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Abstract

Background There is a serious public health concern regarding the emergence of carbapenem-resistant Escherichia
coli (CREQ). The purpose of this study is to identify the molecular characterization and risk factors of CREC in Fujian
province, China.

Methods A total of 48 CREC isolates were collected from various clinical samples. The strains were identified using
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry (MALDI-TOF/MS). Susceptibility to
antibiotics was determined by the standard broth microdilution method. Polymerase chain reaction (PCR) was used
to screen common drug resistance genes. Multilocus sequence typing (MLST) was used to type isolates. RT-gPCR was
used to detect gene expression of acrA, acrB, and tolC. Conjugation assays were used to analyze the transferability of
plasmids carrying mcr-1 or blaypy. Risk factors for CREC infection were identified by logistic regression analysis.

Results 48 CREC strains were collected, with 81.25% producing carbapenemase (CP-CREC), and 18.75% were

not producing carbapenemase (no-CP-CREC). They belonged to 21 sequence type (STs) and five unknown STs.
Perianal swabs were the main sample type, with 25 patients found to have hematological malignancies. All isolates
of CP-CREC were found to contain blaypy (blaypm—s (N=32), blaypu; (1=5), blaypm—s (N=1), and blaypy_15 (N=1)),
among which one isolate co-existence blaypy_s and blaoya_ag. TWO blaypy-positive strains, specifically blaypy_s and
blaypp—a Were found to co-habor mer-1 with ST617. Conjugation assays confirmed that blaypy_y, 0laypm-13 and

most blaypy_s(68.75%, 22/32) could be transferred between E. coli strains. Four of the 9 non-CP-CREC isolates had
deletions in ompC and ompf with bla-y_y production, while the other five showed high expression of acrA, acr, and
tolC. Antibiotics usage, antifungal treatment, detection of other pathogens (prior to CREC infection), and respiratory
disease were identified as independent risk factors for CREC infection. The area under the receiver operating
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was maximal when 2 points were scored.

infections.

characteristic curve for the scoring system was 0.937. Youden's index, with sensitivity and specificity of 0.96 and 0.78,

Conclusions In CP-CREC, carbapenem resistance is caused primarily by multiple types of blaypy, while non-CP-CREC
is caused by loss of porin protein or high expression of efflux pumps coupled with carrying blacry_,. CREC isolates
were highly diverse in terms of ST, with a total of 21 STs identified. Here, we first describe a clinical strain of CREC

from China both mcr-T and blay,_, with ST617. An easy-to-use scoring system was developed to diagnose CREC

Keywords CP-CREC, No-CP-CREC, blayp, m cr-1, Efflux pumps, Risk factor

Introduction

Escherichia coli (E.coli) is an opportunistic pathogen that
can cause various infections, including UTIs, meningitis,
bacteriemia, pneumonia, surgical site infections, and sep-
sis. Carbapenem antibiotics are highly effective against a
variety of infections caused by extended-spectrum beta-
lactamase (ESBL)-producing and multidrug-resistant
(MDR) gram-negative bacteria. Carbapenem-resistant
E.coli (CREC) is becoming more common due to the
widespread use of carbapenem antibiotics. A survey con-
ducted in Europe found that 19% of E. coli strains were
classified as CREC from 2013 to 2014 [1]. The China
Antimicrobial Surveillance Network (CHINET) reported
that the isolation rates of CREC ranged from 0.7 to 1.9%
from 2016 to 2023.

Antibiotic resistance is a global issue [2], with limited
new antibiotics available to treat bacterial infections.
According to the WHO, MDR pathogens, also known as
‘superbugs, are a significant global threat, causing mil-
lions of deaths annually [3]. Carbapenems are crucial
antibiotics used as a last resort for serious infections.
Carbapenem resistance is mediated either by intrinsic
mechanisms (such as coupled efflux pumps, AmpC over-
expression, and porin loss) or by development of a car-
bapenemase [4]. First, transmissible carbapenemases are
categorized into three classes: class A (serine carbapen-
emases, such as blaypc), class B (metallo-B-lactamases,
such as blayp, blayy,, and blaypy) and class D (blagy,,
such as blagya_o3 and blagya_ug) [5]. Second, in E. coli,
AcrAB-TolC is the primary efflux pump. Research has
found that AcrAB-TolC is linked to resistance against
aminoglycosides, carbapenems, and other antibiotics
[6]. Shiela Chetri et al., found a new link between ertape-
nem resistance and AcrA overexpression, as well as an
increase in AcrB expression in E. coli under imipenem
stress [7]. However, Howard T. H. Saw et al., found that
efflux inhibitors may not enhance carbapenem effective-
ness but instead could boost resistance in carbapene-
mase-producing organisms [8]. Lastly, a lack of certain
outer membrane proteins (such as OmpF and OmpC) in
E. coli can impact its response to carbapenem antibiotics.
Yigit et al. [9]. found that changes in the outer membrane
proteins OmpF and OmpC in Enterobacter strain 810 led

to resistance to imipenem and decreased susceptibility to
meropenem and cefepime.

CREC is a major clinical concern due to its resistance to
all beta-lactam antibiotics and multiple resistance deter-
minants, which limit treatment options. Polymyxin B is a
last resort for treating multidrug resistant bacteria infec-
tions. A plasmid-mediated colistin mcr-1 resistance gene
was found by China in 2015 [10]. Since then nine deriva-
tives (mcr-2 to mcr-10) have been found in humans, ani-
mals, foods, and other sources [11]. While micr is less
common in clinical strains than in animal isolates, more
reports of colistin-resistant carbapenemase-producing
bacteria with combinations of blaypy or blayp- and mcr
[12].

