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Abstract

Background: Carbapenem-resistant Enterobacteriaceae (CRE) has become a public health threat due to resistance to multiple an-
tibiotics. The production of β-lactamase is the most important resistance mechanism of Enterobacteriaceae. Although isolates pro-
ducing KPC-2 or NDM-1 enzymes have been reported widely, isolates co-producing KPC-2, NDM-1, TEM-1, TEM-95, SHV-66, and other
β-lactamases have rarely been detected in the same strain, especially in Enterobacter cloacae.
Objectives: In this study, we identified and sequenced the genome of carbapenem-resistant E. cloacae ECL189 to in-depth analyze
the resistance and transmission mechanisms of E. cloacae.
Methods: We investigated the antimicrobial susceptibility of ECL189 by a VITEK 2 system, E-test gradient strips, and K-B method.
Whole-genome sequencing was used by the PacBio RS II platform and Illumina HiSeq 4000 platform. Antimicrobial resistance genes,
virulence genes, non-coding RNA, and repeat sequences were predicted by biological information databases. A PCR was used to
further confirm that the blaKPC-2, blaNDM-1, blaTEM-1, blaTEM-95, and blaSHV-66 genes existed in ECL189. A conjugation experiment
was performed to determine the transferability of resistance. Molecular typing of ECL189 was done by multilocus sequence typing
(MLST).
Results: Enterobacter cloacae ECL189 was resistant to 21 out of 23 tested antibiotics, but its transconjugant was resistant to 10 out
of 18 tested antibiotics. The genome of ECL189 consisted of a 5,026,406 bp chromosome and four circular plasmids. In total, 26
resistance genes and 58 resistance proteins were identified. In addition, 77 determinants associated with bacterial virulence were
identified. A large number of resistance and virulence genes were located in the plasmids. The results of whole-genome sequencing
were consistent with the β-lactamase genes. The MLST analysis revealed that this strain belonged to ST74.
Conclusions: This study further revealed the resistance, virulence, and transmission mechanisms of carbapenem-resistant E. cloa-
cae. Resistance and virulence genes spread in bacteria by the horizontal transfer of plasmids, which should attract more attention
in relevant departments.
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1. Background

Carbapenem-resistant Enterobacteriaceae (CRE), which
are resistant to most β-lactam antibiotics, has become a
major challenge for clinical treatment. CRE have been
listed as an emergency threat worldwide by the World
Health Organization because of high morbidity and mor-
tality (1, 2). The main enzyme types of CRE were Kleb-
siella pneumoniae carbapenemase 2 (KPC-2) and New Delhi
metallo-beta-lactamases 1 (NDM-1), discovered in 2003 and

2009, respectively (3, 4). The genes encoding the two en-
zymes are often located on plasmids and “shuttle” between
different or homologous bacteria, resulting in rapid dis-
semination of resistance. Simultaneously, this is the main
reason for clinical infection treatment failure and difficult
infection control. As the first TEM allele identified, TEM-1
was isolated from penicillin-resistant bacteria in 1963 (5).
Besides, TEM-95 is a variant of TEM-1. They confer resistance
to penicillins and early cephalosporins. Also, SHV-66 is a
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kind of extended-spectrum β-lactamase (ESBLs).

The isolates producing KPC-2 or NDM-1 enzymes have
been reported widely, but co-producing KPC-2, NDM-1, TEM-
1, TEM-95, SHV-66, and other β-lactamases has rarely been
detected in the same strain, especially in Enterobacter cloa-
cae. The co-production of various β-lactamases including
two major carbapenemases in a single strain may be signif-
icant, as it may confer higher-level resistance to antibiotics
and make the resistance mechanism more complicated. In
this study, we investigated the genetic features of an E. cloa-
cae isolate, potential transmissibility of resistant plasmids,
and antibiotic resistance mechanisms.

2. Objectives

In this study, we employed a high-throughput sequenc-
ing assay to characterize the genomes of carbapenem-
resistant E. cloacae, aiming to analyze the resistance and
transmission mechanisms of the isolate and provide a the-
oretical basis for the treatment and control of clinical in-
fections.

