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Background: Today, the blaNDM gene is widely distributed on several plasmids

from a variety of Gram-negative bacteria, primarily in transposons and gene

cassettes within their multidrug-resistant (MDR) regions. This has led to the

global dissemination of the blaNDM gene.

Methods: The determination of class A beta-lactamase, class B and D

carbapenemases was performed according to the recommendations of the

Clinical and Laboratory Standards Institute (CLSI). Antimicrobial susceptibility

testing was performed using both the BioMerieux VITEK2 system and antibiotic

paper diffusion methods. Plasmid transfer was then evaluated by conjugation

experiments and plasmid electroporation assays. To comprehensively analyze

the complete genome of K. pneumoniae strain F11 and to investigate the

presence of mobile genetic elements associated with antibiotic resistance and

virulence genes, Nanopore and Illumina sequencing platforms were used, and

bioinformatics methods were applied to analyze the obtained data.

Results:Our findings revealed that K. pneumoniae strain F11 carried class A beta-

lactamase and classes B+D carbapenemases, and exhibited resistance to

commonly used antibiotics, particularly tigecycline and ceftazidime/avibactam,

due to the presence of relevant resistance genes. Plasmid transfer assays

demonstrated successful recovery of plasmids pA_F11 and pB_F11, with

average conjugation frequencies of 2.91×10-4 and 1.56×10-4, respectively.

However, plasmids pC_F11 and pD_F11 failed in both conjugation and

electroporation experiments. The MDR region of plasmid pA_F11 contained

rare In1765, TnAs2, and TnAs3 elements. The MDR2 region of plasmid pB_F11

functioned as a mobile genetic “island” and lacked the blaNDM-1 gene, serving as a

“bridge” connecting the early composite structure of bleMBL and blaNDM-1 to the

recent composite structure. Additionally, the MDR1 region of plasmid pB_F11

comprised In27, TnAs1, TnAs3, and Tn2; and plasmid pC_F11 harbored the recent

composite structure of bleMBL and blaNDM-1 within Tn3000 which partially

contained partial Tn125.
frontiersin.org01

https://www.frontiersin.org/articles/10.3389/fcimb.2023.1324846/full
https://www.frontiersin.org/articles/10.3389/fcimb.2023.1324846/full
https://www.frontiersin.org/articles/10.3389/fcimb.2023.1324846/full
https://www.frontiersin.org/articles/10.3389/fcimb.2023.1324846/full
https://www.frontiersin.org/articles/10.3389/fcimb.2023.1324846/full
https://www.frontiersin.org/articles/10.3389/fcimb.2023.1324846/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2023.1324846&domain=pdf&date_stamp=2024-01-11
mailto:wdgtzs@163.com
https://doi.org/10.3389/fcimb.2023.1324846
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2023.1324846
https://www.frontiersin.org/journals/cellular-and-infection-microbiology


Ma et al. 10.3389/fcimb.2023.1324846

Frontiers in Cellular and Infection Microbiology
Conclusion: This study demonstrated that complex combinations of

transposons and integron overlaps, along with the synergistic effects of

different drug resistance and virulence genes, led to a lack of effective

therapeutic agents for strain F11, therefore its dissemination and prevalence

should be strictly controlled.
KEYWORDS

Klebsiella pneumoniae, plasmid pA_F11, plasmid pB_F11, plasmid pC_F11, drug
resistance, In1765, the composite structure of bleMBL and blaNDM-1
Introduction

NDM-producing bacteria exhibited the ability to hydrolyze a

wide range of beta- lactam antibiotics, except for monolactams

(Nordmann et al., 2011), consequently, therapeutic options for

infections caused by NDM-producing strains were severely

limited, resulting in significantly higher mortality rates among

infected patients (Logan and Weinstein, 2017; Guducuoglu et al.,

2018). The blaNDM-1 gene was commonly associated with composite

genes that included the aminoglycoside resistance gene aphA6 and

the metallo-beta-lactamase (MBL) gene. Typically, these composite

genes were located adjacent to either intact or truncated copies of

ISAba125 (Toleman et al., 2012). The blaNDM-1 gene was almost

always found in association with mobile genetic elements (Loh et al.,

2020), contributing to its evolutionary potential and rapid

dissemination (Wu et al., 2019). As a result, the blaNDM-1 gene

had emerged as a major global public health concern (Walsh et al.,

2011; Dortet et al., 2014). Among NDM-positive Enterobacteriaceae

bacteria, K. pneumoniae accounted for over half of the cases,

followed by Escherichia coli and the Enterobacter cloacae complex

(Wu et al., 2019).

Furthermore, the presence of NDM had also been detected in

other species, including Acinetobacter and Pseudomonas (Costa

et al., 2021). Poirel et al. proposed a hypothesis suggesting that

the initial integration of the blaNDM gene occurred within the

chromosome of Acinetobacter originated from an unidentified

environmental species. Subsequently, two copies of the insertion

sequence (IS) ISAba125 captured the blaNDM gene, leading to the

formation of the ISAba125 complex transposon known as Tn125

(Poirel et al., 2012). Through the transfer of the Tn125 transposon,

the blaNDM gene disseminated among Enterobacteriaceae,

Acinetobacter, and Pseudomonas. Consequently, both the blaNDM
and its Tn125 components could be found within MDR regions of

relevant bacterial plasmids or chromosomes, exhibiting various

truncations and deletions (Wu et al., 2019). Notably, the

truncated insertion sequence ISAba125 consistently appeared

upstream of blaNDM, while the bleomycin resistance gene (bleMBL)

emerged downstream of it. These genetic features were commonly

observed in other typical contexts where blaNDM was present (Wu

et al., 2019). Additionally, the expression of bleMBL and blaNDM was
02
driven by the same promoter, resulting in their co-expression

(Dortet et al., 2017).

In addition to transposons, the involvement of other mobile

genetic elements, including IS elements and integrons, had been

implicated in the mobilization of NDM (Guducuoglu et al., 2018).

The rapid dissemination of these mobile genetic elements had

contributed to the unprecedented and widespread prevalence of

NDM, posing a significant threat to global healthcare.

Consequently, there was an urgent need to focus on controlling

the potentially dangerous proliferation of NDM within hospital

settings. To date, a total of 31 subtypes of NDM had been identified,

with NDM-1 remaining the most prevalent worldwide (https://

www.bldb.eu). NDM-1 was widely distributed among various

Enterobacteriaceae and other Gram-negative bacteria, while

NDM-5 appeared to be more prevalent in E. coli (Wu et al.,

2019). The ability of NDM-5 to efficiently dissemination among

bacteria carrying incompatible plasmids was a significant worries

(Bonnin et al., 2012), raising alarm about the dissemination of high-

risk clones (Costa et al., 2021). Moreover, NDM-5 exhibited higher

levels of antibiotic resistance compared to NDM-1 (Hornsey et al.,

2011), posing a particular challenge for clinical treatment (Costa

et al., 2021). NDM-producing strains had disseminated the gene to

a wide range of Gram-negative bacteria via MDR plasmids, leading

to serious concerns that patients infected with these bacteria might

be left without effective treatment options.