It has been shown that venous catheterization, expo-
sure to penicillin and broad-spectrum cephalosporins, a
longer hospital stay, presence of a urinary catheter, and
intubation are independent risk factors for carbapenem-
resistant Enterobacter cloacae infection [13, 14]. Limited
data are available on the prevalence and mechanisms
of CREC isolates from China. The risk factors for CRE
infection have been examined in several studies [15],
however, few studies have specifically assessed the risk
factors for CREC acquisition.

Monitoring drug resistance in bacteria and understand-
ing carbapenem resistance mechanisms can help improve
antibiotic prescription guidelines and infection control
strategies. This study analyzed the clinical and bacterial
molecular characteristics of patients with CREC infec-
tions from 2021 to 2023 in order to identify risk factors.
On the basis of the risk factors identified, we attempted
to develop a scoring system to detect patients at-risk for
CREC infection who have E. oli.

Materials and methods

Bacteria Isolates identification and clinical data collection
CREC isolates were obtained from Fujian Medical Uni-
versity Union Hospital (Fuzhou, China) between March
2021 and September 2023. The isolates were obtained
from a variety of clinical specimens. We excluded dupli-
cate isolates of the same species and specimen type from
the same patient during the same year. For the defined
CREC isolates, we evaluated susceptibility using broth
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microdilution and disk diffusion, interpreting the results
using the Clinical and Laboratory Standards Institute
(CLSI) breakpoints. Resistances to imipenem (4 pg/ml
or 19 mm), meropenem (4 pg/ml or 19 mm), or ertape-
nem (4 pug/ml or 18 mm) were defined as CRECs. All E.
coli isolates from patients meeting the inclusion criteria
of the study were stored in the laboratory at -80 °C in
cryovials containing 20% glycerol and nutrient broth for
further analysis. MALDI-TOF/MS was used to identify
the bacterial species of the collected isolates using Bruker
Biotyper™ system (Bruker Daltonics Inc., Billerica, Mas-
sachusetts). The clinical data used in this study were ret-
rospectively analyzed.

Resistance and virulence genes confirmation

Analyzing the gene sequence of carbapenemase con-
firmed the detection of carbapenemase genes (blaypy
blayp blayy, blagpc, blagye, blagy, blagy, blapy,
blaogyaasiive blagey and blagya 1g1). We conducted
PCR assays to detect other antibiotic-resistant genes.
The presence of resistance genes includes ESBLs
(blacrx m-1-1ike blacrx y-a-ikes blacrx_y-s-ikes
blacrx \-g ke and blacrx_y_10-jike )» non-ESBL genes
(TEM and SHYV), fluoroquinolones (gnrS, gnrA, qnrB,
qepA, and gyrA), sulfonamides (sull), tetracyclines
(tetA), streptomycin (strA), aminoglycosides (ant3, aac6-
IB, aac3-1I, armA, and rmtB), and porin-related genes
(OmpC and OmpF). Genetic analysis of virulence genes:
the following 9 virulence genes (i.e. TraT, papC, afaC,
iucD, hylA, ecpA, fimH, ompT, and iutA) were examined
by PCR in all strains. The sequence of primers is shown
in Tables S1 and S2. Sequencing of positively ampli-
fied products was performed using the Sanger sequenc-
ing method, and a comparison was made with the
NCBI BLAST database (http://www.ncbi.nlm.nih.gov/
BLAST/).

Antimicrobial susceptibility testing

We measured the minimum inhibitory concentration
(MIC) of antibiotics as follows: cephalosporins (cefepime,
ceftazidime), B-lactam/p-lactamase inhibitor combina-
tions (cefoperazone-sulbactam, piperacillin-tazobactam),
carbapenems (imipenem, meropenem), aminoglycosides
(tobramycin, amikacin), tetracycline (minocycline, tige-
cycline), fluoroquinolones (ciprofloxacin, levofloxacin),
trimethoprim—-sulfamethoxazole, aztreonam, and poly-
myxin B using the standard broth microdilution method
according to CLSL In all cases except for tigecycline,
antibiotic susceptibilities were based on the CLSI docu-
ment standard. FDA standards were used to determine
the breakpoint for tigecycline (susceptible: MIC<2 mg/L;
resistant: MIC>8 mg/L). As controls, E. coli ATCC
25,922 and Paeruginosa ATCC 27,853 were used.
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Multilocus sequence typing

We performed MLST by PCR amplification and sequenc-
ing 7 housekeeping genes: adk, fumC, gyrB, icd, mdh,
purA, and recA for E. coli. The sequence of primers is
shown in Table S3. The MLST database (www.mlst.net)
assigned STs.

Transcriptional analysis real-time quantitative PCR

We extracted and transcribed RNA as described previ-
ously [16]. RT-qPCR was used to estimate relative gene
expression of acrA, acrB, and tolC using the primer sets
in Table S4. As a normalized standard, we used the 16 S
rRNA gene as the normalized method. The obtained val-
ues were then normalized against those from carbape-
nem antibiotics susceptible strains.

Transferability of plasmids carrying mcr-1 and blaypy,

We studied the transferability of mcr-1 or blaypn), using
EC600 (which has rifampicin resistance) as the recipient
bacteria. A total of 600uL of recipient bacteria (EC600)
and 200pL of donor bacteria were mixed and cultured
in an incubator at 37 °C for about 18 h. Double-resistant
MH plates containing polymyxin B or meropenem and
rifampicin were used to culture suspected donor, recipi-
ent, and mixed bacteria. As a determination method,
only mixed bacteria grew colonies on the double-resis-
tant plate, while neither the recipient bacteria nor the
donor bacteria did. Transconjugants expressing mcr-1 or
blaypy were confirmed by PCR.

