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Abstract: Klebsiella pneumoniae is a clinically common opportunistic pathogen that causes pneumo-
nia and upper respiratory tract infection in humans as well as community-and hospital-acquired
infections, posing significant threats to public health. Moreover, the insertion of a plasmid carrying
the mobile colistin resistance (MCR) genes brings obstacles to the clinical treatment of K. pneumoniae
infection. In this study, a strain of colistin-resistant K. pneumoniae (CRKP) was isolated from sputum
samples of a patient who was admitted to a tertiary hospital in Tai’an city, China, and tested for
drug sensitivity. The results showed that KPTA-2108 was multidrug-resistant (MDR), being resistant
to 21 of 26 selected antibiotics, such as cefazolin, amikacin, tigecycline and colistin but sensitive
to carbapenems via antibiotic resistance assays. The chromosome and plasmid sequences of the
isolated strain KPTA-2108 were obtained using whole-genome sequencing technology and then were
analyzed deeply using bioinformatics methods. The whole-genome sequencing analysis showed that
the length of KPTA-2108 was 5,306,347 bp and carried four plasmids, pMJ4-1, pMJ4-2, pMJ4-3, and
pMJ4-4-MCR. The plasmid pMJ4-4-MCR contained 30,124 bp and was found to be an IncX4 type.
It was the smallest plasmid in the KPTA-2108 strain and carried only one resistance gene MCR-1.
Successful conjugation tests demonstrated that pMJ4-4-MCR carrying MCR-1 could be horizontally
transmitted through conjugation between bacteria. In conclusion, the acquisition and genome-wide
characterization of a clinical MDR strain of CRKP may provide a scientific basis for the treatment of
K. pneumoniae infection and epidemiological data for the surveillance of CRKP.
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1. Introduction

Klebsiella pneumoniae is a clinically common Gram-negative conditional pathogen that
can infect humans and a wide range of domestic animals [1]. In healthy populations,
K. pneumoniae colonizes mainly the gastrointestinal tract, with a small concentration in
the oropharynx [2]. In immunocompromised or immunodeficient patients, K. pneumoniae
can invade the blood or tissues and cause a variety of infections, including urinary tract
infections, bacteremia, pneumonia, and liver abscesses [3]. In addition, K. pneumoniae is a
major pathogen in ventilator-associated pneumonia (VAP) and intensive care unit (ICU)-
acquired pneumonia [4]. As a result, K. pneumoniae has received widespread attention.

Colistin is considered to be the last line of defense for the treatment of clinically
Gram-negative bacterial infections, but the prevalence of colistin resistance has become
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an important problem worldwide [5]. In 2015, the plasmid-mediated colistin-resistance
gene (MCR)-1 was reported for the first time internationally, and plasmids carrying the
MCR-1 gene were found to be transferable by inter-bacterial conjugation [6]. However,
MCR-1-carrying plasmids have also been reported in many bacteria, such as Salmonella and
Acinetobacter baumannii [7,8]. Recently, one study reported that plasmids harboring MCR-1
could be horizontally transmitted between intestinal flora, allowing recipient bacteria to
acquire colistin resistance ability [9]. In hospitals, pathogenic bacteria can acquire and
spread resistance genes among themselves through bacterial conjugation, even in the
absence of antibiotics. This phenomenon also occurs in the community, leading to the rapid
emergence of multidrug-resistant (MDR) bacteria and the increased infection of susceptible
populations [10].

K. pneumoniae carrying IncX4-type plasmids of MCR-1 are present in different hosts (hu-
man, pig, poultry) and environments in many different countries, including China [11-13].
K. pneumoniae is a pathogen with a high detection rate of hospital-acquired infections. To
date, clinical strains of K. pneumoniae carrying MCR-1 have been isolated from patients in
different countries such as Algeria, Belgium, Brazil, Colombia, France, Germany, India,
Italy, Laos, South Africa and Vietnam, indicating that K. pneumoniae carrying MCR-1 is
spreading in healthcare facilities worldwide [14]. Most of the clinical reports on colistin-
resistant pneumococci (CRKP) have focused on the analysis of isolation rates and resistance
phenotypes of CRKP. The few reports that have studied K. pneumoniae carrying the MCR-1
plasmid have not sufficiently annotated the genomic features of this bacterium and the
function of some important genes. Given the impediments to clinical treatment and the
negative impact on public health, knowledge of the genome-wide characteristics of K.
pneumoniae can help to assess its risk more comprehensively [15].

Whole-genome sequencing technologies have now been widely used in bacterio-
logical research [16]. Functional annotation of bacterial genomes can yield a wealth
of data at the genetic level [17]. This technology plays an active role in monitoring
the genome evolution of pathogenic bacteria and studying the pathogenic mechanisms.
Suchawan Pornsukarom et al. used whole-genome technology to perform a comparative
analysis of clinical and environmental isolates of Salmonella at the phylogenetic level and
elucidated the main sources of drug resistance and virulence genes in clinical Salmonella
isolates [18]. Whole-genome sequencing was also used to monitor the genomic evolution
and epidemiological dynamics of the clinical Campylobacter jejuni [19]. In this study, we
sequenced the whole genome of a K. pneumoniae strain whose plasmid carried the colistin
resistance gene MCR-1. Comparative genomics was used to reveal the epidemic character-
istics of IncX4 plasmid carrying MCR-1. Functional annotation was performed to elucidate
the gene structure of pMJ4-4-MCR plasmid-carrying MCR-1. These results will provide
new insights into the treatment and control of K. pneumoniae infection in hospitals.