In this study, the main focus was to compare and analyze the

F11_plasmids, which carried the NDM-1 gene along with the rare

integron In1765, in comparison with related plasmids. The study

aimed to characterize the structure of these plasmids and to

investigate the evolutionary processes associated with NDM.
Materials and methods

Bacterial strains and sequencing of the 16S
rRNA gene

K. pneumoniae F11 strain was isolated from the sputum of an

hospitalized patient in our hospital in 2020. EC600 and E. coli

DH5a were used as hosts for cloning. The almost complete 16S
frontiersin.org
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rRNA gene for K. pneumoniae F11 strain was amplified by PCR

using the following primers AGAGTTTGATYMTGGCTCAG

(forward) and TACCTTGTTACGACTT (Y, T, or C; M, A, or C)

(reverse). The PCR reaction included a Taq enzyme, which was a

mixture of Fermentas Taq and Pfu enzymes in a ratio of 3:1

(ThermoFisher Scientific, Burlington, VT, USA). Each 30 ml

reaction contained 1.5 U of the enzyme. The PCR amplification

was carried out using a temperature program consisting of 30

cycles. The program started with an initial denaturation step at

94°C for 3 minutes, followed by denaturation at 94°C for 40

seconds, annealing at 50°C for 40 seconds, extension at 72°C for

1 minute, and a final extension step at 72°C for 5 minutes. The

length of the amplified fragment was approximately 1,500 bp

(Frank et al., 2008). PCR products were confirmed by sequencing

in both directions.
Experiments of conjugal transfer and
plasmid transfer

Conjugation experiments
In accordance with a previously reported method (Chen et al.,

2015), conjugation experiments were conducted using lysogeny broth

(LB) as the medium. The recipient strain was strain EC600 (TaKaRa,

China), while the donor was strain F11. In LB cultures, both donor and

recipient bacteria experienced a brief lag phase of 0.5 to 1 hour before

growth begins. Between 1.5 and 4 hours, the cultures were in the

logarithmic phase and then enter the stationary phase at about 4 hours.

To initiate the conjugation process, 0.5 mL of logarithmic phase

cultures of both donor and recipient cells were mixed together in a

total volume of 4 mL of fresh LB medium. The mixture was then

incubated at a temperature of 35°C for a duration of 18 to 24 hours

without shaking. Following the incubation period, transconjugants

were selected by plating the conjugation mixture onto trypticase soy

agar (TSA) plates supplemented using 1 ml with 10 mg/L of rifampicin

and 0.02 mg/L of imipenem. These antibiotics were included in the

selection medium to inhibit the growth of the donor and recipient

strains, while allowing the growth of the transconjugants that acquired

the resistance genes during conjugation.

Plasmid-electroporation assays
In the transformation experiments, E. coli DH5a cells (TaKaRa,

China) were used as the recipient cells for plasmid electroporation.

The conjugation frequency was calculated as the number of

transconjugants obtained per initial donor cell. To prepare

electrocompetent cells for electroporation, the bacteria were

grown until they reaching an optical density at 600 nm (OD600)

of 0.5–0.6. Cells were then harvested by centrifugation at 4°C. Two

rounds of washing and centrifugation were performed at 4°C using

1 volume of milliQ water, followed by centrifugation at 6,000 rpm

(4,025×g). In the final wash step, the cells were resuspended in 1/50

volume of 10% glycerol. The cells were then aliquoted into 50 mL
samples, frozen on dry ice, and stored at -70°C until further use.

For the electroporation step, aliquots of the electrocompetent cells

were thawed and mixed with less than 10 ng of DNA in a 0.2 cm
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cuvette (Bio-Rad, California, USA). The cell-DNA mixture was

subjected to an electrical pulse using specific parameters: 2.5 kV,

25 mF, and 200 W in a MicroPulser (Bio-Rad, California, USA).

Following electroporation, the cells were added to 1 mL of LB

medium and incubated at 37°C with shaking (225 rpm, 5.660×g) for

1 hour to allow for antibiotic expression. After the incubation period,

the transformed cells were plated onto selective media containing

antibiotics. When strain F11 plasmids were used in electroporation or

transconjugation experiments, appropriate selection was performed

using 1 ml with 10 mg/L of rifampicin and 0.02 mg/L of imipenem.

Detection of Class A beta-lactamase, Classes B
carbapenemase and Class D carbapenemase

The detect ion of c lass A beta- lactamase , c lass B

carbapenemase, and class D carbapenemase was performed

using different methods recommended by CLSI (CLSI, 2022).

These methods involved the use of paper discs containing

specific inhibitors or substrates, which were placed on an

agar plate inoculated with the test strain. The growth of the

strain around the discs indicated the presence of the

corresponding enzyme.

To specifically detect class B carbapenemases (metallo-bete-

lactamases), the modified carbapenem inactivation method

(mCIM) and modified carbapenem inactivation+ EDTA (eCIM)

methods were used. In these methods, the test strain was incubated

with a carbapenem antibiotic and growth inhibition was assessed.

EDTA solution (initial concentration 0.1 mol/L, 10 mL could be

added dropwise, final concentration 292 mg/tablet) was added for

modified carbapenem inactivation + EDTA (eCIM). The addition

of EDTA in the eCIM helped to detect metallo-beta-lactamases. An

increase in the zone of inhibition by≥5 mm in the eCIM compared

to the mCIM was interpreted as a positive result for metallo-

beta -lactamases.

However, there was currently no definitive phenotypic detection

method specifically designed for class D carbapenemases. In

the absence of a specific test, the elimination method could be

used. If a strain was not inhibited by a class A or class B inhibitor,

it could be presumed to possess a class D carbapenemase.

Antimicrobial susceptibility test
Bacterial resistance was detected using the VITEK2 system from

BioMérieux of France. The VITEK2 determined the minimum

inhibitory concentration (MIC) values of antibiotics. Additionally,

the antibiotic paper diffusion method was employed to determine

the zone of inhibition in millimeters (mm) for each antibiotic. The

drug susceptibility paper used in the antibiotic paper diffusion

method was supplied by OXOID, UK. The results of both

methods were then confirmed according to CLSI 2020 guidelines

(CLSI, 2022). A total of twenty-three antibiotics and antibiotics

combined with enzyme inhibitors were tested, as listed in Table 1.

E. coli ATCC 25922 was used for the quality control.

Sequencing and sequence assembly
The genomic sequencing of strain F11 was performed on the

third-generation PacBio Sequel II platform (Pacific Biosciences, CA,
frontiersin.org
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TABLE 1 MICs and genetic profiles of F11 K. pneumoniae.

Antimicrobial agents MIC(mg/L) Mechanism of resistance/location of resistance gene

Aminoglycoside

Amikacin ≥6 aadA2, rmtB (Plasmid B)

b-lactams

Urtapenem ≥8 blaOXA-1, blaCTX-M-14 (Plasmid A)/blaTEM-1, blaSHV-134 (Plasmid B)/blaSHV-66, blaNDM-1 (Plasmid C)

Imipenem ≥2 blaOXA-1, blaCTX-M-14 (Plasmid A)/blaTEM-1, blaSHV-134 (Plasmid B)/blaSHV-66, blaNDM-1 (Plasmid C)

Ampicillin ≥64 Intrinsic resistance; blaSHV-187 (Chromosome)

Aztreonam ≥32 blaOXA-1, blaCTX-M-14 (Plasmid A)/blaTEM-1, blaSHV-134 (Plasmid B)/blaSHV-66, blaNDM-1 (Plasmid C)

Cefepime ≥32 blaOXA-1, blaCTX-M-14 (Plasmid A)/blaTEM-1, blaSHV-134 (Plasmid B)/blaSHV-66, blaNDM-1 (Plasmid C)