Clinical data collection

For this study, 48 CREC isolates were collected from 48
patients. Due to missing data for 2 of the case patients, 46
cases were included in our study. The study defined a case
as a patient from whom CREC was isolated in any clinical
culture. At least 48 h after admission, patients with iso-
lated CSEC from a clinical culture were considered con-
trols. Controls were recruited in a 2:1 ratio to cases. The
study matched cases and controls based on age, clinical
manifestations, pathogens, hospital wards, date of admis-
sion, and other relevant factors. Cases and controls could
only be included once in each study. The clinical medical
record system was used to collect demographic and clini-
cal data.

Several factors were examined as possible risk fac-
tors for the emergence of CREC, including antibiotic
use (such as aminoglycosides, p-lactams, carbapenems,
cephalosporins, quinolones, and polymyxin B), and inva-
sive surgery. As well as the ECOG scores, the presence of
multiple infections including in the lungs, urinary tract,
blood, and abdominal cavity, was examined. We collected
data on disease diagnoses, age, hospital ward, hospitaliza-
tions, outcome, invasive operation (such as PICC, cath-
eter, and so on), co-morbidities (hypertension, diabetes,
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solid tumor, surgical history, cardiac diseases, disease of
the urinary system, liver disease, respiratory disease, and
digestive system disease) and sample origin data for all
CREC isolates at the same time.

Statistical analysis

IBM SPSS ver. 21.0 statistical software (IBM Co.,
Armonk, NY) was used to analyze the data. In order to
analyze categorical variables, frequency tables (n, %) and
descriptive statistics (mean, median, standard deviation)
were used. Logistic regression (Backward LR) was used
for risk factor analysis (univariate and multivariate). Sta-
tistical significance was determined by the P value <0.05.

Results

Clinical and microbiological characteristics

In this study, the detection rates of CREC from 2021 to
2023 were 3.0%, 2.8%, and 3.82%, respectively. 48 CREC
isolates were collected from March 2021 to September
2023. With an age range of 3-98 years, the mean age of
the patients was 46.14 years. 25 (52.08%) patients were
diagnosed with hematological malignancies, 7 (18.6%)
with urological malignancy, 4 (8.33%) with lung condi-
tions, 3 (6.25%) with liver-related diseases, 3 (6.25%) with
urinary-related diseases, 2 (4.16%) with acute pancre-
atitis, 2 (4.16%) with acute pancreatitis surgical wound
infection, and 5 (10.42%) with other disease (cervical
malignancy, osteoporosis and so on). Among the speci-
mens, perianal swab (n=12,25%), urine (n=10, 20.83%),
drainage fluid (n=7, 14.58%), stool (n=7, 14.558%),
secretors (n=5, 10.42%), blood (#=4,8.33%), and spu-
tum (n=3, 6.25%) were procured. Of the 48 carbapenem-
resistant cases, 81.25% (39/48) produced carbapenemase
(carbapenemase-producing CREC, CP-CREC), while
18.75% (9/48) did not produce carbapenemase (non car-
bapenemase-producing CREC, non-CP-CREC). Further-
more, ESBL production was observed in 87.5% (42/48) of
the isolates.

Resistance genes and virulence genes profile
A further test was performed to determine whether the
CREC strains carried genes for carbapenemase. It was
observed that 64.58% (31/48) of isolates carried blaypy_s
with the higher prevalence of blaypy_; (10.42%, 5/48),
while blaypy_, and blaypy_;; were detected in 3.8%
(1/48) of strains, respectively. One of 48 isolates had two
carbapenem-resistance genes (blaypyi_s and blagya_ag)
present simultaneously. We screened all the CREC strains
for the presence of mcr-1, mcr-2, mcr-3, mcr-8, and mcr-
9 genes.Two strains carried mcr-1 but not the other mcr
genes, which coexist with blaypy.

Moreover, bacteria also possess genes encoding
resistance to antibiotics such as beta-lactams, sulfon-
amides, streptomycin, aminoglycosides, quinolones, and
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tetracycline. Among the ESBL-resistance genes positive
strains (39/48,81.25%), 25 carried the blaryxy—10o 15 car-
ried the blacryy_y, 12 carried the blacryy_o gene, and
7 carried the blacrxy_o- 33.3% (16/48) of isolates had
blacrx_y and TEM genes simultaneously, along with
2.08% (1/48) of isolates that had both bla-rx_y and SHV
genes. In total, 40 aminoglycoside resistance gene-pos-
itive CREC isolates were PCR positive for ant3 (10 iso-
late), ant3 plus aac3-1I (10 isolates), aac3-II (8 isolates),
aac3-II plus aac6-IB (3 isolates), ant3 plus rmtB (2 iso-
lates), ant3, aac3-II plus rmtB (2 isolates), ant3 plus aac6-
IB (2 isolates), aac6-IB, aac3-1I plus rmtB (2 isolates),
ant3, aac3-II, rmtB plus aac6-1B (1 isolates), ant3, aac3-
1I, armA plus aac6-1B (1 isolates), aac6-IB and aac3-II (1
isolates), ant3, aac6-IB and aac3-II (1 isolates), aac6-IB
(1 isolates), ant3 and aac3-II (1 isolates).

In total, 4 quinolone resistance genes were found,
including 20 strains carrying gyrA (41.67%), 5 strains car-
rying gnrS (10.42%), 10 strains carrying both gyrA and
gnrS (20.83%), 3 strains carrying both gyrA and gepA
(6.25%), 1 strain carrying gnrS, gyrA, and gepA (2.08%),
and 1 strain carrying gnrS, gnrB, and gyrA (2.08%). In
addition, the tetA, sull and strA genes were detected in
38, 20, and 13 isolates, respectively (Table 1; Fig. 1).