2. Materials and Methods
2.1. Bacterial Isolation and Identification

In August 2021, a strain of K. pneumoniae, named KPTA-2108, was isolated from a
sputum sample of a patient with lung infections in a tertiary care hospital in Tai’an, China.
The sample was cultured on blood agar plate medium (5% sheep blood, LB basal medium)
(Autobio, Zhengzhou, China). The strains obtained from the culture were purified and
identified by the automated microbial mass spectrometry detection system Autof ms 1000
(Autobio, Zhengzhou, China) according to the procedures of the manual.

2.2. Antimicrobial Susceptibility Assay

Antimicrobial susceptibility was tested using two different test methods. The suscepti-
bility to cefazolin, amikacin, cefepime, ciprofloxacin, aztreonam, ceftriaxone, cefuroxime,
ertapenem, piperacillin/tazobactam, ampicillin/sulbactam, amoxicillin/clavulanic acid, ce-
foperazone/sulbactam, gentamicin, cefoxitin, levofloxacin, minocycline, polymyxin, tetra-
cycline, tigecycline, tobramycin, cotrimoxazole, ceftazidime, imipenem, and meropenem
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was tested with a BD Phoenix M50 fully automated microbial drug sensitivity analyzer
(BD, Phoenix, AZ, USA) and MIC values were determined according to the manufacturer’s
instruction. The Kirby-Bauer (KB) disc diffusion test determined the sensitivity of cefo-
taxime and ceftazidime/avibactam. A single colony was resuspended in a normal saline
solution, and the turbidity was 0.46~0.54. The bacterial solution was uniformly spread on a
Mueller-Hinton agar medium (Autobio, Zhengzhou, China) and a drug-sensitive paper
sheet (Thermo Fisher, Waltham, MA, USA) was pasted on the agar plate inoculated with the
bacteria to be tested and incubated at 35 °C for 24 h. Results were observed and determined
by the size of the antibacterial zone. The drug sensitivity results of the two methods were
analyzed according to the 2021 CLSI M100 Executive Standard for Antimicrobial Drug
Sensitivity Testing [20,21].

2.3. Conjugation Test

The broth mating method was used in the conjugation test. In this method, rifampicin-
resistant E. coli EC600 was used as the recipient, and the KPTA-2108 strain was used as the
donor. The donor and recipient strains were inoculated in 3 mL LB broth (Binhe, Hangzhou,
China) and incubated overnight at 37 °C. The donor and recipient bacteria were mixed 1:1
and incubated at 37 °C for 16 to 18 h. The mixture was then applied to LB plates with a
concentration of 4 pg/mL colistin and 2.5 mg/mL rifampicin resistance and incubated at
37 °C for 24 h. Finally, single colonies were identified using an automated microbial mass
spectrometry detection system Autof ms 1000, and MIC values for colistin were determined
using a BD Phoenix M50 fully automated microbial drug sensitivity analyzer.

2.4. Bacterial DNA Extraction and Sequencing

PacBio sequencing and analysis were conducted by OE Biotech Co. Ltd. (Shanghai,
China). In brief, genomic DNA was extracted from bacteria using the CTAB method [22]
according to the manufacturer’s instructions. The genomic DNA was subjected to quality
control by agarose gel electrophoresis and quantified by Qubit (Invitrogen, Waltham, MA,
USA). The library was constructed with the SMRTbell Template Prep Kit 1.0 (PacBio, Menlo
Park, CA, USA). Single-molecule real-time (SMRT) sequencing was performed on the
PacBio Sequel II platform using DNA /Polymerase Binding Kit 3.0 (New England Biolabs,
Ipswich, MA, USA). Genome assembly was performed using SMRT Analysis 2.3.0 (Pacific
Biosciences, Menlo Park, CA, USA).

2.5. DNA Sequence Analysis

For the DNA sequence analysis, the genome was assembled by Canu [23,24]. Gene
prediction of the assembled genome was performed using Prodigal (v 2.6.3) [25]. The
tRNA and rRNA genes were predicted with tRNAscan-SE (v 1.3.1) [26] and RNAmmer (v
1.2) [27]. sRNAs were predicted by BLAST against the Rfam database [28]. The resistance
gene of strain KPTA-2108 was annotated in the Comprehensive Antibiotic Resistance
Database (CARD) (2020) (https:/ /card.mcmaster.ca/, accessed on 20 April 2022) by running
Blast [29]. Multilocus sequence typing (MLST) and capsular serotypes of strain KPTA-2108
were analyzed by Pathogenwatch (v18.3.0) (https://pathogen.watch/, accessed on 19
February 2022) [30]. For typing of plasmids in the KPTA-2108 strain, the PlasmidFinder
(v 2.0.1) (https://cge.food.dtu.dk/services/PlasmidFinder/, accessed on 21 April 2022)
service platform was used, where plasmid genome sequences were uploaded, and the
Enterobacteriaceae database was selected with a minimum coverage of 60% [31]. Annotation
of virulence genes was done in the Virulence Factors of Pathogenic Bacteria (VFDB) (http:
/ /www.mgc.ac.cn/VFs/links.htm, accessed on 20 April 2022) [32]. The annotation of
the mobile genetic elements of KPTA-2108 uses the Mobile Element Finder (MEF) (https:
/ /cge.food.dtu.dk/services/MobileElementFinder/, accessed on 20 April 2022) [33].
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2.6. Bioinformatics Analyses