Cefotaxime ≥64 blaOXA-1, blaCTX-M-14 (Plasmid A)/blaTEM-1, blaSHV-134 (Plasmid B)/blaSHV-66, blaNDM-1 (Plasmid C)

Ceftazidime ≥64 blaOXA-1, blaCTX-M-14 (Plasmid A)/blaTEM-1, blaSHV-134 (Plasmid B)/blaSHV-66, blaNDM-1 (Plasmid C)

Ceftriaxone ≥64 blaOXA-1, blaCTX-M-14 (Plasmid A)/blaTEM-1, blaSHV-134 (Plasmid B)/blaSHV-66, blaNDM-1 (Plasmid C)

Cefuroxime ≥64 blaOXA-1, blaCTX-M-14 (Plasmid A)/blaTEM-1, blaSHV-134 (Plasmid B)/blaSHV-66, blaNDM-1 (Plasmid C)

Amoxicillin/Clavulanic acid ≥32 blaOXA-1, blaCTX-M-14 (Plasmid A)/blaTEM-1, blaSHV-134 (Plasmid B)/blaSHV-66, blaNDM-1 (Plasmid C)

Cefoperazone/Sulbactam ≥64 blaOXA-1, blaCTX-M-14 (Plasmid A)/blaTEM-1, blaSHV-134 (Plasmid B)/blaSHV-66, blaNDM-1 (Plasmid C)

Cefoperazone/Avibactam
(30/20 mg)

6* blaOXA-1, blaCTX-M-14 (Plasmid A)/blaTEM-1, blaSHV-134 (Plasmid B)/blaSHV-66, blaNDM-1 (Plasmid C)

Cephamycin

Cefoxitin ≥64 blaOXA-1, blaCTX-M-14 (Plasmid A)/blaTEM-1, blaSHV-134 (Plasmid B)/blaSHV-66, blaNDM-1 (Plasmid C)

Fluoroqinolones

Levofloxacin ≥8 qnrA1 (Plasmid B), oqxB/oqxA (Chromosome)

Ciprofloxacin ≥4 qnrA1 (Plasmid B), oqxB/oqxA (Chromosome)

Tetracycline

Tetracycline ≥64 tetA, tetD (Plasmid B)

Glycylcycline

Tigecycline ≥8 tetA-tetR, tetD-tetR (Plasmid B)/oqxAB (Chromosome)

Glycopeptide

Bleomycin – bleMBL (Plasmid B )/bleMBL (PlasmidC)

Phenicol

Chloramphenicol ≥64 catB3 (plasmid A)/cmlA9 (Plasmid B)

Sulfonamide

Trimethoprim-sulfamethoxazole ≥320 sul1 (Plasmid A)/sul1, dfrA12 (plasmid B)

Macrolide

Erythromycin (15 mg) 20*

Lincomycin

Lincomycin (15 mg) 6* fosE (Plasmid A)/fosA (Chromosome)

Disinfecting agent and antiseptic

– – qacEdelta1 (Plasmid A, Plasmid B)
F
rontiers in Cellular and Infection M
icrobiology
*Disc diffusion method.
Bold values/numbers were used to highlight which plasmid these resistance genes exist on.
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USA) and the second-generation sequencing Illumina NovaSeq

6000 platform (Illumina, San Diego, USA) using a DNA library

with an average size of ~15 kbp (range 10 to 20 kbp), and on a ~400

bp fragment library (range 150 bp to 600 bp). To ensure data

quality, the raw data obtained from the PacBio Sequel II platform

was trimmed using Canu v2.2 (https://github.com/marbl/canu) to

obtain high-quality clean reads. On the other hand, the paired-end

short Illumina reads were subjected to “de novo” assembly using

either Unicycler v0.4.5 (https://github.com/rrwick/Unicycler) or

SPAdes v3.15.3 (https://github.com/ablab/spades). After the

assembly, sequence corrections were performed at the post-

assembly level using Pilon v1.24 (https://github.com/

broadinstitute/pilon) using the second generation sequencing

reads. Overall, these multistep methods were able to generate

reliable and accurate DNA sequences for strain F11.

Sequence annotation and comparison in detail
Open reading frames (orfs) and pseudogenes were predicted using

RAST2.0 (Liang et al., 2015), BLASTP/BLASTN (Boratyn et al., 2013),

UniProtKB/Swiss-Prot (Boutet et al., 2016), and RefSeq databases

(O’Leary et al., 2016). Resistance genes, mobile elements, and other

features were annotated using online databases such as CARD 2023

(Alcock et al., 2023), ResFinder4.0 (Bortolaia et al., 2020), ISfinder

(Siguier et al., 2006), INTEGRALL (Moura et al., 2009), and the Tn

Number Registry (Tansirichaiya et al., 2019). The virulence genes were

predicted using VFDB 2022 (Liu et al., 2022) (http://www.mgc.ac.cn/

VFs/main.htm) and BacWGSTdb 2.0 (Feng et al., 2021) (http://

bacdb.cn/BacWGSTdb/index.php). Clonal MLST was confirmed

using MLST2.0 (https://cge.food.dtu.dk/services/MLST/) and

BacWGSTdb 2.0 (Feng et al., 2021). The type of incompatible (Inc)

plasmid was determined based on the comparative analysis of

replication genes using BacWGSTdb 2.0 (Feng et al., 2021). MUSCLE

3.8.31 (Edgar, 2004) and BLASTN were used for multiple and pairwise
Frontiers in Cellular and Infection Microbiology 05
sequence comparisons such as plasmid pA_F11, plasmid pB_F11, and

plasmid pC_F11 with their closely related plasmids. Circos plots of

plasmids were drawn with CGView (Stothard et al., 2019). Partial

sequences of plasmids were compared using BLASTN to calculate

identity and coverage, followed by heatmap with the R package

pheatmap (https://CRAN.R-project.org/package=pheatmap). All

comparative figures were generated using the R package genoPlotR

v0.8.11 (http://genoplotr.r-forge.r-project.org/) and edited using

Inkscape v0.48.1 (https://inkscape.org/en). These tools and databases

were used to analyze and visualize various genomic features.

Nucleotide sequence accession numbers
The sequences of F11_Chromosome, plasmid pA_F11, plasmid

pB_F11, plasmid pC_F11 and plasmid pD_F11 were deposited on the

GenBank database as the accession numbers of CP092901.1,

CP092902.1, CP092903.1, CP092904.1 and CP092905.1, respectively.

TheGenBank accession numbers of the related plasmids compared with

plasmid pA_F11, plasmid pB_F11 and plasmid pC_F11 were also listed

in Table 2.
Results

Results of antimicrobial susceptibility test,
enzymatic property, and
transferrable feature

The 16S rRNA genome sequence of strain F11 was confirmed as K.

pneumoniae by BLAST and average nucleotide homology analysis. The

results of drug susceptibility testing for strain F11 were shown in

Table 1. The strain was highly resistant to all conventional antibiotics

except erythromycin (20 mm, susceptible), especially cefoperazone/

avibactam (6 mm, resistant) and tigecycline (≥8, resistant) (Table 1).
TABLE 2 Profiles of the plasmids studied in the paper.

No. Plasmid strain Isolate source Type Size (kb) GC% status Accession no.

