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Abstract
Background: The emergence of carbapenem-resistant and colistin-resistant ECC pose a huge challenge to
infection control. The purpose of this study was to clarify the mechanism of the carbapenems and
colistin co-resistance in Enterobacter cloacae Complex (ECC) strains.

Methods: Nineteen ECC isolates co-resistant to carbapenems and colistin were collected from a regional
medical center in China. Carbapenemase gene, extended-spectrum β-lactamase gene, AmpC
cephalosporinase gene ampC, mcr series genes, and ecr gene were detected by PCR. Expression levels of
outer membrane protein OmpC/OmpF and e�ux pump protein AcrA/AcrB were investigated. And the
structural modi�cation of lipid A of 19 ECC strains was analyzed.

Results: This study showed that the mechanisms of carbapenem resistance in this study are: 1.
Generating carbapenemase (7 of 19); 2. The production of AmpC or ESBLs combined with decreased
expression of out membrane protein (12 of 19). And the mechanism of colistin resistance is increaseing
expression of acrA in the e�ux pump AcrAB-TolC alone (5 of 19) or accompanied by a decrease of
a�nity between colistin and outer membrane caused by the modi�cation of lipid A (14 of 19). Moreover,
an ECC strain co-harboring plasmid-mediated mcr-4.3 and blaNDM-1 has been found.

Conclusions: This study suggested that there is no overlap between the resistance mechanism of co-
resistant ECC strains to carbapenem and colistin. However, the emergence of strain co-harboring plasmid-
mediated resistance genes indicated that ECC is a potential carrier for the horizontal spread of
carbapenems and colistin resistance.

Background
Enterobacter cloacae complex (ECC) belongs to the Enterobacter genus of the Enterobacteriaceae family,
which exists widely in nature and is also part of the common bacterial �ora of the human gastrointestinal
tract. In the past few decades, ECC was one of the most common pathogens in hospitals, often causing
various infections, such as pneumonia, urinary tract infections, and sepsis (1). Enterobacter cloacae and
Enterobacter hormaechei are the most common in clinical infected patients, especially in patients with
immunocompromise and who admitted to the intensive care unit (ICU) (2). Due to the widespread use of
antibiotics and the ability of ECC to be good at up-regulating or obtaining drug resistance determinants,
multi-drug resistance (MDR) ECC strains have emerged and spread around the world. ECC infection
accounts for 65% -75% of Enterobacter infections, which was called "ESKAPE" pathogen with �ve other
common pathogens (Enterococcus faecalis, Staphylococcus aureus, Klebsiella pneumoniae,
Acinetobacter baumannii, Pseudomonas aeruginosa) (3, 4).

ECC is intrinsically resistant to penicillins and �rst- and second-generation cephalosporins due to low-
level expression of chromosomal ampC genes which encoding an inducible AmpC-type cephalosporinase
(5). When ECC is exposed to β-lactam drugs for a long period of time, it can further lead to the highly
induced phenotypes of AmpC cephalosporin, thus producing resistance to third-generation
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cephalosporins (6). The most common mechanism is that ampD mutation leads to structural
overexpression of AmpC (7). At the same time, several studies have shown that mutations in the ampR
gene, although relatively rare, can also cause overexpression of AmpC (8, 9). In addition, the acquisition
of a variety of plasmids mediated extended-spectrum β-lactamase (ESBL) genes conferred ECC
resistance to most β-lactam drugs, making the treatment more di�cult. Because ECC strains that
overexpress AmpC enzymes and produce ESBLs were usually susceptible to carbapenem, carbapenem
were considered to be the preferred antibacterial for the treatment of infections caused by high levels of
cephalosporin-resistant ECC. The emergence of carbapenem-resistant ECC has aroused great clinical
attention. Literature has shown that the resistance of Enterobacter cloacae to carbapenem can be
mediated by AmpC expression and membrane permeability changes, but it may be more common to
obtain carbapenemase gene transferred by plasmids (10). The plasmid-mediated mechanism
signi�cantly increases the spread of carbapenem resistance, while further limiting the choice of effective
antibacterial drugs.