In order to analyze the structural features of pMJ4-4-MCR, BLAST Ring Image Generator
(BRIG) was used to compare pMJ4-4-MCR with 10 similar plasmids (pS8245-3-CP080094.1,
PMCR-WCHEC1606-KY463451.1, pMCR-WCHEC1618-KY463454.1, pMCR-1-Msc-MK172815.1,
pDIB-1-MK574665.1, pMCR-NMG38-MK836307.1, pMFDS2258.1-MK869757.1, pMFDS1318.1-
MK875282.1, pMFDS1300.1-MK875285.1, and pMCR-1253-A2-MT929278.1) for alignment.
A comparative map of the gene structure of pMJ4-4-MCR and the 10 plasmids was pro-
duced using Easyfig (v 2.2.5) [34], with the position of MCR-1 labeled. Three plasmids were
randomly selected from these 10 similar plasmids for further analysis. These four plas-
mids (pMFDS2258.1, pMFDS1318.1, pMFDS1300.1, and pM]J4-4-MCR) were functionally
annotated using the NCBI nr library [35,36] and Pfam 35.0 [37] at the protein level, and the
bioactive pathways of these plasmids were analyzed using the Kyoto Encyclopedia of Genes
and Genomes (KEGG) (https://www.genome.jp/kegg/, accessed on 16 September 2022).

In order to understand the epidemic characteristics of pMJ4-4-MCR, the pM]J4-4-
MCR gene sequence was searched in the nt library, and 100 similar complete plasmid
sequences were obtained. All similar sequences were aligned by Clustal Omega [38], and a
phylogenetic tree was generated using iTOL visualization [39]. The accession numbers and
names of these 100 plasmids are shown in Supplementary Table S1.

3. Results
3.1. The Results of the Drug Sensitivity Test

For the strain of K. pneumoniae KPTA-2108 isolated in this study, 26 common antibi-
otics were selected for the drug sensitivity test. As shown in Table 1, the results indi-
cated that the KPTA-2108 strain was resistant to 21 antibiotics, including cephalosporins
(cefazolin, cefuroxime, cefepime, cefoxitin, ceftriaxone, cefotaxime, ceftazidime and cef-
operazone/sulbactam), fluoroquinolones (ciprofloxacin and levofloxacin), monobactams
(aztreonam), penicillins plus (3-lactamase inhibitor (amoxicillin/clavulanic acid and ampi-
cillin/sulbactam), aminoglycosides (gentamicin, amikacin and tobramycin), polymyxins
(colistin), tetracycline (tetracycline and minocycline), glycylcyclines (tigecycline), and
sulfonamides (cotrimoxazole). However, it was sensitive to carbapenems (imipenem, er-
tapenem, and meropenem), 3rd generation cephalosporins (ceftazidime/avibactam), and
antipseudomonal penicillins plusf-lactamase inhibitors (piperacillin/tazobactam).

Table 1. Drug sensitivity tests of the clinically isolated strain KPTA-2108.

e s MIC KB e . MIC KB
Antibiotics (ug/mL) (mm) S/R Antibiotics (ug/mL) (mm) S/R
Cefazolin >16 + Ertapenem 0.5 -
Cefepime >16 + Carbapenems Imipenem <0.2 -
Ceftriaxone >32 + Meropenem <0.1 —
Cefuroxime >16 + Glycylcyclines Tigecycline 8 +
Cephalosporins Cefoperazone/sulbactam 32/8 + :flillfonami;:!es Cotrimoxazole >4/76 +
Cefoxitin >16 + rd generation Ceftazidime/avibactam 25 -
cephalosporins
Ceftazidime >32 + Polymyxins Colistin 4 +
Cefotaxime 6 + ﬁ;?lcﬂtgﬁg::e Piperacillin/tazobactam 16/4 -
Monobactams Aztreonam >32 + Amikacin >32 +
Aminogl id
Fluoroquinolones Ciprofloxacin >4 finoglycosides Gentamicin >8 +
q Levofloxacin >8 + Tobramycin >8 +
Penicillins plus Ampi_ci}lip / sulbactarp >16/8 + Tetracyclines Minocycline 16 +
3-lactamase Amoxicillin/clavulanic 32/1 Tet li 3
inhibitor acid > + etracycline > +

Note: R indicates resistance (+), S indicates susceptibility (—), KB Kirby-Bauer test.

The above results indicated that KPTA-2108 was determined to be an MDR strain of
K. pneumoniae according to the MDR criteria of Enterobacteriaceae. In addition, after the
conjugation test, single colonies grown on LB plates (4 ug/mL mucin and 2.5 mg/mL
rifampicin resistance) were identified as E. coli after strain identification and the drug
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sensitivity of the recipient bacterium E. coli EC600 to colistin was detected, “MIC = 4".
E. coli EC600 without conjugation test were sensitive to colistin, “MIC = 1”.