3. Methods

3.1. Bacterial Isolation

An E. cloacae isolate (ECL189) was collected from the
urine specimen of an 87-year-old female patient who had
severe craniocerebral trauma and received multidrug ther-
apy over a long period. The isolate was identified by a VITEK
2 automated identification system (bioMerieux, France).

3.2. Antibiotic Susceptibility Test

Antimicrobial susceptibilities of ECL189 and transcon-
jugants were initially tested by the VITEK 2 system
(bioMerieux, France), as previously reported (6). The MICs
for imipenem, meropenem, and ertapenem were checked
by the E-test (bioMerieux, France), and the interpretation
of results was done based on CLSI standards (7). The antibi-
otic susceptibility to cefotaxime, ampicillin/sulbactam,
piperacillin/tazobactam, cefoperazone/sulbactam, and
fosfomycin was tested by the Kirby-Bauer (KB) method.
Escherichia coli ATCC 25922 was used as a quality control
strain.

3.3. PCR Amplification

The strain was cultured overnight on M-H agar plates
at 37°C, and the DNA was extracted by the boiling method
(8). Then, blaKPC, blaNDM, blaSHV, and blaTEM were, in

sequence, amplified using the primers and systems previ-
ously described (9). The KPC-2-producing strain was veri-
fied by sequencing as a positive control and the sensitive
strain as a negative control. The PCR amplification prod-
ucts were analyzed using electrophoresis on a 2% agar gel
and finally observed by a gel imaging system.

3.4. Multilocus Sequence Typing Analysis

Seven housekeeping genes, including dnaA, fusA, gyrB,
leuS, pyrG, rplB, and rpoB were amplified following a pro-
tocol provided online (10). The PCR amplification products
were sequenced. Alleles and STs were determined accord-
ing to the multilocus sequence typing (MLST) database.

3.5. Conjugation Experiments

The transferability of resistance was confirmed by the
conjugation test. Escherichia coli 600 (EC600, rifampicin-
resistant) was the recipient bacterium, and ECL189 was the
donor bacterium. The donor and recipient bacteria were
mixed at a 2: 1 ratio and cultured in M-H broth at 37 °C.
Transconjugants were screened on M-H agar plates con-
taining rifampicin (256 mg/L) and imipenem (1 mg/L). Fi-
nally, blaNDM-1 and blaKPC-2 of transconjugants were am-
plified according to previous studies (9).

3.6. Genome Sequencing and Assembly

The ECL189 isolate genome was sequenced using a
PacBio RS II platform and Illumina HiSeq 4000 platform at
the Beijing Genomics Institute. The GATK (11) and SOAP tool
packages (SOAP2, SOAPsnp, SOAPindel) were used to assem-
ble the sequences. The plasmid sequences were assembled
using SOAP to the bacterial plasmid database (12).

3.7. Gene prediction, Annotation, and Protein Classification

Gene prediction was performed on the ECL189 genome
assembly by glimmer3 (13) with hidden Markov models.
The best hit was abstracted using the Blast alignment
tool for functional annotation. Seven databases, includ-
ing KEGG (Kyoto encyclopedia of genes and genomes), COG
(clusters of orthologous groups), NR (non-redundant pro-
tein database databases), Swiss-Prot, GO (gene ontology),
TrEMBL, and EggNOG were used for general function an-
notation. Four databases were employed for pathogenic-
ity and drug resistance analysis. Virulence factors and re-
sistance genes were identified based on the core dataset
in VFDB (virulence factors of pathogenic bacteria) and
ARDB (antibiotic resistance genes database) databases. The
other two were PHI (pathogen host interactions) and CAZy
(carbohydrate-active enzymes database). Type III secretion
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system effector proteins were detected by effectiveT3. The
circular image of plasmids was done by BLAST ring image
generator (BRIG) (14).