However, a number of recent studies have found that ECC strains carry carbapenemase genes while being
resistant to colistin (11-13). Colistin is an old antibiotic which has been refocused in recent years.
Because of the good activity against Gram-negative bacteria, it is considered to be one of the last-line
antimicrobials for treatment of MDR Gram-negative bacteria (14). According to previous reports, ECC may
acquire colistin resistance by plasmid-mediated gene mcr, small protein gene ecr or two-component
systems phoPQ, pmrAB (13, 15, 16). The emergence of carbapenem-resistant and colistin-resistant ECC
will undoubtedly pose a huge challenge to infection control. And the mechanism of carbapenem and
colistin resistance mediated by movable elements also increases the risk of widespread transmission.

The purpose of this study is to clarify the mechanism of the carbapenems and colistin co-resistance in
ECC strains. We collected co-resistant ECC clinical isolates from a regional medical center, and performed
this study through methods such as phenotype testing, gene identi�cation, relative expression detection,
and mass spectrometry analysis in order to provide further understanding for the resistance development
of ECC strains.

Results
Results of antimicrobial susceptibility testing and e�ux inhibitors assay

Antimicrobial susceptibility testing was used to determine the minimum inhibitory concentrations (MICs)
of Carbapenem and Colistin. As shown in table S2, all 19 ECC strains were resistant to ertapenem (MIC50

= 4 μg/mL) and colistin (MIC50= > 64 μg/mL). Besides, 5 ECC strains were resistant to meropenem, 6 ECC
strains were resistant to imipenem, and 4 of them were resistant to 3 carbapenems. The results obtained
from the e�ux inhibitors assay were shown in Figure 1. In the presence of e�ux pump inhibitors carbonyl
cyanide m-chlorophenylhydrazone (CCCP), the MICs of colistin to 19 ECC strains decreased signi�cantly
and returned to susceptible, while CCCP showed no effect on the MICs of ertapenem. Taken together,
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these results suggest that there is an association between colistin resistance of ECC strains and e�ux
pump.

Prevalence of carbapenemase, ESBLs and AmpC cephalosporinase

As summarized in Figure 1, 7 ECC strains were positive in modi�ed carbapenem inactivation methods
(mCIM), indicating that they are carbapenemase-producing strains (�gure 1). Further identi�ed the types
of carbapenemase genes carried by these 7 ECC strains, including 3/19 (15.8%) blaKPC-2 gene and 4/19
(21.1%) blaNDM-1 gene. In addition to carbapenemase encoding genes, ESBL genes were detected in 11 of
19 ECC strains, with blaCTX-M-14 the most prevalent (n=8, 42.1%), followed by blaCTX-M-9 (n=6, 31,6%),
blaSHV (n=6, 31.6%), blaTEM (n=3, 15.8%), blaCTX-M-1 (n=3, 15.8%) (Figure 1). AmpC cephalosporinase gene
ampC were detected in all 19 ECC strains (Figure 1).

Relative expression of genes encoding outer membrane protein and e�ux pump protein

To assess the relationship between carbapenem resistance and the expression of outer membrane
proteins OmpC and OmpF and the relationship between colistin resistance and expression of e�ux pump
proteins AcrA and AcrB, 19 ECC strains co-resistant to carbapenem and colistin, 1 carbapenem and
colistin co-susceptible ECC strain CG37 and Enterobacter cloacae ATCC 700323 were used. As shown in
Figure 2, compared with ATCC 700323, the expression level of ompC was reduced in 15 co-resistant ECC
strains. Furthermore, the expression of ompF was de�cient in all 19 co-resistant ECC strains. The e�ux
pump gene acrA was found to be signi�cantly overexpressed in 18 co-resistant ECC strains. Conversely,
the acrB gene was not found to be signi�cantly overexpressed in co-resistant ECC strains (except
CG1249).

