3.223)
History of malignancy 12 (27) 3 (33) 0.684 0.727 (0.157–3.377)
Diablte disease 16 (36) 3 (33) 0.899 1.103 (0.243–5.017)

Polymicrobioal 21 (47) 8 (89) 0.045 9.143 (1.055–79.261)
ST(ST405 vs Non-ST405) 0.004 12.250 (2.190–68.510)

ST405 10 (22) 7 (78)
Non-ST405 35 (78) 2 (22)

aUnivariate logistic regression as indicated; P value < 0.05 (bolded) was considered statistically significant.
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expression and copy number of the blaNDM-5 genes in 
ST405 clones were higher than those in ST167 and 
ST410 clones (Figure S5). This may partially explain 
the higher MIC values for carbapenem antibiotics 
observed in ST405 clones compared with other domi
nant clones.

To assess the growth fitness of these clones, we con
ducted in vitro competition assays. We selected three 
isolates from ST167 and ST410 clones that exhibited 
comparable individual growth rates to the ST405 
clone (Figure S4). These isolates were utilized in com
petition assays to assess the fitness of ST405 compared 
to ST167 and ST410 under both meropenem and 

non-meropenem conditions. No significant growth 
differences were observed in the absence of merope
nem; however, ST405 exhibited a significant competi
tive advantage under meropenem pressure (1 μg/mL) 
(Figure 3(c and d)).

The survival rate of larvae infected with ST405 iso
lates in the G. mellonella infection model was signifi
cantly lower than those infected with ST167, ST410 
and non-virulent isolates after 72 h (P < 0.05). How
ever, the survival rate of larvae infected with ST405 
was higher than that of larvae infected with the hyper
virulent Klebsiella pneumoniae strain ATCC43816 
(P < 0.05) (Figure 3(a)). Based on these data and com
parisons with highly virulent isolates, we consider 
ST405 to be a relatively high virulence E. coli clone, 
demonstrating greater virulence than other major 
MDR CREC clones such as ST167 and ST410.

Global dissemination of ST405

We analysed metadata obtained from 2,062 ST405 E. coli 
isolates in the EnteroBase database. As of 13 July, 2024, 
the EnteroBase database consisted of 2,062 ST405 E. coli 

Table 3. Multivariate analysis of factors influencing in-hospital 
mortality in patients aged 65 and older with CREC infection.

Variable
Odds 
ratio 95% CI P valuea

ICU location on the day of CREC 
isolation

12.497 0.198–787.855 0.232

CCI 2.960 1.089–8.045 0.033
Polymicrobioal 1.824 0.113–29.373 0.672
ST405 33.054 1.218–897.008 0.038
aMultivariate logistic regression as indicated; P value < 0.05 (bolded) was 

considered statistically significant.

Figure 3. Clinical hazards of the CREC high-risk clone. (A) Survival curves for wax moth larvae (G. mellonella) infected with 2 × 105 

CFU of different isolates from ST405, ST167 and ST410. (B) Comparison MIC of meropenem and imipenem for isolates from ST405, 
ST167 and ST410. (C) Comparison of the in vitro competitive growth ability between ST405 and ST167 in the presence or absence 
of meropenem. (D) Comparison of the in vitro competitive growth ability between ST405 and ST410 in the presence or absence of 
meropenem. Statistical significance is indicated as *P < 0.05, **P < 0.01, ***P < 0.001 and ****P < 0.0001. ns: not significant; CREC: 
carbapenem-resistant Escherichia coli; ST: sequence type; MIC: minimum inhibitory concentration.

8 M. WANG ET AL.



isolates, covering 5 continents and 64 countries 
(Figure S6A and B). These isolates were primarily col
lected from humans, food, companion animals, poultry, 
wildlife and environmental samples (Figure S6C). The 
first carbapenemase-producing ST405 isolate was 
detected in 2013, demonstrating an increasing preva
lence since then, surpassing 50% after 2018 
(Figure S6D). Among the human-derived ST405 iso
lates, urine samples were the most predominant, fol
lowed by rectal swabs, blood and respiratory 
specimens (Figure S6E). Among these, the fimH27 
type was the most prevalent (70.6%, 1,456/2,062), fol
lowed by fimH29 (19.2%, 396/2,062) (Figure S6G). 
Analysis of the two major fimH types revealed that 
ST405 fimH29 isolates were predominantly derived 
from urine samples (49.74%), which was significantly 
higher than the 24.72% observed for the fimH27 isolates 
(P = 0.0284) (Figure S6H). Furthermore, the proportion 
of fimH29 isolates carrying carbapenemase genes was 
64.78%, which was much higher than the 35.51% 
observed in fimH27 isolates (P < 0.0001) (Figure S6I).