4. Results

4.1. Antimicrobial Susceptibility Testing, Conjugation, and Mul-
tilocus Sequence Typing

We tested the susceptibility of E. cloacae strain ECL189
with three methods, including VITEK 2 compact system,
E-test, and K-B method. Our findings revealed that ECL189
was resistant to 21 out of 23 tested antibiotics, including
cephalosporins (cefepime) and carbapenems (ertapenem,
imipenem, and meropenem), and remained suscepti-
ble to gentamicin and nitrofurantoin. The results are
shown in Table 1. Transconjugant was resistant to 10 out
of 18 tested antibiotics, including ceftriaxone, imipenem,
meropenem, ertapenem, cefazolin, ceftazidime, cefepime,
amoxicillin/clavulanate, piperacillin, and ampicillin
but susceptible to aztreonam, tetracycline, nitrofuran-
toin, trimethoprim/sulfamethoxazole, ciprofloxacin,
levofloxacin, gentamicin, and amikacin. The PCR results
showed that the blaNDM-1 gene was positive, but blaKPC-2
was negative. The MLST data showed that the ECL189
isolate belonged to ST74.

4.2. Genomic Features and PCR Analysis

The genomic features and comparison of ECL189 are
summarized in Figure 1. The chromosome was assembled
into one contig, and plasmids were assembled into a cir-
cular ring. It was determined that the genome of ECL189
consisted of a 5,026,406 bp chromosome with an average
55.35% GC content and four plasmids. We also found many
different kinds of resistance genes (Table 1). The gene anno-
tation contained 63 resistance proteins, 87 copies of tRNA
fragments, 55 copies of snRNA, nine copies of 5s rRNA,
eight copies of 16s rRNA, eight copies of 23s rRNA, 81 RF
(tandem repeat, total 15,521 bp), 58 minisatellite DNA (to-
tal 5,798 bp), and five microsatellite DNA (total 181 bp). Be-
sides, 65.9%, 69.91%, 77.8%, 2.5%, 98.37%, 67.75%, and 86.84% of
the genes were distributed in GO, SWISSPROT, COG, CARD,
NR, KEGG, and IPR databases. In addition, 77 determinants
associated with bacterial virulence were identified. Fur-
ther PCR analysis showed that blaKPC-2, blaNDM-1, blaTEM-
1, blaTEM-95, and blaSHV-66 were positive, consistent with
the whole-genome sequence.

4.3. Genetic Characteristics of Plasmids

The blaKPC-2-harboring plasmid, pECL189-1, with
133,022 bp length, had an average G + C content of 55.75%
(Figure 2A). Also, pECL189-1 harbored a wide array of re-
sistance genes, including aadA1, TEM-1, folP, APH (3’)-Ia,
SHV-66, TEM-95, and KPC-2. In addition, numerous mobile
elements were in pECL189-1, including transposons (tn21,
tn3) and insertion sequence (IS1, IS26). The sizes of mobile
elements (tn21, tn3, IS1, and IS26) were 561 bp, 2967 bp,
180 bp, and 423 bp, respectively. An interesting part was
that resistance genes were near the mobile elements. As
identified, pECL189-2 and pECL189-3 sized 110,177 bp and
106,698 bp, respectively (Figure 2B and C).

The C + C contents of them were 50.35% and 51.89%, re-
spectively. The blaNDM-1-bearing plasmid, pECL189-4, was
41,439 bp with an average of 50.81% GC content (Figure
2D). It contained lots of conjugal transfer protein-coding
sequences, such as traJ, traG, traF, traO, and traA. A blast
search against the nr/nt database indicated that pECL189-1
showed a nucleotide identity (99%) and low query coverage
(57%) similar to pCRE3-KPC (GenBank no.MH9193878.1). Be-
sides, pECL189-2 and pECL189-3 were similar to several plas-
mids that have been reported in E. cloacae. Also, pECL189-4
was highly similar to the plasmids previously reported in
Thailand and Taiwan. The blast results are shown in Table
2.