It was found that the most prevalent virulence-asso-
ciated gene was fimH (93.75%, 45/48), followed by ecpA
(89.6%, 43/48), traT (60.4%,29/48), iucD (45.8%, 22/48),
ompT (35.4%,17/48), afaC (4.2%,2/48), papC (2.1%,1/48)
(Fig. 2).

CTX-M type ESBLs were found in all non-CP-CREC.
Of the 9 non-CP-CREC isolates, 44.44% (n=4) showed
deletion in ompC and ompF porin-encoding genes
(Table 2). The other five non-CP-CREC without pore-
protein deletion had high expression of the efflux pumps
genes acrA, acrB, and tolC (Fig. 3).

Genetic profiling and antimicrobial susceptibility analysis
In order to understand the genetic variability of the
CREC, MLST was conducted. In total, 48 CREC
belonged to 21 STs and five unknown STs (untypable).
As shown in Table 1, the most common ST was ST410
(n=9), followed by ST5229 (n=4), ST38 (n=3), ST405
(n=3), ST648 (n=3), ST617 (n=2), ST10 (n=2), ST155
(n=2), ST69(n=2), and ST617 (n=2), and then by single
ST isolates, including ST58, ST539, ST641, ST88, ST156,
ST167, ST44, ST457, ST1730, ST297, ST361, and ST48
(Table 1).

All CREC isolates showed a high-level resistance to
carbapenems, with 100% resistance to cephalospo-
rins, including cefazolin, ceftazidime, ceftriaxone, and
cefepime. Other antimicrobials showed irregular suscep-
tibility and resistance, such as piperacillin-tazobactam
(97.9%), ciprofloxacin (95.8%), levofloxacin (87.5%), sulfa-
methoxazole-trimethoprim (85.4%), gentamicin (76.2%),
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Table 1 Molecular characterization of 48 CREC strains

Sample  Ward Strain  Antimicrobial Resistance Genes Virulence genes MLST

Perianal Hematology CREC108  blacry_w_o/sull/aac3-l/TetA ompC/ompF/afaC/ecpA/fimH ST38

swab Hematology CREC054  blacry_w_/blacry_-1o/sull/aac3-ll/TetA ompC/ompF/afaC/ecpA/fimH ST38
Hematology CREC821  SHV/blacry_y—of blacry_w_1o/ant3/aacé-Ib/aac3-Ii ompC/ompF/Tral/ecpA/fimH

/armA/qnrS/qnrB/gyrA/TetA
Hematology CREC761  TEM/blacty_p—1/blaciy_-1o/sul1/ant3/rmtB /gyrA/TetA ompC/ompF/TraT/iucD/ecpA/fimH

Hematology CREC229  TEM/blacty_y1/blacty_w_1o/strAlaac3_/qnrS ompC/ompF/Tral/ecpA/fimH ST405
/gyrA/TetA
Hematology CREC640  blaypys/ TEM/blacry - o/sull/ant3/gnrS /TetA ompC/ompF/ecpA/fimH ST10
Hematology CREC038  TEM/blacty_y—of blacty_m_1¢o/strA/aac6-Ib/aac3-ll ompF/Tral/iucD/ecpA ST648
/gyrA/TetA
Hematology CREC036  blaypys/ TEM/blacty_y_o/sull/aac3_,/TetA Tral/iucD/ecpA/fimH/ompT ST88
Hematology CREC435  TEM/bIAcry_p—1/blacry_y—o/ blacty 1o/ StrA/sull/ TraT/ecpA/fimH ST405
aacé-Ib/aac3-Il/rmtB/qepA/gyrA/ TetA
Hematology CREC254  TEM/blacty o/ blacty_m-1o/blagn/aacé_, /aac3_lI Tral/iucD/ecpA ST648
/qepA/gyrA/TetA
Organ CRECO05  blaypy_s/TEM/ant3/qnrS/gyrA/TetA/ fimH/ STe41
transplantation
Hematology CREC428  blaypy_s/strA/sul1/aac3_,/qnrS/gyrA /TetA TraT/iucD/ecpA/fimH/ompT ST69
Stool Hematology CRECO71  blaypy-/sull/ant3/aac6_/qnrS/TetA/ ecpA/fimH/
Hematology CREC301  blaypy1/blacry_w_1¢/sull/ant3/aace-Ib/aac3-Il ecpA/fimH
/qnrS/TetA
Hematology CREC262  blaypy,_s/sull/ant3/aac6-1b ecpA/fimH
ICU CREC174  blaypy_s/blagys_ag/blagya g1/ TEM/sull/ant3 ecpA/fimH ST410
Hematology CREC937  blaypy_+/ TEM/blacry _y-1/blacty o/ lacty-10 Tral/iucD/ecpA/fimH/ompT ST155
/strA/sull/ant3/aac6-1b/aac3-ll/rmtB
/qnrS/qepA/gyrA/TetA
Hematology CREC109  blaypy-s/ TEM/strA/ant3/aac3-1l/qnrS/gyrA /TetA TraT/iucD/ecpA/fimH/ompT ST155
Hematology CREC009  TEM/ blacty_y-1/blacry_w-1o/ant3/aac3-ll/gnrS /gyrA- ompC/ompF/Tral/iucD/ecpA/fimH
/TetA
Blood Hematology CREC084  blaypy-s/ blacry_m-1/blacry-w-1o/ant3/gyrA/TetA iucD/ecpA/fimH ST410
Hematology CREC860 TEM/blacty_y—1/blacty_m_1o/ant3/aac3-ll/rmtB ompC/TraT/iucD/ecpA/fimH/ompT ST410
/gyrA/TetA
Hematology CREC102  blacyy_y_o/sull ompC/ompF/ecpA/fimH/ompT ST539
Hematology CREC859  blaypy_s/ TEM/ant3/aac3-Il /qnrS /gyrA /TetA/ ompC/ompF/TraT/ecpA/fimH ST58
Sputum  Hematology CREC710  blaypy-s/ blacty_n-1/blacty 10 /ant3 /gyrA /TetA TraT/iucD/ecpA/fimH/ompT ST410
ICU CREC831  blaypy_s/ TEM/ blacry_y1/blacry -1 /ant3 ompC/ompF/Tral/iucD/ecpA/fimH/ompT ~ ST48
/aac3-1l/gyrA/TetA
Respiratory CREC336  blaypy-s ompC/ompF/TraT/papC/iucD/ecpA/fimH  ST648
/ompT
Urine Cadre CRECO16  blaypy_1/ blacty_y-/blacty_y-o/sull/aac3-Il /gyrA ompC/ompF/TraT/iucD/ecpA/fimH ST44
urology CREC609  blaypy_s/sull/ant3/TetA ompC/ompF/TraT/ecpA/fimH ST361
urology CREC225  blaypy,_s/strA/gyrA/TetA TraT/iucD/ecpA/fimH ST457
Rheumatology ~ CREC920  blaypy_s/TEM/ blacry_y_/blacty 10 /StrA /qepA/gyrA - TraT/ecpA/fimH/ompT ST410
Emergency CREC981  blaypy-13/ TEM/ant3/qnrS/gyrA/ TetA Tral/iucD/fimH/ompT ST5229
urology CREC920  blaypy_s/blacty_y—o/strA/ant3/aac3_ll/gyrA /TetA TraT/ecpA/fimH/ompT ST156
Medical CREC231  blaypy_s/TEM/ant3/aac3-1l/gyrA/ TetA fimH ST5229
oncology
Gastroenterology CREC346  blaypy_s/TEM/ant3/aac3_ll/gyrA ompT ST167
Hematology CREC961  blaypy,_s/ TEM/strA/gyrA/ TetA ompC/ompkF/iucD/ecpA/fimH/ompT ST410
Gastroenterology CRECO55  blaypy_s/mcr—1/TEM/blacry_y_1/blacry w10 /strA/ant  ompC/ompF/TraT/ecpA/fimH/ompT ST617