3.2. Genome Characterization and Functional Gene Annotation of KPTA-2108

As shown in Table 2, the full length of the KPTA-2108 genome was 5,306,347 bp. The
analysis showed that its sequence type (ST) was ST2294 (gapA: 4; infB: 4; mdh: 1; pgi: 1; phoE:
264; rpoB: 4; tonB: 10) and capsular Serotypes (K Locus) KL45.

Table 2. The characterization of genome and plasmids carried by the K. pneumoniae KPTA-2108 strain.

. . Genome_Size Gene_ o DNA Plasmid Resistance
Strain/Plasmid (bp) Num () GC% rRNA_Num sRNA_Num tRNA_Num Elements Replicon Type Genes
Chromosome 5,306,347 4940 0.5741 25 124 88 9 - -
bleO, aac, aadA,
} aph, ARR-3,
pMJ4-1 164,378 185 0.5201 0 5 0 0 IncFIB(K) mph(A), sul, dfrA,
tet, gacE, floR
pMJ4-2 98,026 108 0.4955 0 4 0 2 Incl1-1 -
pMJ4-3 72,739 88 0.524 0 2 0 0 - b l"”ﬁ}'ﬁ”r 'Sl;l“TEM ’
pMJ4-4-MCR 30,124 47 0.4131 0 0 0 0 IncX4 MCR-1

KPTA-2108 had four plasmids, pMJ4-1, pMJ4-2, pMJ4-3, and pM]J4-4-MCR. Of these,
pMJ4-1 carried genes for resistance to the main aminoglycoside and sulphonamide antibi-
otics, and pMJ4-3 carried resistance genes mainly for 3-lactam antibiotics. No resistance
genes were annotated on pMJ4-2. Of particular note, the colistin-resistance gene MCR-1 was
annotated on the plasmid pMJ4-4-MCR, and it was the only resistance gene on this plasmid
that was critical for colistin resistance. Furthermore, conjugation test demonstrated that
PMJ4-4-MCR could be horizontally transmitted between bacteria, endowing the recipient
with colistin resistance.

Additionally, to further clarify the drug resistance genes carried by this isolate, the
chromosomal sequence of KPTA-2108 was annotated in the CARD database for resis-
tance genes. The names of the specific antibiotic resistance genes in the chromosome of
strain KPTA-2108 and their registration numbers in the CARD database are as follows:
B-lactams [blaDHA_1 (ARO 3002132), blaTEM—IB (ARO 3000014), blaSHV—187 (ARO 3003154)],
quinolones [gnrB4 (ARO: 3002718), 0qxAB (ARO: 3003921), patA (ARO: 3000024)], aminogly-
cosides [rmtB (ARO: 3000860), armA (ARO: 3000858)], macrolides [mphE (ARO: 3003741),
msrE (ARO: 3003109)], polyphosphates [fosA2 (ARO: 3002804)], tetracyclines [tetG (ARO:
3000174)], peptides [eptA (ARO: 3003576), rosA (ARO: 3003048), rosB (ARO: 3003049), arnA
(ARO: 3002985), pmrE (ARO: 3003577)], and sulfonamides [sull (ARO: 3000410)]. However,
no carbapenem-resistance genes were found.

The virulence genes of KPTA-2108 were annotated using the VFDB database. Classi-
fying virulence genes by function, we found virulence genes associated with adherence,
antiphagocytosis, efflux pump, iron uptake, nutritional factor, regulation, secretion system,
serum resistance, and toxin (Table S2). In the iron uptake, enterobactin (entA-E, entS, fepA-D,
fepG), salmochelin (iroE, iroN), aerobactin (iutA), and yersiniabactin (ybtP) were found. They
have been linked to the pathogenicity of K. pneumoniae [40].

3.3. Characterization of pMJ4-4-MCR

Plasmid type analysis showed that pMJ4-4-MCR belongs to the IncX4 type, is approxi-
mately 30 kb in length and contains only the MCR-1 resistance gene. Structural alignment
with 10 plasmids carrying MCR-1 revealed that pMJ4-4-MCR had deletions (Figure 1).
Although no IS26 family transposase was annotated in pMJ4-4-MCR, successful binding
assays showed that the deleted genes did not influence the delivery of colistin-resistance
genes in pMJ4-4-MCR.
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Escherichia coli strain DIB-1 plasmid pDIB-1
100% identity
90% identity
70% identity
Escherichia coli strain 1253_17_A2 plasmid pMCR1253_A2
100% identity !
90% identity
70% identity
Escherichia coli plasmid pMCR-1 Msc
W 100 identty
W 0% dentity
70% identity
Salmonella enterica strain SLR1 8245 plasmid pS8245-3
I 100% igentiy
I 0% icentty
70% identity
Escherichia coli strain WCHEC1618 plasmid pMCR WCHEC1618
I 100% igenty
90% identity
70% identity MCRA__-
Escherichia coli strain WCHEC16086 plasmid pMCR WCHEC1606
W r00% identity
I so0% identiy :
70% identity ear—— . 33415 bp
Escherichia coli strain NMG38 plasmid pMCR-NMG38
100% identity
90% identity
70% identity
Escherichia coli strain MFDS2258 plasmid pMFDS2258.1
W 00% icentty
B 50 icenty R ! 18 kbp 16 kbp
70% identity \ = &
Escherichia coli strain MFDS1318 plasmid PMFDS1318.1
100% identity
90% identity
70% identity
Escherichia coli strain MFDS1300 plasmid pMFDS1300.1
W 00 identty
W so% ientiy