5. Discussion

The emergence of multidrug-resistant Enterobacteri-
aceae has become a clinical problem due to the produc-
tion of carbapenemases and other β-lactamases. These β-
lactamase enzymes are encoded by resistance genes. In
this study, we reported the complete genome sequences of
E. cloacae ECL189 with co-existing genes blaKPC-2, blaNDM-
1, blaTEM-1, blaSHV-66, and other resistance genes. The
results of antimicrobial susceptibility testing showed
that ECL189 was resistant to penicillins, cephalosporins,
carbapenems, monocyclic amides, aminoglycosides, and
fluoroquinolones, and its conjugant was resistant to
penicillins, cephalosporins, and carbapenems, but sen-
sitive to monocyclic amides, aminoglycosides, and fluo-
roquinolones. Therefore, we speculated that pECL189-4
was a conjugative plasmid because it just carried the car-
bapenem resistance genes without aminoglycoside resis-
tance genes. In addition, ECL189 carried the sul2 and FosA2
genes, which mediated resistance to folic acid pathway in-
hibitor trimethoprim/sulfamethoxazole and fosfomycin.
Since ECL189 did not carry the nitrofuran-resistant genes,
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Table 1. Antimicrobial Susceptibility and Resistance Genes of ECL189

Resistance Genes and % Identity a / Antimicrobial Category/Antimicrobial Agent Antimicrobial Susceptibility Test

MIC b (mg/L) MIC c (mg/L) K-B

TEM-1 (100), SHV-66 (99.65), TEM-95 (99.25), KPC-2 (100), NDM-1 (100), ATC-17 (99.74)

β-lactams

Ampicillin ≥ 32 - -

Piperacillin ≥ 128 - -

Cefazolin ≥ 64 - -

Ceftriaxone ≥ 64 - -

Cefotaxime - - 6

Ceftazidime ≥ 64 - -

Cefepime ≥ 64 - -

Imipenem ≥ 16 > 32 -

Meropenem 8 > 32 -

Ertapenem ≥ 8 > 32 -

Monobactams

Aztreonam ≥ 64 - -

Penicillins/β-lactamase inhibitors

Amoxicillin/Clavulanate ≥ 32/16 - -

Ampicillin/Sulbactam - - 6

Piperacillin/Tazobactam - - 6

Cephalosporins/β-lactamase inhibitors

Cefoperazone/Sulbactam - - 6

APH (3’)-Ia (98.42), aadA (99.62), APH (6’)-Id (99)

Aminoglycosides

Gentamicin ≤ 1 - -

Amikacin ≥ 64 - -

Fluoroquinolones

Ciprofloxacin ≥ 4 - -

Levofloxacin ≥ 8 - -

Sul2 (100)

Sulfonamides

Trimethoprim/Sulfamethoxazole ≥ 320 - -

FosA2 (95.04)

Phosphonic acids

Fosfomycin - - 18 (ND)

Nitrofurans

Nitrofurantoin 32 - -

tetA, tetR

Tetracyclines

Tetracycline ≥ 16 - -

Abbreviations: ND, no definition; MIC, minimal inhibitory concentration.
a The table showed a nucleotide identity above 90% of resistance genes.
b MIC was performed by VITEK 2 system.
c MIC was performed by E-test.
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Figure 1. Circular map of the chromosome from ECL189. From outer to inner, the first circle shows some identified genes in the chromosome. The second circle represents
the GC-skew distribution. The third circle represents the GC content. The fourth circle represents the chromosome size (in bp).

it was susceptible to nitrofurantoin. Strangely, ECL189 car-
ried an aminoglycoside resistance gene (APH (3’)-Ia), but it
was susceptible to gentamicin. We suspect it may be re-
lated to bacterial evolution.