3/aac3_ll/qnrS/gyrA/TetA/
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Table 1 (continued)
Sample  Ward Strain  Antimicrobial Resistance Genes Virulence genes MLST
Drainage  Colorectal CREC743  blacry_y-/blacry_m-10/aacé_/gyrA ompF/Tral/iucD/ecpA/fimH ST405
fluid Emergency CREC765  blaypy_s/blacty_w-o/blacty_y-o/sull/ant3/rmtB/gyrA  ompC/ompF/ecpA/fimH ST410
Emergency CREC648  blacry_y—o/blacry_y-10/9yrA ompC/ompF/ecpA/fimH ST38
Colorectal CREC801  blaypy-s/mcr—1/TEM/ant3/aac3-Il /gyrA/ TetA ompC/ompF/fimH ST5229
General CREC339  blaypy—s/mcr—1/TEM/blacty_y—1/blacry_p—o ompC/ompF/TraT/iucD/ecpA/fimH/ STe17
/blacry 1o/ sua/SUll/ant3/gyrA/ TetA ompT
Colorectal CREC639 sul2/aac3-ll/qnrS/TetA ompC/ompfF/TraT/iucD/ecpA/fimH/ ST69
ompT
Secretion  Gynecology CREC701  blaypy_s/TEM/aac3-1l/gyrA ecpA/fimH ST297
Emergency CREC542  blaypy_s/ TEM/blacty o/ blacry_y—1o/sull/ant3/aac3_, ompC/ecpA/fimH ST410
/rmtB/qnrS/gyrA/TetA
Colorectal CREC155  blaypy_s/ant3/qnrS/gyrA/ TetA ompC/ompF/TraT/ecpA/fimH ST1730
Colorectal CREC677  blaypy_s/ TEM/ant3/aac3_,/gyrA/TetA TraT/iucD/ecpA/fimH ST5229
Hematology CREC837  blaypy_s/blacry_y_o/sul1/gyrA ecpA/fimH ST410
Burn CREC642  blaypy1/qnrS/TetA Tral/ecpA/fimH ST10

aztreonam (62.5%), and tobramycin (50%), whereas the
highest susceptibility was recorded for polymyxin B
(4.17%) (Fig. 4).

Results of transferability of plasmids carrying mcr-1 or
blaypm

Conjugation assays confirmed that blaypy_1, blanpm_is
and most blaypy_s (68.75%, 22/32) could be trans-
ferred between E. coli strains, with an observed trans-
fer frequency ranging from 4.19x10"! to 1.80x10" %
The antibiotic susceptibility testing results showed that
the transconjugants, confirmed by PCR and sequenc-
ing, were resistant to imipenem (4 mg/L). It was found
that the blaypy_. gene carried on the plasmid in strain
CREC339 could not be transferred to EC600. The plas-
mid carrying the mcr-1 gene from strains CREC055 and
CREC339, as well as the plasmid carrying the blaypy_s
gene from 10 CREC strains, were unsuccessfully trans-
ferred to the recipient.