1 Plasmid pA_F11 Klebsiella pneumoniae
Patient’s sputum
(Taizhou, China)

IncFIB/
IncHI1B

221.757 46.15 Complete CP092902.1

2
pC105-NDM1-

IncHI3
Klebsiella pneumoniae

Patient’s urine
(India)

IncFIB/
IncHI1B

300.876 46.62 Complete MN240794.1

3 pKmfe267-1 Klebsiella pneumoniae
Patient’s urine

(Hengyang, China)
IncFIB/
IncHI1B

251.953 47.33 Complete CP071394.1

4 pNH34.1 Klebsiella pneumoniae
Patient’s sputum

(Chiang Mai, Thailand)
IncFIB/
IncHI1B

300.327 46.56 Complete CP034406.1

5 pCMC432M_P1 Klebsiella pneumoniae
Patient’s endotracheal aspirate

(Christian medical college, India)
IncFIB/
IncHI1B

285.823 46.33 Complete CP079156.1

6 Plasmid pB_F11 Klebsiella pneumoniae
Patient’s sputum
(Taizhou, China)

IncFIB/
IncHI1B

159.322 54.33 Complete CP092903.1

7 p362713-FIIK Klebsiella pneumoniae
Patient

(Zhejiang, China)
IncFIB/
IncFII

183.189 53.35 Complete MN823999.1

8 p1_020049 Klebsiella pneumoniae
Patient’s pus

(Leshan, China)
IncFIB/
IncFII

182.097 52.15 Complete CP028784.1

(Continued)
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Enzyme analyses revealed that strain F11 produced class A beta-

lactamase (positive ESBls) and class B metallo-beta-lactamase (class

B carbapenemase); whereas class D carbapenemase was identified

by analysis of plasmid sequence alignment.

In bacterial conjugative transfer and electroporation assays,

transconjugants carrying the plasmid pA_F11 and plasmid

pB_F11 were successfully obtained with average conjugation

frequencies of 2.91×10-4 and 1.56×10-4, respectively. However,

both the plasmid pC_F11 and plasmid pD_F11 could not be

transferred by conjugation or electroporation.

Overview of structural features
for F11_chromosome

The F11_Chromosome with a length of 5.286326 Mbp, carried

four antibiotic resistance genes, including oqxB/A, blaSHV-187, and fosA

(Supplementary Table S1). as well as a series of virulence genes

(Supplementary Table S2). Several categories of virulence gene, such

as adhesion, biofilm, regulatory, immunemodulation, type VI secretion

system (T6SS), siderophore uptake system, and antimicrobial activity,

exhibited more than 96.5% sequence identity (Supplementary

Figure S2 and Supplementary Table S2), suggesting a high degree of

conservation and similarity among these gene categories in the

F11_Chromosome. However, the category of virulence genes for the

common pilus of E. coli showed lower sequence identities, ranging

from 86.5% to 91.0% (Supplementary Figure S2 and Supplementary

Table S2), indicating some level of divergence or variation in these gene

category within the F11_Chromosome.
Characterization of plasmid pA_F11 and
comparison of plasmid pA_F11 with related
plasmids: pC105-NDM1-IncHI3, pNH34.1,
pKmfe267-1, and pCMC432M_P1

Plasmid pA_F11, classified as IncFIB/IncHI1B type

(Table 2), had a length of 221.757 kbp. It contained a MDR
Frontiers in Cellular and Infection Microbiology 06
region that spans approximately 25.8 kbp. Additionally, the

plasmid carried two repB genes, four virulence genes (fimA,

tssM, ipaH, and ipaH), a number of ISs, and plasmid backbone

genes (Figure 1).

The fimA gene, which belonged to the type 1 fimbriae, was

located between the 15.251 kbp and 15.409 kbp sites. The tssM gene

was covered by a hypothetical protein and was located between the

54.328 kbp and 54.378 kbp sites. Two copies of the ipaH gene were

found within the MDR region, occupying positions from 105.926 kbp

to 107.254 kbp and from 109.645 kbp to 110.978 kbp. These ipaH

genes functioned as type III secretion system (T3SS) effectors

(Figure 1). The MDR region of plasmid pA_F11 consisted of the

transposons TnAs3, TnAs2 and the rare integron In1765

(Supplementary Table S3). Within this region, several antibiotic

resistance genes were present, including blaCTX-M-14, sul1, a catB3

gene cassette, a blaOXA-1 gene cassette, and a fosE gene cassette.

Notably, the blaOXA-1 gene cassette was split into two parts by the

gcu206 gene cassette (ipaH) in the region of 109.645-110.978 kbp,

which was a rare occurrence (Figure 1 and Supplementary Table S3).

Comparative analysis of plasmid pA_F11 with pC105-NDM1-

IncHI3 revealed minimal similarity between the MDR region of

plasmid pA_F11 and the MDR1 region of pC105-NDM1-IncHI3.

There was no similarity between the MDR region of plasmid

pA_F11 and the MDR2 region of pC105-NDM1-IncHI3.

However, the plasmid backbone region surrounding the MDR

region of pA_F11 showed perfect identity with that surrounding

the MDR1 region of pC105-NDM1-IncHI3 (Figure 1).

When comparing plasmid pA_F11 with pKmfe267-1, it was

observed that theMDR region of plasmid pA_F11 exhibited minimal

similarity to the MDR1 and MDR2 regions of pKmfe267-1. On the

other hand, the backbone region of plasmid pA_F11 showed high

identity with that of pKmfe267-1 (Figure 1). Comparing pC105-

NDM1-IncHI3 with pNH34.1, the two plasmids exhibited a high

degree of sequence identity and coverage. However, certain

sequences in the front and back positions showed alterations,

including shifts in two MDR regions of the plasmids. Interestingly,

both the MDR1 region of pC105-NDM1-IncHI3 and the MDR2
TABLE 2 Continued

No. Plasmid strain Isolate source Type Size (kb) GC% status Accession no.

9 pKp_Goe_629-1 Klebsiella pneumoniae
Patient’s urine

(Goettingen, Germany)
IncFIB/
IncFII

260.772 52.67 Complete CP018365.1

10 p1_020135 Klebsiella pneumoniae
Patient

(Sichuan, China)
IncFIB/
IncFII

179.816 52.22 Complete CP037966.1

11 Plasmid pC_F11 Klebsiella pneumoniae
Patient’s sputum
(Taizhou, China)

IncX3 92.904 49.83 Complete CP092904.1

12 pKP04NDM Klebsiella pneumoniae
Patient’s urine

(China)
IncX3 50.034 49.04 Complete KU314941.1

13 pC46-NDM11 Citrobacter freundii
Patient’s urine

(China)
IncX3 50.035 49.04 Complete MW269623.1

14 p309074-NDM Klebsiella pneumoniae
Patient

(Heibei, China)
IncX3 50.035 49.04 Complete MH909346.1

15 pP10159-1 Citrobacter freundii
Patient

(Chongqing, China)
IncX3 50.034 49.04 Complete MF072961.1
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region of pNH34.1 carried identical blaNDM-1 and Tn125

components (Figure 1). In the comparison of pKmfe267-1 with

pCMC432M_P1, the backbone regions of both plasmids displayed

excellent identity and coverage. However, the two MDR regions of

pKmfe267-1 were not similar to those of pCMC432M_P1.