70% identity
Klebsiella pneumoniae strain KPTA-2108 plasimd pMJ4-4-MCR
W 100% identty
[0 0% identity
70% identity
. Klebsiella pneumoniae strain KPTA-2108 plasimd pMJ4-4-MCR Coding sequence

Figure 1. Comparison of the cyclization structure of pMJ4-4-MCR with those of high homology
plasmids.

In addition, pMJ4-4-MCR (accession number: CP107047) aligns with the 10 highest homol-
ogy plasmids (pS8245-3-CP080094.1,pMCR-WCHEC1606-KY463451.1, pMCR-WCHEC1618-
KY463454.1, pMCR-1-Msc-MK172815.1, pDIB-1-MK574665.1, pMCR-NMG38-MK836307.1,
pMEFDS2258.1-MK869757.1, pMFDS1318.1-MK875282.1, pMFDS1300.1-MK875285.1, and
PMCR_1253_A2-MT929278.1). Visualization results of comparison were made by BLAST
Ring Image Generator (BRIG). The pDIB-1 (33415 bp) was used as the reference sequence,
which is the largest plasmid among these 11 plasmids. On the pMJ4-4-MCR coding se-
quence, the positions of the pap2 and MCR-1 resistance genes are also marked. In addition,
the location of IS26 was indicated.

The pMJ4-4-MCR (accession number: CP107047) was compared with pMFDS2258.1
(accession number: MK869757.1), pMFDS1318.1 (accession number: MK875282.1) and
PMFDS1300.1 (accession number: MK875285.1), followed by a functional annotation. The
different IncX4 plasmids carrying MCR-1 showed significant similarity in the backbone.
pMJ4-4-MCR encodes pap2, T4SS, and Cag12. The pap2 gene was located in the upstream
region of MCR-1 (Figure 2).
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Klebsiella pneumoniae strain KPTA-2108

plasimd pMJ4-4-MCR o ", Yy, m T e, Y %, 4/%
Escherichia coli strain MFDS 1300~ @< — < << M << —— K< =< e
plasmid pMFDS1300.1 ~ i )
(MK875285) W % " g, Y, " %y O g%, % "’Cg/
Escherichia coli strain MFDS1318
plasmid pMFDS1318.1 5 P . .
(MK875282) ot Sop % Y, ey, e ey e ey K % o %

Escherichia coli strain MFDS2258
plasmid pMFD$2258.1
(MK869757)

Figure 2. Comparative structural map of pMJ4-4 MCR with other plasmids.

The pMJ4-4-MCR (accession number: CP107047) was compared with pMFDS2258.1
(accession number: MK869757.1), pMFDS1318.1 (accession number: MK875282.1), and
PMFDS1300.1 (accession number: MK875282.1) for annotation of the genes surrounding
MCR-1 and the type IV secretion system (T4SS). Open reading frames are shown as arrows.
Green indicates genes associated with mobile elements, red indicates genes associated with
resistance, light yellow indicates genes associated with the T4SS system, orange indicates
other functional genes, hypothetical proteins are marked in gray, and regions with high
homology are shaded in pink.

Phylogenetic analysis of the pMJ4-4-MCR plasmid is shown in Figure 3. BLAST
comparison revealed 100 similar plasmids to pMJ4-4-MCR. The pMJ4-4-MCR was aligned
to 100 IncX4 plasmids carrying MCR-1, and a phylogenetic tree was constructed. Plasmids
carrying MCR-1 were found to remain significantly homologous between different strains,
suggesting that IncX4-type plasmids can be transmitted horizontally among different
strains. The phylogenetic tree showed that the IncX4 plasmid carrying MCR-1 was more
frequent in E. coli, and the IncX4 plasmids from E. coli strains showed close homology with
those from other strains. It is suggested that E. coli may be served as the vector of IncX4
plasmid transmission between different bacteria, and the IncX4-type plasmid carrying
MCR-1 in KPTA-2108 may have come from other Enterobacteriaceae bacteria.

Figure 3. Phylogenetic tree of pMJ4-4 MCR and other IncX4-type plasmids.

The phylogenetic tree was constructed by combining pMJ4-4-MCR with 100 strains of
different genera carrying the MCR-1 plasmids. The different colored fragments represent
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the different bacterial genera carrying the IncX4 plasmid. The green fragment indicates
E. coli, the yellow fragment indicates K. pneumoniae, the orange fragment indicates Salmonella
spp., and the blue fragment indicates KPTA-2108.