Phylogenetic analysis of 1,508 isolates with avail
able genomic sequences indicated that ST405 primar
ily formed three distinct clades, corresponding to 
fimH27, fimH29 and other fimH types (Figure S7). 
The isolates from this study primarily clustered with 
those from Asia, with a smaller number from North 
America and Oceania. Interestingly, one ST405 isolate 
from a companion animal also clustered with the iso
lates from this study (Figure S7). Among the blaESBL 
genes, blaCTX–M–15 was the most prevalent in the 
fimH29 ST405 isolates. In contrast, the ST405 CREC 
isolates in this study primarily carried blaCTX–M–55 
(Figure S7).

Discussion

We conducted in silico MLST typing and determined 
ST405, ST167 and ST410 as the dominant CREC 
clones in our hospital. Our integration of clinical 
data with in vitro experiments revealed that the 
ST405 CREC clone is particularly concerning because 
of its high virulence and resistance profile.

Previous studies have highlighted ST405 as a suc
cessful MDR ExPEC lineage, with rising infection 
rates worldwide and a strong association with blaNDM 
and blaCTX-M variants [9,12,44–47]. While ST405 has 
been previously noted for its high virulence, similar 
to ST131, in terms of epithelial adherence, invasion, 
and resistance to serum bactericidal activity [48]. 
Both ST405 and ST131 are notable for their high viru
lence, as demonstrated by virulence gene profiling and 
animal models [24]. However, the clinical impact of 
ST405 CREC remains poorly understood.

Our study demonstrates that the ST405 CREC 
clone exhibits a significantly higher 30-day mortality 
rate (16.7%) compared to non-ST405 CREC 

infections, as well as greater virulence in 
G. mellonella assays than ST167 and ST410. In the 
multivariate analysis, ST405 CREC infection and the 
Charlson Comorbidity Index (CCI) were identified 
as independent risk factors for in-hospital mortality 
among patients aged 65 years and older. Notably, 
83.3% of patients with ST405 infection originated 
from the intensive care unit (ICU), accounting for 
62.5% of all ICU CREC infections. The presence of 
the ST405 CREC clone poses a significant threat to 
elderly and frail patients, particularly those admitted 
to the ICU.

Genomic studies have demonstrated that certain 
AMR determinants, virulence factors, and adaptive 
mechanisms may be critical for the persistence of 
high-risk clones [27,49]. Comparative genomics in 
our study reveals that ST405 harbours a greater number 
of resistance genes, virulence genes, and insertion 
sequences than non-ST405 clones. Without incurring 
substantial fitness costs, this genomic plasticity likely 
explains its persistence over a 7-year period in our hos
pital. Further comparative genomics analysis revealed 
that the macrolide resistance-associated genes msr(E) 
and mph(E), as well as the invasiveness-associated 
gene eaeX, are uniquely present in the ST405 clone. 
This finding suggests that the enhanced dissemination 
and virulence of the ST405 clone may be driven by these 
specific genetic elements. We hypothesize that these 
virulence factors (Table S7), which are involved in 
iron acquisition, T3SS, invasiveness, and adhesion, 
play a crucial role in the increased pathogenicity and 
adaptability of the ST405 clone, potentially contribut
ing to its higher virulence compared to ST167 and 
ST410 [50,51]. The unique combination of antimicro
bial resistance and virulence in ST405 may account 
for its epidemiological success and severe clinical 
impact. Given its persistence and pathogenic potential, 
future studies should investigate the functional roles of 
these resistance and virulence genes in antimicrobial 
resistance, bacterial fitness, and disease severity.