Additionally, there were sequence inversions and shifts in the front

and back of the backbone regions of the two plasmids (Figure 1).
Characterization of plasmid pB_F11 and
comparison of plasmid pB_F11 with
Related Plasmids: p362713-FIIK,
p1_020049, pKp_Goe_629-1,
and p1_020135

Plasmid pB_F11, classified also as IncFIB/IncHI1B type

(Table 2), had a length of 159.322 kbp. It contained two MDR

regions, a repB gene, four virulence genes related to heavy metal

resistance (arsC, arsB, arsA, and arsD virulence genes), several ISs,

and plasmid backbone genes (Figure 2). The MDR1 region was

composed of transposons TnAs3, TnAs2, Tn2, and In27

(Supplementary Table S3). This region carried several antibiotic

resistance genes, including tetA, a dfrA12 gene cassette, an aadA2

gene cassette, sul1, qnrA1, cmlA, tetD, rmtB, and blaTEM-1

(Figure 2). The MDR2 region of plasmid pB_F11 consisted of

transposons Tn125, TnAs3, and In0. Interestingly, this region did

not harbor the blaNDM-1 gene, unlike other plasmids that typically

carried it. However, all other Tn125 components in pB_F11 were

identical to those found in plasmids known to carry blaNDM-1

(Figure 2). It suggested that plasmid pB_F11 might have lost the

blaNDM-1 gene during its evolutionary process (Figure 3).
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Comparing plasmid pB_F11 with p362713-FIIK, it was observed

that the MDR1 region of plasmid pB_F11 showed some similarity to

theMDR region of p362713-FIIK. Additionally, the backbone region of

plasmid pB_F11 surrounding theMDR1 region was also similar to that

of p362713-FIIK, with most sequences reversed (Figure 2). When

comparing plasmid pB_F11 with p1_020049, part of the backbone

region of plasmid pB_F11 was identical to that of p1_020049, except

for the MDR region (Figure 2). In the comparison of p362713-FIIK

with pKp_Goe_629-1, the backbone region of p362713-FIIK, which

contained only one MDR region, showed good identity with that of

pKp_Goe_629-1, which contained two MDR regions. However, there

was no similarity between their respective MDR regions (Figure 2).

Comparing p1_020049 with p1_020135, a high degree of identity was

observed between the two plasmids. However, neither of them

contained an MDR region (Figure 2).
Characterization of plasmid pC_F11 and
comparison of plasmid pC_F11 with related
plasmids: pKP04NDM, pC46-NDM11,
p309074-NDM, and pP10159-1

Plasmid pC_F11, classified as an IncX3 type (Table 2), had a

length of 92.904 kbp. It contained an MDR region, four virulence

genes related to heavy metal resistance (arsC, arsB, arsA, and

arsD virulence genes), several ISs, and plasmid backbone genes.

However, no repB gene was found in this plasmid (Figure 4). The

MDR region of plasmid pC_F11 consisted of transposons TnAs3,

Tn3000, Tn125, and Tn2. This region involved antibiotic

resistance genes such as blaSHV-66, bleMBL, and blaNDM-1

(Figure 4). Notably, the plasmid carried an identical blaNDM-1
FIGURE 1

Comparison of plasmid pA_F11 with related plasmids. The shadow represents > 95% identity, while light gray represents the positive direction, and light pink
refers to the opposite direction. The figures were created by the R pacakge genoPlotR v0.8.11 software (http://genoplotr.r-forge.r-project.org/).
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gene and its associated Tn125 components, which were part of

Tn3000 (Figure 4).

When comparing plasmid pC_F11 with plasmids pKP04NDM,

pC46-NDM11, p309074-NDM, and pP10159-1, a high degree of
Frontiers in Cellular and Infection Microbiology 08
identity was observed. However, there was an interesting difference

in plasmid pC_F11, where an approximately 37.69 kbp-long sequence

was inserted between the two IS26 sites at positions 7.537 to 8.241 kbp

and 45.931 to 46.260 kbp (Figure 4). Furthermore, the partial sequence
A

B D

C

FIGURE 3

Schematic diagram of whether small loop intermediates could be formed by the integration of IS26s. (A) Schematic representation of a small loop
intermediate that could be formed for plasmid pB_F11. (B) Schematic representation of a small loop intermediate that could be formed for pNH34.1.
(C) comparisons of plasmid pC_F11, pNH34.1 and related plasmids, respectively, and (D) comparisons of plasmid pB_F11 with plasmid pC_F11 and
pNH34.1. The diagram was created by the R package genoPlotR v0.8.11 software (http://genoplotr.r-forge.r-project.org/). The small loop diagrams
were established using CGview v2.0.3 (https://github.com/paulstothard/cgview).
FIGURE 2

Comparison of plasmid pB_F11 with related plasmids. The shadow represents > 95% identity, while light gray represents the positive direction, and light pink
refers to the opposite direction. The figures were also created by the R pacakge genoPlotR v0.8.11 software (http://genoplotr.r-forge.r-project.org/).
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of plasmid pB_F11 (indicated by pink dashed boxes in Figure 3C) was

almost identical to the sequences of plasmids: plasmid pC_F11,

p362713-FIIK, p1_020049, pKp_Goe_629-1, and p1_020135, all of

which carried the blaNDM-1 gene. The only difference was that plasmid

pB_F11 lacked the blaNDM-1 gene (Figure 3C).
Characterization of plasmid pD_F11

Plasmid pD_F11 was characterized as a plasmid fragment with

a length of 2.927 kbp. It consisted of only four hypothetical proteins

and did not contain a repA gene or any antibiotic resistance genes

(Supplementary Figure S2).
Exploring the evolution of blaNDM and its
Tn125 components

An detailed analysis of the plasmid pB_F11 sequence revealed that

from 143.212 kbp to 154.876 kbp, it carried a genetic assay consisting

of IS26 (forward)–(bleMBL–trpF–dsbB–cutA–groS–groL) (Tn125,

forward)–IS3000(forward)–IS26 (reverse)–blaSHV-134 (forward)–glpR

(reverse)–ltnD (forward)–IS26 (forward), but did not contain the

blaNDM gene (Figure 3A). Upon integration of the two forward IS26

elements into a single IS26, it formed independent genetic “islands”

(Figure 3A). This identical structure was also found to be integrated in

plasmids such as pKP04NDM, pC46-NDM11, pP10159-1, pC46-

NDM11, and plasmid pC_F11 (Figure 3C). By performing a

BLASTN analysis using the sequence of the genetic “islands”, it was

discovered that this integratable structure was present in 50 plasmids.
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Interestingly, all 50 of these plasmids carried the blaNDM gene

(Supplementary Figure S1; Supplementary Tables S4).

In the case of the pNH34.1 sequence, from 245.506 kbp to

261.607 kbp, it contained a genetic assay as follows, IS26 (forward)–

ISAba14 (forward)–aphA (forward)–ISAba125 (forward)–ISEc33

(forward)–(blaNDM-1–bleMBL–trpF–dsbB–cutA–groS–groL) (Tn125,

forward)–IS3000 (forward)-hp (reverse)–ISAba125 (forward)–hin

(reverse)–hp (reverse)–hp (forward)–hp (forward)–hp (forward)–

IS26 (forward)(Figure 3B). The integration of two forward IS26

elements into a single IS26, as observed in the pNH34.1 sequence,

also led to the formation of independent genetic islands” (Figure 4B).