Risk factors for CREC infection

Due to incomplete case data, two patients detected by
CREC infection were excluded. A comparison of the risk
factors for acquiring CREC between CREC and CSEC
groups is presented in Table 3, based on univariate and
multivariate analyses. Using univariate conditional logis-
tic regression analysis, it was demonstrated that hos-
pital stay (>30days), hospitalizations (>3times), PICC,
exposure to antibiotic agents (cephalosporin, aminogly-
cosides, fluoroquinolones, carbapenems, and antifun-
gal agents), detection other pathogens (prior to CREC
infection), surgical history, and respiratory disease were
all risk factors for CREC infection. The multivariate con-
ditional logistic regression analysis demonstrated that
antibiotic usage (P=0.004), antifungal use (P=0.017),
detection of other pathogens (prior to CREC infec-
tion) (P=0.000), and respiratory disease (P=0.016) were

identified as independent risk factors for CREC infection
(Table 3). After identifying these risk factors, we evalu-
ated whether they could be used as scores to identify
CREC infection. A point was assigned to each risk fac-
tor, resulting in a total score ranging from zero to four.
For the purpose of determining the cutoff value for iden-
tifying cases with CREC infection, we performed receiver
operating characteristic (ROC) curve analysis (Fig. 5).
ROC analysis indicated high accuracy, with an area under
the curve (AUC) of 0.937. Table 4 shows the sensitivity
and specificity of each score. Youden’s index, with sensi-
tivity and specificity values of 0.96 and 0.78, was maximal
when 2 points were scored.

Discussion

It is important to know the key traits of CREC strains,
such as antibiotic resistance and virulence, in order to
effectively control their transmission. As far as we are
aware, few studies have evaluated the risk factors for
CREC infection. We aimed to investigate the molecu-
lar characterization of CREC and assess the potential
risk factors for hospital-acquired CREC infection from
matched case-control studies. In this study, the detection
rate of CREC was generally stable at around 3.0% from
2021 to 2022, execpt for 2023. We suspect that the rela-
tive increase in the detection rate in 2023 may be related
to infections co-occurring after the novel coronavirus
infection.

The production of blayp,, is the major mechanism of
CREC. Notable variations in carbapenemase production
were observed among strains from different countries
and regions. Greek and Israeli strains primarily produce
carbapenemase class A KPC [17], while class D OXA-48
is most common in Europe, particularly in Spain and
France [18]. NDM-producing enterobacteriaceae are pri-
marily found in the Iran [19], Indian subcontinent [20],
and China [21]. However, in Anhui Province of China,
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Fig. 1 Molecular characterization of resistance genes in CREC isolates as detected by PCR

89.4% of CREC isolates had blaypc_, [22]. Blaypy, was
the main carbapenemase found in CREC, with blaypy_s
being the most common variant in China [23]. In this
study, the resistance gene screening indicated that the
blaypy_s subtype was the most prevalent, followed by
blaypv—1s blaypy—e and blaypy_ 5. These findings sug-
gest that the predominant mechanism of carbapenem
resistance in E. coli is the production of NDM-type
carbapenemases. This is consistent with the literature
report. There have been reports that blayp,, is carried on
plasmids with a variety of replicon types [24]. In addition,
our study confirmed that the majority of blayp,, (71.80%,
28/39) could be transferred between E. coli strains.
Therefore, monitoring these strains should be increased
to prevent the spread of resistance between strains.

Moreover, our study identified one CREC strain with
ST617 carrying blaypy_, and mcr-1, as well as one CREC
strain carrying blaypy_s and mcr-1. In previous stud-
ies, blaypy_s and mcr-1-producing E. coli were isolated
from food animals in eastern China [24]. In spite of the
fact that the two patients in this study were not engaged
in animal husbandry, because they lived in a rural area,
they might have been in contact with poultry. Addition-
ally, this study had a few limitations. We did not obtain
transconjugants that harbor mcr-1 and either blaypy_s
or blaypy_s Whether blayp,, and mcr-1 can be trans-
mitted from animals to the two patient is unclear. Further
studies on the sequencing and transferability of micr-1
and blaypy plasmids are needed. As far as we know, the
presence of both mcr-1 and blaypy_, in CREC has not
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Fig. 2 Molecular characterization of virulence genes in CREC isolates as
detected by PCR

been reported in China from patients, but it was found
in a study in North Lebanon [25]. Our study represents
the first reported case of clinical CREC from China har-
boring both mcr-1 and blaypy_s with ST617. Therefore,
it is crucial to be aware of the potential spread of drug-
resistant plasmids between animals and humans through
the food chain.

According to previous studies, NDM-producing E. coli
cover a wide range of sequence types, with ST167, ST410,
and ST617 being found in several countries (Korea, India,
South Africa, Japan, the USA, and Switzerland) [26]. A
multicentre study in China found that ST167 was the
most common clonal lineage of NDM-producing E. coli,
followed by ST410 [27]. The most frequent ST was ST405
in CREC in Lebanon [28]. Out of 214 E. coli isolates, 16
were carbapenem resistant, with the blaypy_s gene as
the main carbapenemase-encoding gene and ST1656 as
the main ST type [29]. While our findings revealed that
among the 39 strains of NDM-producing E. coli, there
were 21 different sequence types, with ST410 being the
most abundant, followed by ST5229. This is inconsistent
with previous reports. According to our knowledge, E.
coli ST5229 has been reported less frequently in China;
however, in integrated and conventional farms in Korea,
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Fig. 3 mRNA level of AcrA/B-TolC expressed in 5 non-CP-CREC strain
Values represent the relative mRNA level of AcrA/B-TolC normalized to
CSEC. Datas shown are the average values from three independent experi-
ments, and bars represent standard deviations. ****P<0.001, ***P <0.001,
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ST5229 was the most common ST, followed by ST101
and then ST10 [30]. Therefore, vigilant monitoring of
clinical CREC transmission, along with other resistance
genes is imperative.