Prevalence of mcr, ecr genes and structural modi�cation of wild-type lipid A

To investigate whether the colistin resistance of the ECC strains in this study is related to the modi�cation
of lipid A, we detected the relevant resistance genes and analyzed the ion peak spectrum of lipid A using
matrix-assisted laser desorption/ionization time of �ight mass spectrometry (MALDI-TOF MS). From
Figure 1 we can see that the ECC strain CG175 harboring mcr-4.3, which belongs to the plasmid-mediated
mcr family gene. Moreover, a novel transmembrane protein gene ecr was found in other 11 ECC strains
(Y541, CG737, CG741, CG701, CG864, CG884, CG934, CG1038, CG1050, CG1051, CG1506). The
structures of lipid A in ECC strains in this study showed diversity (Figure 3 and Figure 4). Among them,
colistin-susceptible ATCC 700323 possessed wild-type lipid A with three ion peaks of m/z 1796, 1824,
and 2062, respectively (Figure 3A). Wild-type lipid A were also present in 19 co-resistant ECC strains, of
which the ion peak of m/z 1824 is predominant. Interestingly, 14 of the 19 ECC strains contained
modi�ed lipid A related to colistin resistance. Taken together, the ion peak spectrum of 14 co-resistant
ECC strains can be divided into 3 different modes (Figure 3B, Figure 3C. Figure 3D), including 4 ion peaks
of m/z 1919, 1947, 1955, and 2185. From the data in Figure 4, the groups that modify wild-type lipid A
and cause resistance to colistin are phosphoethanolamine (pETN, m/z 123) and 4-amino-4-deoxy-L-
arabinose (-L-Ara4N, m/z 131).
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Discussion
ECC can adapt to the environment quickly and obtain resistance to various antibacterial drugs by
inducing resistance determinants and gaining exogenous resistance genes. The emergence of MDR ECC
poses a huge challenge for the effective clinical treatment.

Carbapenem is an atypical β-lactam antibiotic with the broadest resistance spectrum and has the best
antibacterial effects at present. It also maintains good susceptibility to Enterobacteriaceae carrying
ESBLs or overexpressing AmpC-type cephalosporinase, and is the choice for clinical control of MDR ECC
infections (17, 18). However, with the widespread use of carbapenem, the number of carbapenem-
resistant ECC clinical strains is increasing, which can lead to failure of clinical anti-infection treatment. As
mentioned in the literature review, the main mechanisms that mediate the resistance of ECC strains to
carbapenem are: 1. Generating carbapenemase ; 2. The production of AmpC or ESBLs combined with
loss or decreased expression of out membrane protein (19, 20). In addition, studies have found that the
susceptibility of Escherichia coli and Enterobacter cloacae to carbapenem can be increased when the
AcrAB-TolC e�ux pump is inhibited (21, 22).

Colistin is an "old" antibiotic, which has been re-applied to the clinic because of its good antibacterial
activity against MDR gram-negative bacteria. In fact, it is the last line of drug for the treatment of serious
infections caused by MDR gram-negative bacteria. As reported by Mirelis, the total resistance rate of
Enterobacteriaceae to colistin was 0.67% but the resistance rate of Enterobacter cloacae 4.2% was
much higher than that of Escherichia coli and Klebsiella pneumoniae (23). The resistance mechanism of
ECC strains to colistin can be mediated by the mcr-1 gene carried by the plasmid (15, 24, 25), and may
also be related to the mutations of two-component system encoded by pmrAB and phoPQ (13). Recently,
Zong et al. found that a novel small transmembrane protein Ecr may mediate the heterogeneous
resistance of ECC to colistin through the PhoPQ two-component system (16), but the distribution of ecr
gene in ECC strains and its correlation with colistin resistance still need further study. In reviewing the
literature, colistin resistance mediated by mcr series genes or mutations in pmrAB and phoPQ is related to
structural modi�cation of lipid A of ECC strains, such as phosphoethanolamine (pETN) or 4-amino-4-
deoxy-L-arabinose (-L-Ara4N). The modi�cation of wild-type lipid A can reduce the potential of the outer
membrane in Escherichia coli and reduce the a�nity of colistin to the outer membrane (26, 27).
Furthermore, the overexpression of e�ux pump AcrAB-TolC may also lead to the resistance of ECC strains
to colistin (28). In recent years, carbapenems and colistin co-resistant ECCstrains have been found in
multiple regions around the world (11-13, 29-31), which will further increase the di�culty of treating MDR
ECC infection. And some of the co-resistant ECC strains have the ability to spread drug resistance gene
horizontally, which posing a huge threat to public health.