This structure also appeared in plasmids pC105-NDM1- IncHI3

(Figure 3C). Sequence BLASTN analysis revealed that only pNH34.1

and pC105-NDM1-IncHI3 had this specific structure. None of the

other plasmids examined showed an equivalent assay.
Discussion

The blaNDM gene was commonly found on plasmids containing

different backbone components (Acman et al., 2022). IncHI-like

plasmids, which were typically larger than 200 kbp in size, had a

wide distribution in the host population (Rozwandowicz et al.,

2018) and played a crucial role in the dissemination of heavy metal

resistance genes and antibiotic resistance genes (Cain and Hall,

2012). For example, IncHI5-like plasmids were often associated

with different carbapenemase genes (Zhu et al., 2020), and two

IncHI5-like plasmids were previously reported to carry both

carbapenem resistance genes and tigecycline resistance modules

(Qin et al., 2021). To date, at least 20 different types of incompatible
FIGURE 4

Comparison of plasmid pC_F11 with related plasmids. The shadow represents > 95% identity, while light gray represents the positive direction, and light pink
refers to the opposite direction. The Figures were also created by the R pacakge genoPlotR v0.8.11 software (http://genoplotr.r-forge.r-project.org/).
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plasmids had been associated with the blaNDM gene. These plasmids

included IncFIB, IncFII, IncA/C (IncC), IncX3, IncH, IncL/M, as

well as untyped plasmids (Acman et al., 2022).

Prior to 1985, the blaNDM gene was typically found within the

Tn125 transposon, containing the IS26 insertion sequence. However,

the global prevalence of IS26 did not occur until after 2015 (Acman

et al., 2022). Tn125 played a important role in the early plasmid-

mediated dissemination of the blaNDM gene (Figure 3D), but in recent

years, it had been replaced by mobile elements such as Tn3000

(Acman et al., 2022). The plasmids pC105- NDM-IncHI3 and

pNH34.1, which showed high similarity to the non-MDR region of

plasmid pA_F11, shared an identical relatively complete Tn125

structure in the MDR1 region of pC105-NDM1-IncHI3 and the

MDR2 region of pNH34.1. This structure represented an early

composite structure of bleMBL and blaNDM-1 between the two ends

of ISAba15 (Figure 3D). Plasmid pC_F11 exhibited a high degree of

identity in both the MDR and non-MDR regions with pKP04NDM,

pC46-NDM11, p309074-NDM, and pP10159-1, except for the

insertion of a non-MDR sequence of approximately 37.69 kbp in

length. In the MDR region of these plasmids, the composite structure

of bleMBL and blaNDM-1, located between the two IS3000 elements,

contained a portion of the Tn125 structure. This composite structure

had been classified as the recently prevalent Tn3000 structure

(Acman et al., 2022) (Figure 3C). Several mobile elements were

recognized to play a critical role in the dissemination of these genetic

elements, including ISAba125, IS3000, IS26, IS5, ISCR1, Tn3, Tn125,

and Tn3000 (Acman et al., 2022). Tn3000 was flanked by two copies

of IS3000 and had a length of approximately 11.800 kbp (Campos

et al., 2015). The first copy of IS3000 truncated the upstream portion

of the ISAba125 element, followed by the blaNDM-1 gene.

Downstream of the blaNDM-1 gene, there was the bleMBL gene,

followed by the trpF, dsbD, and cutA genes. The groL and groS

genes were linked to the second copy of IS3000, forming the complete

Tn3000 structure. This structure was also observed in plasmids such

as pC_F11, pKP04NDM, pC46-NDM11, p309074-NDM, and

pP10159-1 (Figures 3C, 4).

Plasmid pA_F11 showed high sequence identity with related

plasmids in the non-MDR regions, but low sequence identity in the

MDR region. It was constructed mainly from a composite of TnAs3,

TnAs2, and In1765. The sequence structure of plasmid pA_F11

with only one MDR region, especially In1765, was rare and had not

been identified in the literature or GenBank. Plasmid pB_F11

consisted of two MDR regions, MDR1 and MDR2. The MDR

regions of plasmid pB_F11 and plasmid p362713-FIIK

shared identical In27 and part of the TnAs3 components. The

analysis revealed that the MDR2 region of plasmid pB_F11

independently formed a circular genetic “island” characterized as

a mobile element. This genetic “island” contained genetic arrays

including IS26–(bleMBL–trpF–dsbB–cutA–groS–groL)–IS3000–

IS26–blaSHV-134–glpR–ltnD–IS26 (Figure 3), which was part of the

composite structure of bleMBL and blaNDM-1, except for the absence

of blaNDM-1. Further BLASTN analysis using these sequences of

genetic “island” as templates, it showed highly consistent results,

except that all 50 identified sequences carried the blaNDM-1 gene

(Supplementary Figure S1; Supplementary Table S3). These
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sequences represented the popular composite structure observed

in recent years (Acman et al., 2022). The results indicated that the

MDR2 region of plasmid pB_F11 evolved as a unique structure due

to the loss of the blaNDM-1 gene during the plasmid evolution

process. Similarly, the MDR2 region of pNH34.1 and the MDR1

region of pC105-NDM1-IncHI3 independently developed circular

genetic “islands” characterized as mobile elements (Figure 3). These

genetic “islands” contained genetic arrays including IS26–ISAba14–

aphA–ISAba125–ISEc33–(blaNDM-1–bleMBL–trpF–dsbB–cutA–

groS–groL)–IS3000–hp–ISAba125–hin–hp–hp–hp–hp–IS26, which

belonged to the early composite structure of bleMBL and blaNDM-1

(Acman et al., 2022) (Figure 3D). BLASTN comparison using the

sequences of genetic “islands” as templates revealed that only

pNH34.1 and pC105-NDM1-IncHI3 had the identical structure,

both representing the early composite structure of bleMBL and

blaNDM-1 (Acman et al., 2022) (Figure 3D). The MDR2 region of

plasmid pB_F11 served as an independent mobile element while

acting as a “bridge” connecting the early composite structure of

bleMBL and blaNDM-1 (Figure 3D) to the recent composite structure

of bleMBL and blaNDM-1 (Acman et al., 2022) (Figure 3C).

The strain F11 demonstrated a high level of antibiotic

resistance, including resistance to conventional antibiotics such as

cefoperazone/avibactam and tigecycline (Table 1). This resistance

was attributed to the complex combination of transposons and gene

cassettes carrying different antibiotic resistance and virulence genes

on the F11_chromosome and several F11_plasmids. The strain was

resistant to almost all antibiotics tested, limiting treatment options.

Although erythromycin was found to be sensitive to strain F11 in

vitro, clinical treatment with this antibiotic was ineffective. This

might be due to the involvement of multiple virulence genes in the

strain, which could contribute to its pathogenicity and ability to

evade antibiotic treatment. As a result, no effective drugs were

available to effectively treat infections caused by strain F11.
Conclusions

The combination of complex overlapping transposons and gene

cassettes, along with the synergistic effects of multiple antibiotic

resistance and heavy metal resistance genes (virulence genes),

contributed to the lack of an effective drug to treat infections

caused by strain F11. It was essential to prevent the emergence

and dissemination of strain F11 through strict control measures and

the promotion of responsible antibiotic use.
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SUPPLEMENTARY FIGURE 1

Heatmap analysis of sequence coverage and identity using BLASTN with
sequence of genetic “island” from plasmid pB_F11 as a template. The figure

was created with the R package pheatmap (https://CRAN.R-project.org/

package=pheatmap) base on Supplementary Table S4.

SUPPLEMENTARY FIGURE 2

Distribution of the location for virulence genes and antibiotic resistance

genes on F11_chromosome.