In addition, we analyzed the remaining 9 non-CP-
CREC strains and found that 7 of these strains were iso-
lated from perianal swabs. The non-CP-CREC strains in
this study included ST405 and ST38, which were exclu-
sive to these strains. Non-CP-CREC exhibited high lev-
els of resistance to ETP but demonstrated lower levels
of resistance to MEM and IMP. Non-CP-CREC strains
showed a 44.4% deletion of the ompC or ompF genes, and
100% produced blarx_p—10 Suggesting that blacrx_y_10
and membrane porin may be involved in carbapenem
resistance. Research has found that the loss of OmpC is
critically important for the phenotypic development of
ertapenem-resistant and meropenem-susceptible strains,
along with the expression of blacry_y [31]. In this study,
the other 5 non-CP-CREC strains with ompC and ompF
expression had high expressions of efflux pump genes
acrA, acrB, and tolC. The study shows that there is a
strong correlation between ertapenem resistance and
AcrA over-expression [32]. Blacrx_yp_1o and the high
expression of efflux pumps may contribute to the drug
resistance mechanisms of these 5 strains, but further

Table 2 Molecular characterization of 9 non-carbapenemase-producin CREC

Strain ST sample type MICs (ug/mL) ESBLs/AmpC OMP

ETP  MEM IMP
CREC038  ST648 Perianal swab 64 8 8 TEM, blacy -0, O1acty 100 OlacTy 14 ompF
CREC743  ST405 Drainage fluid 128 8 4 blacry -1, blacty_—10 OlacTy_pm-15 ompF
CREC229  ST405 Perianal swab 16 2 1 TEM, blacry_y—1, blacry_y—1o OmpCompF
CREC435  ST405 Perianal swab 64 8 8 TEM, blacry -1, blacry o blacrx-m—10 Olactx-m—1a blactx_m-1s
CREC254  ST648 Perianal swab 64 16 8 blacty_y—o blacty -0 OlOcTy_p—14
CREC648  ST38 Drainage fluid 32 8 1 blacry-m-o blacry_m-10 lacrx—m-14 OmpC, ompF
CREC108  ST38 Perianal swab 128 16 8 blacry_-10 OmpC, ompF
CRECO54  ST38 Perianal swab 128 16 4 blacry_p—1, blacty_-1o ompC. ompF
CREC821  unknow  Perianal swab 16 2 4 blacry-w-o blactx_m-10 blacrx—m-14 blacuy ompC. ompF
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amikacin

research is needed to determine the specific mechanism
involved.

In addition to analyzing the molecular characteristics
of CREC, we further analyzed the risk factors of CREC
infection. A previous report found that CREC were
mainly isolated from urine samples of NDM-produc-
ing E.coli around the world [33], rather than from peri-
anal swabs in this study. Perhaps this is due to the fact
that most of the patients in this study were hematology
patients. The univariate analyses revealed 13 variables
that were significantly different between the case (CREC)
and control (CSEC) groups, all of which were associ-
ated with the CREC infection. PICC seems to be specific
to this population since other risk factors are consistent
with other reports [34]. This may be related to the high
proportion of patients with blood diseases in this study.

Clinical case data suggest that most patients in
the CREC group had received antibiotics before the

CREC infection was detected, while only a minority
had received antibiotics in the CSEC group. It may be
because of this that CREC strains frequently harbor resis-
tance genes to various classes of antibiotics. There were
26 strains with resistance genes for carbapenemase, ami-
noglycoside, quinolone, sulfonamide, and tetracycline;
and six strains with resistance genes for carbapenems,
aminoglycosides, quinolones, sulfonamides, and tetracy-
cline. As a result, most CREC isolates showed high levels
of resistance to carbapenems, cephalosporins, -lactam/
B-lactamase inhibitors, aminoglycosides, and fluoroqui-
nolones, except for amikacin and polymyxin B. It poses
a major challenge for clinical treatments of CREC infec-
tion. To our knowledge, in addition to inhibiting bacte-
rial growth, the combined use of multiple antimicrobial
regimens could also lead to mutations and drug resis-
tance because selective antibiotics can exert pressure on
the microbiome [35, 36], especially with the exposure to
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Table 3 Univariate and multivariate analyses of risk factors for CREC infection
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Variable CRECinfec-  CSECinfec- Univariate analyses Multivariate analyses
tion group tion group
n=46 n=92 OR (95% CL) p OR (95% CL) p
sex
Male 26(56.5%) 52(56.5%) 1.000(0.490-2.042) 1.000
female 20(43.5%) 40(43.5%)
Age (year) 4701226 489+18.0 0.995(0.977-1.013) 0.582
Hospital stay (>30 day) 23(50.0%) 16(17.4%) 4. 750(2 155-10.470) 0.000 2.030(0.698-5.904) 0.193
Hospitalizations (>3 times) 22(47.8%) 22(23.9%) 917(1.376-6.181) 0.005 1.861(0.681-5.084) 0.226
ECOG (3-5 score) 12(26.1%) 9(9.8%) 3. 255(1 .256-8433) 0.015 2.347(0.611-9.011) 0214
Outcome (drug survival) 45(97.8%) 92(100%) q 1.000
Invasive operation 35(76.1%) 47(51.1%) 3.046(1.381-6.721) 0.006
PICC 26(56.5%) 29(31.5%) 2.824(1.361-5.862) 0.005 0.301(0.049-1.859) 0.196
catheter 6(13.0%) 21(22.8%) 0.507(0.189-1.360) 0177
antibiotic use 44(95.7%) 30(32.6%) 45.467(10.323-200.249) 0.000 25.201(5.156-123.164) 0.000
B-lactam/B-lactamase inhibitors 22(47.8%) 4(4.3%) 20.167(6.341-64.139) 0.000
cephalosporins 11(23.9%) 8(8.7%) 3.300(1.223-8.903) 0.018
Aminoglycosides 21(45.7%) 10(10.9%) 6.888(2.868-16.542) 0.000
carbapenems 21(45.7%) 6(6.5%) 12.040(4.382-33.080) 0.000
Fluoroguinolones 14(30.4%) 2(2.2%) 19.687(4.240-91.424) 0.000
Antifungal 24(52.2%) 9(9.8%) 10.061(4.095-24.715) 0.000 2.167(0.666-7.050) 0.199
Detected other pathogens (prior to 30(65.2%) 8 (8.7%) 19.687(7.648-50.680) 0.000 27.928(6.041-129.108) 0.000
CREC infection)
Co-morbidities
Hypertension 10(21.7%) 21(22.8%) 0.939(0.400-2.204) 0.885
Diabetes 7(15.2%) 7 (7.6%) 2.179(0.715-6.641) 0.171
Solid tumor 7(15.2%) 17(18.5%) 0.792(0.303-2.071) 0.634
Surgical history 13(28.3%) 7 (7.6%) 4.784(1.755-13.041) 0.002 0.914(0.170-4.917) 0917
Cardiac diseases 8(17.4%) 11(12.0%) 1.550(0.577-4.167) 0.385
Disease of the urinary System 5(32.6%) 34(37.0%) 0.825(0.391-1.744) 0615
Liver disease 16(34.8%) 29(31.5%) 1.159(0.548-2.451) 0.700
Respiratory disease 20(43.5%) 21(22.8%) 2.601(1.217-5.558) 0014 5.845(1.387-24.641) 0.016
Digestive system disease 5(32.6%) 25(27.2%) 1.297(0.601-2.797) 0.508
hospital stay (day) 366+223 185+186
hospitalizations(times) 49453 29+49
ECOG scores
0 0 14
1 23 42
2 I 27
3 7 8
4 4 1
54 1 0