The current study found that 7 out of 19 carbapenems and colistin co-resistant ECC strains carried the
carbapenemase gene, of which 3 strains carried blaKPC-2 and 4 strains carried blaNDM-1. It can be found
that the ECC strains carrying the carbapenemase gene are all resistant or intermediary to meropenem,
imipenem, and ertapenem, but most of the ECC strains that do not carry the carbapenemase gene were
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only resistant to ertapenem in a low level, and were susceptible to meropenem and imipenem. This
�nding is in agreement with CLSI guidelines which suggested that resistance of E. cloacae to imipenem
and meropenem is usually related to the carbapenemase gene (32). This study found that the
predominant mechanism of carbapenem resistance in ECC strains is not generating carbapenemase. The
results of this study showed that AmpC or ESBLs production combined with decreased expression of out
membrane protein confer low-level resistance to ertapenem in ECC strains that do not produce
carbapenemase. In addition no correlation was found between the e�ux pump AcrAB-TolC and
carbapenem resistance of ECC strains in this study.

This study found that 11 (57.9%) of the 19 ECC strains carry the ecr gene, which is thought to be related
to colistin heterogeneity resistance by regulating lipid A modi�cation. Further analysis of lipid A by
MALDI-TOF mass spectrometry revealed that all ECC strains carrying the ecr gene undergo lipid A
modi�cation, suggesting that ecr may mediate colistin resistance in this study. Interestingly, of the 11
strains carrying the ecr gene, except for the wild-type lipid A of Y541, which was modi�ed with
phosphoethanolamine (pETN), and the remaining strains were all modi�ed with 4-amino-4-deoxy-L-
arabinose (-L-Ara4N). We speculate that Y541 may be involved in other colistin resistance mechanisms,
which need further study. The results of the e�ux inhibitor assay suggest that colistin resistance may
also be related to the e�ux pump, and the expression of the e�ux pump genes acrB showed that except
for the strain CG741, the expression levels of acrB in other ECC strains did not increase signi�cantly.
However, the expression levels of acrA gene in 18 ECC strains increased in varying degrees. This result is
different from telk et al.'S report that the regulation of sosRS can simultaneously upregulate expression of
acrA and acrB to induce heterogeneous resistance in Enterobacter cloacae. This inconsistency may be
due to acrA, acrB and tolC genes are not co-regulatory genes. Their expression is usually regulated by
multiple levels of different regulatory factors (33-35).

Notably, CG175 carries the blaNDM-1 gene along with the mcr-4.3 gene. The genomic characteristics of this
strain have been reported in the study of Chavda et al. (12). This is the �rst Enterobacter cloacae isolate
co-harboring mcr-4.3 and blaNDM-1 that reported in China. Although in the study by Chavda et al., it was
found that mcr-4.3 and blaNDM-1 were present in two separate plasmids (ColE plasmid and IncX3
plasmid) and mcr-4.3 did not mediate colistin resistance. However, the emergence of this strain has
sounded the alarm for clinical anti-infection treatment. Because ECC strains are widely distributed in the
hospital environment, are potential carrier of mobile resistance genes.