4. Discussion

K. pneumoniae is a common hospital-acquired pathogenic microorganism and a serious
health problem whose drug resistance has also received wide attention and research. In
recent years, isolation of colistin-resistant K. pneumoniae has been conducted in different
regions. For example, in 2021, Cao et al. reported the coexistence of plasmid-borne
colistin resistance gene MCR-1, carbapenem resistance gene blanpys.5, and blacrx-p-55 in
pneumococcal ST485 isolates, and it can be transmitted in Enterobacteriaceae strains [41].
Moreover, some isolates carried multiple MCR genes, including MCR-1, MCR-3 and MCR-
8 [42]. In this study, K. pneumoniae strain KPTA-2108 carrying the MCR-1 plasmid was
isolated, and whole-genome sequencing of the isolate revealed that the colistin resistance
gene MCR-1 was located in the Incx4-type pMJ4-4MCR plasmid. The presence of the
MCR-1 on the plasmid poses a barrier to its treatment in the clinic. A combination of
experimental and previous findings suggested that IncX4-type plasmids carrying MCR-1
can be transmitted horizontally between strains [43]. Some studies have reported that IncX4
plasmids were highly transmissible, with a transfer frequency 10?-10° times higher than
that of the prevalent IncFII plasmids [44] and that IncX4 plasmids can be stably maintained
in host bacteria, suggesting that IncX4-type plasmid may pose a greater threat than other
types [45].

The MCR-1 gene has been extensively identified worldwide since it was first reported
in China in 2015 [46], especially in animals and animal food. There are many large-scale
livestock breeding industries in Shandong Province, and colistin has been used for many
years as a growth promoter in livestock feed or in the treatment of bacterial infectious
diseases such as bovine mastitis [47], leading to a higher isolation rate of pathogenic
strains carrying colistin resistance genes in livestock and poultry compared to humans,
and most of them were E. coli strains [48]. The present study also confirmed that E. coli
strains in Enterobacteriaceae carrying the MCR-1 resistance gene occurred more frequently
than Salmonella and K. pneumoniae, and they were most likely to play a mediating role
in the spread of resistance to other strains. As far as we know, this is the first time that
K. pneumoniae carrying MCR-1 plasmid has been isolated from a hospital in the Tai’an
area, which suggested that this type of pathogenic bacteria may have already spread in the
region, so further epidemiological investigation of K. pneumoniae is necessary.

In the case of colistin resistance in KPTA-2108, it was interesting to note that colistin
resistance-related genes were annotated both on the plasmid and chromosome. Among
them, eptA, rosA, rosB, arnA and pmrE as endogenous genes on the chromosome have been
reported to be related to colistin resistance, their expression can change due to mutations in
resistant bacteria [49,50]. But their contribution to colistin resistance was not investigated
in depth in this study. According to the results of conjugation and the drug sensitivity tests,
the MIC of the recipient E. coli EC600 was 4, which was equal to the donor KPTA-2108
(MIC = 4) [51], thus indicating that colistin resistance genes located on the plasmid may
have a greater contribution than those on the chromosome. These two different resistance
mechanisms were likely to confer synergistic colistin resistance to the K. pneumoniae [52].
Genes on the chromosome can affect progeny bacteria through vertical transmission, but
genes on the plasmid can spread horizontally between strains of different genera. This raises
the prevalence of colistin resistance in K. pneumoniae and warns us to pay extra attention
to the genetic inheritance and evolution of this resistant bacterium. However, it was
noteworthy that a recent article reported that MCR-1 was found on chromosomes, which
indicates that the gene had been integrated and stabilized within the chromosome [53].

Recent studies suggested that K. pneumoniae had many virulence-related factors, includ-
ing adherence factors, trophic factors, nutritional factors, secretion systems, and toxins [54].
Among them, increased LPS synthesis and efficiency of iron acquisition through iron
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carriers were the main factors of enhanced virulence in K. pneumoniae. In order to charac-
terize virulence genes carried on the KPTA-2108, the VFDB database was used to obtain
functional annotation information of genes related to virulence. Among the plasmids of
KPTA-2108, the T4SS secretion system was annotated in the pMJ4-4MCR plasmid, and
it could produce sex hairs (F-hairs) and transfer resistance genes between bacteria [55].
It is also the structural basis of plasmid propagation, which explains the success of the
conjugation test [56].

We analyzed the relationship between mobile genetic elements on the plasmids and
resistance genes (Table S4). pMJ4-1 carried an abundance of resistance genes, and trans-
posase annotation results showed that the plasmid carried transposases 1526, [Skpn, IS903,
and ISEcl1. The resistance genes blacrx-p-15, blaTep-1p, and qnrS1 in pMJ4-3 were all found
to be encoded in the complex transposon ISKpn19. These results illustrate the intrinsic
linkage of drug-resistance genes and mobile genetic elements on plasmids [57].

Previous studies have shown that the IncX4 plasmid plays an important role in the
propagation of the MCR-1 gene in Enterobacteriaceae [58]. IncX4 plasmids carrying MCR-1
showed significant similarity in the backbone [59]. In this study, pMJ4-4MCR was shown
to be an IncX4-type plasmid. Functional annotation of the plasmid structure revealed
that pMJ4-4MCR encodes the MCR-1 resistance gene and the T4SS secretion system gene
and encodes the complete pap2 gene. Previous reports have shown that MCR-1, together
with the pap2 gene, is required for reduced colistin sensitivity [60]. These genes may be
responsible for the resistance and horizontal transmission that pMJ4-4MCR has [61]. By
aligning pMJ4-4MCR with the most similar plasmids for gene annotation, gene deletions
were found in pMJ4-4MCR, but this did not affect the horizontal spread of MCR-1.