PICC:Peripherally inserted central catheter ; ECOG: Eastern Cooperative Oncology Group

broad-spectrum antibiotics, such as aminoglycosides and
carbapenems, which have been attributed to the emer-
gence of CREC. Due to this, instead of using broad spec-
trum antibiotics to prevent in-hospital mortality from
rising CREC infections, we applied antibiotics according
to the results of antimicrobial susceptibility testing.

Our study shows that antibiotics usage, antifungal
treatment, detection of other pathogens (prior to CREC
infection), and respiratory disease were identified as
independent risk factors for CREC infection. Unlike

other studies, respiratory disease was shown to be an
independent risk factor in this study. Studies have found
that if respiratory disease is the underlying illness, it
may protect against CRKP infection [37], whereas if it is
a comorbidity, it may have the opposite effect [38]. The
different genotypes carried by strains and the popula-
tion differences may be important factors in determin-
ing whether respiratory diseases are independent risk
factors. In addition, our results show that patients with
CREC infection have a higher ECOG score and a worse
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Fig. 5 Receiver operator characteristic curve analysis for the scoring system

Table 4 Accuracy of the proposed scoring system for the prognosis than those with CSEC infection. Therefore, it
diagnosis of CREC infection is necessary to build predictive models to quickly iden-
Score CREC CSEC  Sensitivity ~ Specifcity ~ Youden's tify CREC infections. In this study, a scoring system was
infection  infec- index (J) developed that assigns points based on four independent

?;Tf;) ;:)c:‘up risk factors. It seems that the system is accurate, with
(n=92) an AUROC of 0.937, and a maximal Youden’s index of 2

S0 46 9 100 0 0 points was obtained. A score system like this may be use-
> 46 46 100 050 050 ful for identifying patients at risk of infection with CREC.
> 44 20 096 078 074 To prevent the spread of CREC, more rigorous infection
>3 23 b 0.50 0.98 048 control measures must be implemented, such as antibi-
>4 5 0 011 1.00 011 otic stewardship and timely investigation of epidemiol-

ogy data.
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The present study is subject to certain limitations.
Firstly, although we tested numerous drug resistance
genes in the strains, we did not conduct whole-genome
sequencing. This omission resulted in a lack of plasmid
data and hindered our ability to identify other uncom-
mon resistance mechanisms. Future research will address
this limitation by exploring the genetic characteristics of
resistance genes, including their chromosomal or plas-
mid locations, homology characteristics, and insights
into the evolutionary and developmental patterns of the
strains over the three-year period. In addition, this study
has a small sample size and is conducted at a single cen-
ter. There is still a need to confirm these findings in mul-
ticenter, large-sample, randomized controlled trials.

Conclusion

Our study found that CREC isolates were resistant to
most antibiotics, primarily due to NDM-related mecha-
nisms. The isolates exhibited high sequence type diver-
sity, with ST410 being the most common, followed by
ST5229. Notably, we first describe a clinical CREC strain
carrying both mcr-1 and blayy,,_, from China. Vigilance
is crucial to prevent the spread of drug-resistant plas-
mids from animals to humans through the food chain.
Antibiotic usage, antifungal treatment, detection of
other pathogens (prior to CREC infection), and respira-
tory disease were identified as independent risk factors
for CREC infection. Using the results, we developed a
simple scoring system to identify CREC infections with
the sensitivity of 96% and specificity of 78% when scores
are >2 points.This indicated the monitoring of this isolate
should be enhanced.

Abbreviations

E.coli Escherichia coli

CREC Carbapenem-resistant £.coli
non-CP-CREC ~ Non carbapenemase-producing CREC
CP-CREC Carbapenemase-producing CREC

CSEC Carbapenem sensitive Escherichia coli
ESBLs Extended-spectrump-lactamases
PMQR Plasmid-mediated quinolone resistance
MLST Multilocus sequence typing

STs Sequence type

CHINET China Antimicrobial Surveillance Network
PICC Peripherally inserted central catheter
MIC Minimum inhibitory concentration

PCR Polymerase chain reaction
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