SUPPLEMENTARY FIGURE 3

Circle diagram of plasmid pD_F11.
References
Acman, M., Wang, R., van Dorp, L., Shaw, L. P., Wang, Q., Luhmann, N., et al.
(2022). Role of mobile genetic elements in the global dissemination of the carbapenem
resistance gene blaNDM. Nat. Commun. 13 (1), 1131. doi: 10.1038/s41467-022-28819-2

Alcock, B. P., Huynh, W., Chalil, R., Smith, K. W., Raphenya, A. R., Wlodarski, M. A.,
et al. (2023). SCARD 2023: expanded curation, support for machine learning, and
resistome prediction at the Comprehensive Antibiotic Resistance Database. Nucleic
Acids Res. 51 (D1), D690–D699. doi: 10.1093/nar/gkac920

Bonnin, R. A., Poirel, L., Carattoli, A., and Nordmann, P. (2012). Characterization of
an IncFII plasmid encoding NDM-1 from Escherichia coli ST131. Escherichia coli
ST131. PloS One 7 (4), e34752. doi: 10.1371/journal.pone.0034752

Boratyn, G. M., Camacho, C., Cooper, P. S., Coulouris, G., Fong, A., Ma, N., et al.
(2013). BLAST: a more efficient report with usability improvements. Nucleic Acids Res.
41 (W), W29–W33. doi: 10.1093/nar/gkt282

Bortolaia, V., Kaas, R. S., Ruppe, E., Roberts, M. C., Schwarz, S., Cattoir, V., et al.
(2020). ResFinder 4.0 for predictions of phenotypes from genotypes. J. Antimicrob.
Chemother. 75 (12), 3491–3500. doi: 10.1093/jac/dkaa345

Boutet, E., Lieberherr, D., Tognolli, M., Schneider, M., Bansal, P., Bridge, A. J., et al.
(2016). UniProtKB/Swiss-Prot, the manually annotated section of the UniProt
KnowledgeBase: how to use the entry view. Methods Mol. Biol. 1374, 23–54.
doi: 10.1007/978-1-4939-3167-5_2

Cain, A. K., and Hall, R. M. (2012). Evolution of IncHI2 plasmids via acquisition of
transposons carrying antibiotic resistance determinants. J. Antimicrob. Chemother. 67
(5), 1121–1127. doi: 10.1093/jac/dks004

Campos, J. C., da Silva, M. J., dos Santos, P. R., Barros, E. M., Pereira Mde, O., Seco,
B. M., et al. (2015). Characterization of Tn3000, a transposon responsible for blaNDM-1

dissemination among enterobacteriaceae in Brazil, Nepal, Morocco, and India.
Antimicrob. Agents Chemother. 59 (12), 7387–7395. doi: 10.1128/AAC.01458-15

Chen, Z., Li, H., Feng, J., Li, Y., Chen, X., Guo, X., et al. (2015). NDM-1 encoded by a
pNDM- BJ01-like plasmid p3SP-NDM in clinical Enterobacter aerogenes. Front.
Microbiol. 6. doi: 10.3389/fmicb.2015.00294

CLSI (2022). Performance Standards for Antimicrobial Susceptibility Testing. 32nd
Edition (Wayne, PA: CLSI). CLSI supplement M100.

Costa, A., Figueroa-Espinosa, R., Gaudenzi, F., Lincopan, N., Fuga, B., Ghiglione, B.,
et al. (2021). Co-occurrence of NDM-5 and rmtb in a clinical isolate of Escherichia coli
belonging to CC354 in Latin America. Front. Cell Infect. Microbiol. 11. doi: 10.3389/
fcimb.2021.654852
frontiersin.org

https://www.frontiersin.org/articles/10.3389/fcimb.2023.1324846/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcimb.2023.1324846/full#supplementary-material
https://CRAN.R-project.org/package=pheatmap
https://CRAN.R-project.org/package=pheatmap
https://doi.org/10.1038/s41467-022-28819-2
https://doi.org/10.1093/nar/gkac920
https://doi.org/10.1371/journal.pone.0034752
https://doi.org/10.1093/nar/gkt282
https://doi.org/10.1093/jac/dkaa345
https://doi.org/10.1007/978-1-4939-3167-5_2
https://doi.org/10.1093/jac/dks004
https://doi.org/10.1128/AAC.01458-15
https://doi.org/10.3389/fmicb.2015.00294
https://doi.org/10.3389/fcimb.2021.654852
https://doi.org/10.3389/fcimb.2021.654852
https://doi.org/10.3389/fcimb.2023.1324846
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org


Ma et al. 10.3389/fcimb.2023.1324846
Dortet, L., Girlich, D., Virlouvet, A., Poirel, L., Nordmann, P., Iorga, B. I., et al.
(2017). Characterization of BRPMBL, the bleomicin resistance protein associated with
the carbapenemase NDM. Antimicrob. Agents Chemother. 61 (3), e02413–e02416.
doi: 10.1128/AAC.02413-16

Dortet, L., Poirel, L., and Nordmann, P. (2014). Worldwide dissemination of the
NDM- type carbapenemases in Gram-negative bacteria. BioMed. Res. Int. 2014,
249856. doi: 10.1155/2014/249856

Edgar, R. C. (2004). MUSCLE: multiple sequence alignment with high accuracy and
high throughput. Nucleic Acids Res. 32 (5), 1792–1797. doi: 10.1093/nar/gkh340

Feng, Y., Zou, S., Chen, H., Yu, Y., and Ruan, Z. (2021). BacWGSTdb 2.0: a one-stop
repository for bacterial whole-genome sequence typing and source tracking. Nucleic
Acids Res. 49 (D1), D644–D650. doi: 10.1093/nar/gkaa821

Frank, J. A., Reich, C. I., Sharma, S., Weisbaumm, J. S., Wilson, B. A., and Olsen, G. J.
(2008). Critical evaluation of two primers commonly used for amplification of bacterial 16S
rRNA genes. Appl. Environ. Microbiol. 74 (8), 2461–2470. doi: 10.1128/AEM.02272-07

Guducuoglu, H., Gursoy, N. C., Yakupogullari, Y., Parlak, M., Karasin, G.,
Sunnetcioglu, M., et al. (2018). Hospital outbreak of a colistin-resistant, NDM-1-
and OXA-48- producing Klebsiella pneumoniae: high mortality from pandrug
resistance. Microb. Drug Resist. 24 (7), 966–972. doi: 10.1089/mdr.2017.0173

Hornsey, M., Phee, L., and Wareham, D. W. (2011). A novel variant, NDM-5, of the
New Delhi metallo-b-lactamase in a multidrug-resistant Escherichia coli ST648 isolate
recovered from a patient in the United Kingdom. Antimicrob. Agents Chemother. 55
(12), 5952–5954. doi: 10.1128/AAC.05108-11

Liang, Q., Yin, Z., Zhao, Y., Liang, L., Feng, J., Zhan, Z., et al. (2015). RASTtk: a
modular and extensible implementation of the RAST algorithm for building custom
annotation pipelines and annotating batches of genomes. Sci. Rep. 5, 8365. doi: 10.1016/
j.ijantimicag.2017.01.021

Liu, B., Zheng, D., Zhou, S., Chen, L., and Yang, J. (2022). VFDB 2022: a general
classification scheme for bacterial virulence factors. Nucleic Acids Res. 50 (D1), D912–
D917. doi: 10.1093/nar/gkab1107