A high-risk clone possesses the ability to effectively 
colonize hosts, adapt to diverse environments, spread 
efficiently, and cause severe or recurrent infections 
[19,49]. In our study, ST405 exhibited a strong poten
tial for long-term colonization and recurrence. Pre
vious reports have indicated that the ST405 CREC 
clone has been implicated in community transmission 
and is capable of colonizing the human gut [24,52]. 
Our findings strongly suggest that persistent coloniza
tion by these strains may lead to higher transmission 
rates, ultimately contributing to increased hospital 
mortality. Although the exact mechanisms of indirect 
ST405 CREC transmission remain unclear, potential 
sources may include colonization, medical equipment, 
or healthcare workers [53].

In vitro competitive growth assays revealed that 
ST405 exhibits a significant growth advantage under 
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meropenem pressure. We observed that the relative 
copy number and mRNA expression levels of the 
blaNDM-5 in ST405 clones were higher than those in 
ST167 and ST410 clones. Furthermore, in vitro exper
imental evolution under continuous meropenem 
pressure demonstrated an increase in blaNDM-5 copy 
number in CREC, and this phenotype persisted even 
after the removal of antibiotic pressure [43]. Other 
factors may also contribute to the elevated MIC, 
which warrant further investigation in future studies. 
All 24 patients infected with ST405 reported ICU 
admission history, polymicrobial infections and exten
sive antibiotic use, which may have caused ST405’s 
increased resistance to carbapenems and other anti
biotics [54]. Broad-spectrum antibiotic administration 
has been identified as a key driver of AMR develop
ment, particularly for resistant Gram-negative patho
gens [55]. Antibiotics act as “colonisation assistants” 
by reducing the fitness of competitors, thereby 
improving the spread of resistant cells between hosts 
[56].

Despite a sampling bias that skewed the majority of 
ST405 isolates toward human sources, the detection of 
a minority from food, companion animals, poultry, 
wildlife, and environmental samples suggest that mul
tiple transmission pathways may have facilitated its 
dissemination (Figure S6C). Global genomic data on 
ST405 strains indicate that fimH29 is the second 
most common fim type of ST405 E. coli, predomi
nantly isolated from urine, with a significant higher 
probability of carrying carbapenemases compared to 
fimH27 isolates. The ST405 strains in our study 
belonged to the fimH29 type, highlighting the need 
for vigilance against the spread of this high-risk 
clone. ST405 is a reservoir of CTX-M, with CTX-M- 
15 being the predominant variant globally. However, 
in our study, the ST405 clone primarily harboured 
blaCTX-M-55(Figure S7), a major ESBL gene commonly 
identified in animal-derived E. coli [57].

MDR high-risk clones, such as ST405, are key dri
vers of the global increase in AMR. Their successful 
dissemination is due to their adaptability, enabling 
them to dominate within populations [58].

Previous studies have demonstrated that colistin 
resistance in E. coli is primarily mediated by mcr-1 
gene. Similarly, our study identified six colistin-resist
ant CREC isolates, all of which harboured mcr-1 and 
belonged to five distinct sequence types (STs), none 
of which representing dominant clones in our study 
setting. The prevalence of mcr-1-carrying CREC 
strains in our work was 5.3% (6/113), exceeding the 
global average of 2.3% and the previously reported 
rate of 1.48% in China [9,59]. Consistent with other 
findings, we speculate that the spread of mcr-1 in 
our setting is driven more by horizontal gene transfer 
and plasmid-mediated resistance than by clonal 
expansion [60]. Therefore, stringent surveillance 

measures are warranted to curb the horizontal disse
mination of mcr-1 among clinical isolates.

Our study was limited to a single region and did not 
include isolates from across China, it provides valu
able information into the molecular and clinical 
characteristics of CREC within this specific locale. 
Considering the localized nature of CREC dissemina
tion, understanding the molecular and clinical features 
of CREC in individual regions is crucial. This study 
was retrospective; thus, future prospective studies are 
warranted to monitor the spread of carbapenem- 
resistant isolates and address emerging trends.

Conclusion

In this study, we investigated the clinical and genomic 
characteristics of CREC isolates from patients between 
2015 and 2022 at a tertiary hospital in China. We 
revealed that CREC ST405 clones are associated with 
increased virulence in patients with critical illness 
and exhibit high resistance to antibiotics, including 
carbapenems, posing a significant clinical treatment 
challenge. Increased vigilance is crucial to monitor 
the emergence and spread of these MDR and poten
tially highly virulent E. coli isolates in clinical settings.
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