Conclusion
In summary, the main mechanisms of carbapenem resistance in this study are: 1. Generating
carbapenemase; 2. The production of AmpC or ESBLs combined with decreased expression of out
membrane protein. And the mechanism of colistin resistance is the increase of acrA in the e�ux pump
AcrAB-TolC alone or accompanied by a decrease of a�nity between colistin and outer membrane caused
by the modi�cation of lipid A.
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Materials And Methods
Clinical isolates

Nineteen ECC isolates co-resistant to carbapenem and colistin were collected from the First A�liated
Hospital of Wenzhou Medical University in China, from 2011 to 2018. All isolates were identi�ed by
MALDI-TOF MSusing a VITEK® mass spectrometer (BioMerieux, Lyons, France).

Antimicrobial susceptibility testing

The MICs of carbapenems (meropenem, imipenem, and ertapenem) and colistin to the 19 ECC strains
were performed by the agar dilution method according to the recommendations of the Clinical and
Laboratory Standards Institute (CLSI) guidelines (32). And the breakpoint of carbapenem and colistin for
ECC was interpreted according to the guidelines of CLSI (32) and European Committee on Antimicrobial
Susceptibility Testing (EUCAST) (36) respectively. Escherichia coli ATCC 25922 was used as a control
strain in this study.

mCIM test

To screen for suspected carbapenemase production in the 19 ECC strains, the mCIM was performed. As
recommended by CLSI(32), emulsify a 1 μL loopful of bacteria from an overnight blood agar plate in 2
mL trypsin soy broth (TSB). Add a 10-μg meropenem disk in each suspension using sterile forceps and
incubate at 35℃ ± 2℃ in ambient air for 4 h ± 15 min. Remove the meropenem disk from each TSB-
meropenem disk suspension and place it on the Mueller-Hinton agar (MHA) plate previously inoculated
with the meropenem-susceptible E.coli ATCC 25922 indicator strain. Invert and incubate the MHA plates
at 35℃ ± 2℃ in ambient air for 18-24 h. Carbapenemase positive when the antibacterial zone diameter
of 6-15 mm or presence of pinpoint colonies within a 16-18 mm zone; Carbapenemase negative when the
antibacterial zone diameter of ≥19 mm (clear zone).

Polymerase chain reaction (PCR) detection for resistance genes

The genomic DNA of the 19 ECC strains were extracted using the Biospin Bacterial Genomic DNA
Extraction kit (Bio�ux, Tokyo, Japan). Using these DNA templates we detected the carbapenemase gene
(blaKPC, blaNDM, blaIMP, blaVIM, blaIMI, blaSPM, blaOXA-23, blaOXA-24, blaOXA-48, blaOXA-58, blaNmc-A, blaFRI-1,
blaBIC, blaGIM, blaSME, blaAIM, blaDIM, blaSIM and blaGES), extended-spectrum β-lactamase gene (blaSHV,
blaTEM, blaCTX-M-1, blaCTX-M-9 and blaCTX-M-14), AmpC cephalosporinase gene ampC, colistin resistance-
related genes (mcr-1, mcr-2, mcr-3, mcr-4, mcr-5 and ecr). The primers used for PCR ampli�cation were
showed in table S1. The positive PCR products were sequenced by Shanghai Genomics Institute
Technology Co. Ltd (Shanghai, China). And the sequences of the product were analyzed by BLAST
searches against the NCBI database (www.ncbi.nl m.nih.gov/BLAST).

E�ux inhibitors assay



Page 8/16

In order to detect whether the e�ux pump has an effect on drug resistance, MICs of ertapenem and
colistin were determined in the presence or absence of e�ux pump inhibitor: CCCP (8 μg/L, 1/4 MIC).
CCCP stock solution uses dimethyl sulfoxide (DMSO) as the solvent. When the e�ux pump inhibitors
were present, a reduction of at least four-fold in the MICs were considered indicative of e�ux(37).