In conclusion, this study characterized a strain of CPKP isolated for the first time in
Tai’an, Shandong Province. With the help of whole-genome sequencing and functional
annotation methods, the resistance genes, virulence genes, and mobile genetic elements
carried by KPTA-2108 were elucidated. For the IncX4-type pMJ4-4-MCR plasmid, which
can be transmitted horizontally, the prevalent characteristics and structural features of
pMJ4-4-MCR were analyzed by bioinformatics, and the mechanism of horizontal transfer
of pMJ4-4-MCR was attempted to be described. The results showed that KPTA-2108 is an
MDR strain with chromosomes carrying an abundance of drug resistance and virulence
genes, which is manifested by the multi-drug resistance and pathogenicity to humans of
KPTA-2108. IncX4 types carrying MCR-1 are more frequently prevalent in E. coli. pMJ4-4-
MCR in the IV secretion system was annotated, and it is closely related to the horizontal
transmission of plasmids. The increased of clinically isolated CPKP warns us that the MCR
gene has been rapidly spreading before we could prepare for this phenomenon, that more
attention should be paid to the prevalence of MCR-1 in livestock, hospital, and community
settings, and that efforts are needed to control the spread of MCR-carrying bacteria.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/pathogens12020221/s1, Table S1: The accession number of
100 plasmids. Table S2: The virulence gene on chromosome KPTA-2108. Table S3: Mobile ge-
netic elements and resistance genes carried by chromosome KPTA-2108. Table S4: Mobile genetic
elements and resistance genes carried by plasmid KPTA-2108.

Author Contributions: Q.L. performed the most experiments, analyzed data and wrote the manuscript.
Z.G. analyzed data and made figures. G.Z. and N.L. helped analyze the data and revised the
manuscript. G.B. and M.J. designed the whole study and reviewed the manuscript. All authors have
read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: The study was carried out in accordance with the approved
guidelines of the Ethics Committee of Tai’an City Central Hospital with written informed consent
from all subjects. All the subjects gave written informed consent.


https://www.mdpi.com/article/10.3390/pathogens12020221/s1
https://www.mdpi.com/article/10.3390/pathogens12020221/s1

Pathogens 2023, 12, 221 10 of 12

Informed Consent Statement: Written informed consent has been obtained from the patient(s) to
publish this paper.

Data Availability Statement: The data presented in the study are deposited in the GenBank repos-
itory under BioProject number PRJNA887220 and accession number SAMN31156880. The gene
sequence accession number of chromosome KPTA-2108 was CP107043, plasimds pMJ4-1: CP107043,
pMJ4-2: CP107044:CP107045, pMJ4-3: CP107046, and pMJ4-4MCR: CP107047.

Conflicts of Interest: The authors declare that the research was conducted in the absence of any
commercial or financial relationships that could be construed as a potential conflict of interest.

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Yang, F; Deng, B.; Liao, W.; Wang, P.; Chen, P.; Wei, J. High rate of multiresistant Klebsiella pneumoniae from human and animal
origin. Infect. Drug Resist. 2019, 12, 2729-2737. [CrossRef]

Sequeira, R.P.; McDonald, J.A.K.; Marchesi, ].R.; Clarke, T.B. Commensal Bacteroidetes protect against Klebsiella pneumoniae
coloni-zation and transmission through IL-36 signalling. Nat. Microbiol. 2020, 5, 304-313. [CrossRef] [PubMed]

Liang, X.; Chen, P; Deng, B.; Sun, EH.; Yang, Y.; Yang, Y.; He, R.; Qin, M.; Wu, Y,; Yang, E; et al. Outcomes and Risk Factors
of Bloodstream Infections Caused by Carbapenem-Resistant and Non-Carbapenem-Resistant Klebsiella pneumoniae in China.
Infect. Drug Resist. 2022, 15, 3161-3171. [CrossRef] [PubMed]

Zhou, M.; Xiao, M.; Hou, R.; Wang, D.; Yang, M.; Chen, M.; Chen, L. Bundles of care for prevention of ventilator-associated
pneumonia caused by carbapenem-resistant Klebsiella pneumoniae in the ICU. Am. |. Transl. Res. 2021, 13, 3561-3572.
Livermore, D.M.; Warner, M.; Mushtagq, S.; Doumith, M.; Zhang, J.; Woodford, N. What remains against carbapenem-resistant
En-terobacteriaceae? Evaluation of chloramphenicol, ciprofloxacin, colistin, fosfomycin, minocycline, nitrofurantoin, temocillin
and tigecycline. Int. |. Antimicrob. Agents 2011, 7, 415-419. [CrossRef]

Liu, Y.-Y.,; Wang, Y.; Walsh, T.R.; Yi, L.-X.; Zhang, R.; Spencer, ]J.; Doi, Y.; Tian, G.; Dong, B.; Huang, X.; et al. Emergence of
plasmid-mediated colistin resistance mechanism MCR-1 in animals and human beings in China: A microbiological and molecular
biological study. Lancet Infect. Dis. 2016, 16, 161-168. [CrossRef] [PubMed]