Antibiotic resistance traits can spread among the same
or different species of bacteria (15) via mobile genetics ele-
ments, such as plasmids (16), insertion sequences (17), in-
tegrons, and transposons (18). A plasmid is a kind of extra-
chromosomal circular DNA molecule with the ability to au-

tonomously replicate. In this study, we identified four plas-
mids pECL189-1, pECL189-2, pECL189-3, and pECL189-4. Be-
sides, pECL189-2 and pECL189-3 harbored fewer resistance
genes. Moreover, pECL189-1 harbored genes such as KPC-
2, TEM-95, TEM-1, aadA1, APH (6’)-Id. and SHV-66. Also,
pECL189-1 acquired mobile genetic elements such as trans-
posons (tn21, tn3) and most resistance genes were close to
transposons. In addition, pECL189-4 harbored the blaNDM-
1 gene and also carried tons of transfer protein genes. Com-
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Figure 2. Structures of studied plasmids. From outer to inner, the first circle shows the identified genes in plasmids. The second circle represents the GC-skew distribution.
The third circles represent the GC content. The fourth circles represent the plasmid size (in bp).

bined with the result of antimicrobial susceptibility test-
ing, we speculated that pECL189-4 was a conjugative plas-
mid. It could transfer from one bacterium to another
by conjugation (19), playing a very important role in the
spread of carbapenem resistance among bacteria. A blast
search against the nr/nt database indicated that pECL189-
4 showed an overall nucleotide identity (99.98 - 100%) and
query coverage (94 - 99%) similar to several plasmids, such
as pCRE1.4 (GenBank no. CP034398.1), pNH25.5 (GenBank
no. CP024879.1), pTR3 (GenBank no. JQ349086.2), and
pEcloNH77 (GenBank no. CP040826.1) that have been re-

ported in different Enterobacteriaceae and two regions, i.e.,
Thailand and Taiwan, suggesting that the origin of the
NDM-1 gene in Kunming may be closely related to Thailand
and Taiwan.

5.1. Conclusions

In summary, the study characterized a clinical E. cloaca
isolate ECL189 carrying blaKPC-2, blaNDM-1, and other β-
lactam resistance genes. The co-existence of multiple β-
lactam resistance genes confers slightly increased resis-
tance to β-lactams, including carbapenems. Mobile genet-
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Table 2. The Similarity of the Studied Plasmids on NCBI

Studied Plasmids Compared Plasmids Isolate Country Query Cover (%) Nucleotide Identity (%) GenBank No.

pECL189-1 pCRE3-KPC Citrobacter braakii China 53 99 MH9193878.1

pECL189-2 p34399-121.660 Enterobacter hormaechei USA 95 99.80 CP010386.1

pECL189-2 pXM-70A E. hormaechei China 88 98.94 CP046272.1

pECL189-2 p1-020038 E. hormaechei China 88 98.73 CP031722.1

pECL189-2 pG6809-1 E.r cloacae USA 86 98.81 KT345945.1

pECL189-3 unnamed5 E. hormaechei USA 100 100 CP030350.1

pECL189-3 p34399-106.698 E. hormaechei USA 100 100 CP010385.1

pECL189-3 unnamed1 E. cloacae Unpublished 100 99.98 CP020526.1

pECL189-3 pQnrS1-1502262 E. hormaechei USA 100 100 CP031572.1

pECL189-4 pCRE1.4 Escherichia coli Thailand 99 100 CP034398.1

pECL189-4 pNH25.5 Klebsiella pneumoniae Thailand 94 100 CP024879.1

pECL189-4 pNDM-ECS01 E. coli Thailand 99 100 KJ413946.1

pECL189-4 pTR3 K. pneumoniae Taiwan 99 100 JQ349086.2

pECL189-4 pCRE10.4 E. coli Thailand 99 100 CP034403.1

pECL189-4 pEcloNH77 E. cloacae Thailand 99 99.98 CP040826.1

ics elements are especially important in the spread of re-
sistance genes among bacteria. In such context, this report
of complex drug resistance mechanisms and transmission
characteristics may cause widespread concerns.

Nucleotide sequence accession numbers. The com-
plete sequences of ECL189, pECL189-1, pECL189-2, pECL189-
3, and pECL189-4 have been deposited into GenBank under
the accession numbers CP047965-CP047969.
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