Quantitative real-time PCR for outer membrane protein and e�ux pump

Total RNAs of 19 ECC strains were extracted using the Bacterial RNA Miniprep Kit (Biomiga, Shanghai,
China) according to the manufacturer's instructions. Then, 500 ng of RNA were mixed with the reverse
transcription system of the PrimeScript™ RT reagent Kit (Takara, Japan) to obtain 10 μL of cDNA. The
expression levels of outer membrane gene (ompC, ompF) and e�ux pump gene (acrA, acrB) were
performed by quantitative real-time PCR. The rpoB gene was selected as the internal gene. And the
relative expression levels of four genes in 19 ECC strains were compared with the expression levels in co-
susceptible Enterobacter cloacae ATCC 700323 and clinical strains CG37.

qPCR was performed using a CFX-96 touchTM Real-Time PCR system (Bio-Rad, California, USA) and TB
Green Premix Ex Taq II (Tli RNaseH Plus) (2×) (Takara, Japan) with the speci�c primers (refer to Table
S1). Then, 100 ng of cDNA was added to each sample as the template. Cycling conditions were as
follows: 95℃ for 30 s followed by 40 cycles of 9℃ for 5 s and 60℃ for 20 s. A melting curve was
performed after each run (raising 0.5℃ per second, from 65℃ to 95℃). Each sample was run in
triplicate and the means of Ct values were used for analysis. Quanti�cation of the target genes was
analyzed using the comparative threshold cycle 2-ΔΔCt method. All experiments were repeated in triplicate
independently.

Lipid A characterization by MALDI-TOF MS

Lipid A was isolated by using an optimized large-scale protocol based on mild acid hydrolysis (38).
Overnight cultures (200 ml at 37°C) in LB broth were harvested by centrifugation at 3,220 × g for 30 min.
Bacterial pellets were washed with single-phase Bligh-Dyer mixture (chloroform/methanol/water, 1:2:0.8
[vol/vol]) and centrifuged at 3,220 × g for 15 min. The LPS pellets were suspended in sodium acetate
buffer (50 mM [pH 4.5]) and incubated at 100°C for 30 to 45 min. Reactions were moved into a two-phase
Bligh-Dyer mixture (chloroform/methanol/water, 1:1:0.9 [vol/vol]) and centrifuged at 3,220 × g for 15 min.
The lower phases were removed to clean tubes and dried using rotary evaporation. The dried samples
contained whole-cell extracts of lipid A.

Dried lipid A samples were resuspended in 100 μl chloroform/methanol (1:1 [vol/vol]), and 3 μl 2,5-
dihydroxybenzoic acid (DHB) matrix (20 mg/ml in TA30 solvent) was mixed with 3 μl lipid A. Aliquots of
the mixture were spotted directly onto the well of the MALDI-TOF MS plate (ground steel). Mass spectra
were recorded for optimal ion signals in negative-ion mode using a Bruker auto�ex MALDI-TOF mass
spectrometer (Bruker Daltonics Inc., Billerica, MA, USA). Data were acquired and processed by �exControl
and �exAnalysis 3.4 (Bruker Daltonics Inc.).
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CLSI: Clinical and Laboratory Standards Institute
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Figures

Figure 1

Results of resistance-related mechanisms of 19 carbapenems and colistin co-resistant ECC strains. The
black squares in the �gure represent positive results, and the gray squares represent negative results. And
the unit of MIC values in the e�ux inhibitors assay is μg/mL. mCIM, modi�ed carbapenem inactivation
methods; -pETN, phosphoethanolamine; -L-Ara4N, 4-amino-4-deoxy-L-arabinose; CCCP, carbonyl cyanide
m-chlorophenylhydrazone; ETP, ertapenem; COL, colistin.
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Figure 2

Relative expression of outer membrane protein gene ompC/OmpF and e�ux pump protein gene
acrA/acrB. (A) Expression of ompC and OmpF; (B) expression of acrA and acrB. CG37 is a clinical strain
susceptible to carbapenem and colistin and ATCC700323 is the reference strain.
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Figure 3

Results of MALDI-TOF mass spectrometry of lipid A. There are 4 different types of MS pro�le as shown
by (A)(B)(C)(D). The black labeled ion peak is the original peak or modi�ed peak not related to colistin
resistance, and the red labeled ion peak is the modi�ed peak related to colistin resistance.
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Figure 4

Lipid A structures with corresponding m/z values found in ECC isolates.
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