Logan, L. K., and Weinstein, R. A. (2017). The epidemiology of carbapenem-resistant
Enterobacteriaceae: the impact and evolution of a global menace. J. Infect. Dis. 215
(suppl_1), S28–S36. doi: 10.1093/infdis/jiw282

Loh, B., Chen, J., Manohar, P., Yu, Y., Hua, X., and Leptihn, S. (2020). A biological
inventory of prophages in A. baumannii genomes reveal distinct distributions in classes,
length, and genomic positions. Front. Microbiol. 11, 579802. doi: 10.3389/fmicb.2020.579802

Moura, A., Soares, M., Pereira, C., Leitão, N., Henriques, I., and Correia, A. (2009).
INTEGRALL: a database and search engine for integrons, integrases and gene cassettes.
Bioinformatics 25 (8), 1096–1098. doi: 10.1093/bioinformatics/btp105
Frontiers in Cellular and Infection Microbiology 12
Nordmann, P., Poirel., L., Walsh, T. R., and Livermore, D. M. (2011). The emerging
NDM carbapenemases. Trends Microbiol. 19 (12), 588–595. doi: 10.1016/
j.tim.2011.09.005

O’Leary, N. A., Wright, M. W., Brister, J. R., Ciufo, S., Haddad, D., McVeigh, R., et al.
(2016). Reference sequence (RefSeq) database at NCBI: current status, taxonomic
expansion, and functional annotation. Nucleic Acids Res. 44 (D1), D733–DD745.
doi: 10.1093/nar/gkv1189

Poirel, L., Bonnin, R. A., Boulanger, A., Schrenzel, J., Kaase, M., and Nordmann, P.
(2012). Tn125-related acquisition of blaNDM-like genes in Acinetobacter baumannii.
Antimicrob. Agents Chemother. 56 (2), 1087–1089. doi: 10.1128/aac.05620-11

Qin, S., Peng, J., Deng, R., Peng, K., Yan, T., Chen, F., et al. (2021). Identification of
two plasmids co-harboring carbapenemase genes and tmexCD1-Toprj1 in clinical
Klebsiella pneumoniae ST2667. Antimicrob. Agents Chemother. 65 (6), e00625–
e00621. doi: 10.1128/aac.00625-21

Rozwandowicz, M., Brouwer., M. S. M., Fischer, J., Wagenaar, J. A., Gonzalez Zorn, B.,
Guerra, B., et al. (2018). Plasmids carrying antimicrobial resistance genes in
enterobacteriaceae. J. Antimicrob. Chemother. 73 (5), 1121–1137. doi: 10.1093/jac/dkx488

Siguier, P., Perochon, J., Lestrade, L., Mahillon, J., and Chandler, M. (2006). ISfinder:
the reference centre for bacterial insertion sequences. Nucleic Acids Res. 34 (D), D32–
D6. doi: 10.1093/nar/gkj014

Stothard, P., Grant, J. R., and Van Domselaar, G. (2019). Visualizing and comparing
circular genomes using the CGView family of tools. Brief Bioinform. 20 (4), 1576–1582.
doi: 10.1093/bib/bbx081

Tansirichaiya, S., Rahman, M. A., and Roberts, A. P. (2019). The transposon registry.
Mob. DNA 10, 40. doi: 10.1186/s13100-019-0182-3

Toleman, M. A., Spencer, J., Jones, L., and Walsh, T. R. (2012). blaNDM-1 is a chimera
likely constructed in Acinetobacter baumannii. Antimicrob. Agents Chemother. 56 (5),
2773–2776. doi: 10.1128/AAC.06297-11

Walsh, T. R., Weeks, J., Livermore, D. M., and Toleman, M. A. (2011). Dissemination
of NDM-1 positive bacteria in the New Delhi environment and its implications for
human health: an environmental point prevalence study. Lancet Infect. Dis. 11 (5), 355–
362. doi: 10.1016/S1473-3099(11)70059-7

Wu, W., Feng, Y., Tang, G., Qiao, F., McNally, A., and Zong, Z. (2019). NDM
metallobeta -lactamases and their bacterial producers in health care settings. Clin.
Microbiol. Rev. 32 (2), e00115–e00118. doi: 10.1128/CMR.00115-18

Zhu, Y., Liu, W., Schwarz, S., Wang, C., Yang, Q., Luan, T., et al. (2020).
Characterization of a blaNDM-1-carrying IncHI5 plasmid from Enterobacter Cloacae
Complex of food-producing animal origin. J. Antimicrob. Chemother. 75 (5), 1140–
1145. doi: 10.1093/jac/dkaa010
frontiersin.org

https://doi.org/10.1128/AAC.02413-16
https://doi.org/10.1155/2014/249856
https://doi.org/10.1093/nar/gkh340
https://doi.org/10.1093/nar/gkaa821
https://doi.org/10.1128/AEM.02272-07
https://doi.org/10.1089/mdr.2017.0173
https://doi.org/10.1128/AAC.05108-11
https://doi.org/10.1016/j.ijantimicag.2017.01.021
https://doi.org/10.1016/j.ijantimicag.2017.01.021
https://doi.org/10.1093/nar/gkab1107
https://doi.org/10.1093/infdis/jiw282
https://doi.org/10.3389/fmicb.2020.579802
https://doi.org/10.1093/bioinformatics/btp105
https://doi.org/10.1016/j.tim.2011.09.005
https://doi.org/10.1016/j.tim.2011.09.005
https://doi.org/10.1093/nar/gkv1189
https://doi.org/10.1128/aac.05620-11
https://doi.org/10.1128/aac.00625-21
https://doi.org/10.1093/jac/dkx488
https://doi.org/10.1093/nar/gkj014
https://doi.org/10.1093/bib/bbx081
https://doi.org/10.1186/s13100-019-0182-3
https://doi.org/10.1128/AAC.06297-11
https://doi.org/10.1016/S1473-3099(11)70059-7
https://doi.org/10.1128/CMR.00115-18
https://doi.org/10.1093/jac/dkaa010
https://doi.org/10.3389/fcimb.2023.1324846
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Characterization of Klebsiella pneumoniae carrying the blaNDM-1 gene in IncX3 plasmids and the rare In1765 in an IncFIB-IncHI1B plasmid
	Introduction
	Materials and methods
	Bacterial strains and sequencing of the 16S rRNA gene
	Experiments of conjugal transfer and plasmid transfer
	Conjugation experiments
	Plasmid-electroporation assays
	Detection of Class A beta-lactamase, Classes B carbapenemase and Class D carbapenemase
	Antimicrobial susceptibility test
	Sequencing and sequence assembly
	Sequence annotation and comparison in detail
	Nucleotide sequence accession numbers


	Results
	Results of antimicrobial susceptibility test, enzymatic property, and transferrable feature
	Overview of structural features for F11_chromosome
	Characterization of plasmid pA_F11 and comparison of plasmid pA_F11 with related plasmids: pC105-NDM1-IncHI3, pNH34.1, pKmfe267-1, and pCMC432M_P1
	Characterization of plasmid pB_F11 and comparison of plasmid pB_F11 with Related Plasmids: p362713-FIIK, p1_020049, pKp_Goe_629-1, and p1_020135
	Characterization of plasmid pC_F11 and comparison of plasmid pC_F11 with related plasmids: pKP04NDM, pC46-NDM11, p309074-NDM, and pP10159-1
	Characterization of plasmid pD_F11
	Exploring the evolution of blaNDM and its Tn125 components

	Discussion
	Conclusions
	Data availability statement
	Ethics statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	Supplementary material
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