Zhao, X.; Hu, M.; Zhang, Q.; Zhao, C.; Zhang, Y.; Li, L.; Qi, J.; Luo, Y.; Zhou, D.; Liu, Y. Characterization of integrons and
antimicrobial resistance in Salmonella from broilers in Shandong, China. Poult. Sci. 2020, 99, 7046-7054. [CrossRef] [PubMed]
Jovcic, B.; Novovic, K.; Dekic, S.; Hrenovic, J. Colistin Resistance in Environmental Isolates of Acinetobacter baumannii. Microb.
Drug Resist. 2021, 27, 328-336. [CrossRef]

Hu, Y.-Y;; Wang, Y.-L.; Sun, Q.-L.; Huang, Z.-X.; Wang, H.-Y.; Zhang, R.; Chen, G.-X. Colistin resistance gene mcr-1 in gut flora of
children. Int. J. Antimicrob. Agents 2017, 50, 593-597. [CrossRef]

Jian, Z.; Zeng, L.; Xu, T,; Sun, S;; Yan, S.; Yang, L.; Huang, Y.; Jia, J.; Dou, T. Antibiotic resistance genes in bacteria: Occurrence,
spread, and control. . Basic Microbiol. 2021, 61, 1049-1070. [CrossRef]

Shapovalova, V.; Shaidullina, E.; Azizov, I; Sheck, E.; Martinovich, A.; Dyachkova, M.; Matsvay, A.; Savochkina, Y.; Khafizov, K,;
Kozlov, R.; et al. Molecular Epidemiology of mcr-1-Positive Escherichia coli and Klebsiella pneumoniae Isolates: Results from
Russian Sentinel Surveillance (2013-2018). Microorganisms 2022, 10, 2034. [CrossRef] [PubMed]

Lu, J.; Dong, N.; Liu, C.; Zeng, Y.; Sun, Q.; Zhou, H.; Hu, Y.; Chen, S.; Shen, Z.; Zhang, R. Prevalence and molecular epidemiology
of mer-1-positive Klebsiella pneumoniae in healthy adults from China. J. Antimicrob. Chemother. 2020, 75, 2485-2494. [CrossRef]
[PubMed]

Ngbede, E.O.; Poudel, A.; Kalalah, A.; Yang, Y.; Adekanmbi, F; Adikwu, A.A.; Adamu, A.M.; Mamfe, L.M.; Daniel, S.T.; Useh,
N.M.; et al. Identification of mobile colistin resistance genes (mcr-1.1, mcr-5 and mcr-8.1) in Enterobacteriaceae and Alcaligenes
faecalis of human and animal origin, Nigeria. Int. |. Antimicrob. Agents 2020, 56, 106108. [CrossRef] [PubMed]

Tada, T.; Uechi, K.; Nakasone, I.; Nakamatsu, M.; Satou, K.; Hirano, T.; Kirikae, T.; Fujita, ]. Emergence of IncX4 plasmids encoding
mcr-1 in a clinical isolate of Klebsiella pneumoniae in Japan. Int. J. Infect. Dis. 2018, 75, 98-100. [CrossRef] [PubMed]

Wyres, K.L.; Holt, K.E. Klebsiella pneumoniae as a key trafficker of drug resistance genes from environmental to clinically
im-portant bacteria. Curr. Opin. Microbiol. 2018, 45, 131-139. [CrossRef] [PubMed]

Rossen, J.; Friedrich, A.; Moran-Gilad, J. Practical issues in implementing whole-genome-sequencing in routine diagnostic
microbiology. Clin. Microbiol. Infect. 2018, 24, 355-360. [CrossRef] [PubMed]

Balloux, F; Brynildsrud, O.B.; van Dorp, L.; Shaw, L.P.; Chen, H.; Harris, K.A.; Wang, H.; Eldholm, V. From Theory to Practice:
Translating Whole-Genome Sequencing (WGS) into the Clinic. Trends Microbiol. 2018, 26, 1035-1048. [CrossRef]

Pornsukarom, S.; Van Vliet, A.H.M.; Thakur, S. Whole genome sequencing analysis of multiple Salmonella serovars provides
insights into phylogenetic relatedness, antimicrobial resistance, and virulence markers across humans, food animals and
agriculture environmental sources. BMC Genom. 2018, 19, 801. [CrossRef]

Llarena, A.-K.; Taboada, E.; Rossi, M. Whole-Genome Sequencing in Epidemiology of Campylobacter jejuni Infections. J. Clin.
Microbiol. 2017, 55, 1269-1275. [CrossRef]

Prendeville, S.; Sanders, C.; Sherry, J.; Costa, F. Circular Economy: Is It Enough. EcoDesign Centre, Wales. 2014. Available online:
http:/ /www.edcw.org/en/resources/circulareconomy-it-enough (accessed on 21 July 2014).


http://doi.org/10.2147/IDR.S219155
http://doi.org/10.1038/s41564-019-0640-1
http://www.ncbi.nlm.nih.gov/pubmed/31907407
http://doi.org/10.2147/IDR.S367588
http://www.ncbi.nlm.nih.gov/pubmed/35747334
http://doi.org/10.1016/j.ijantimicag.2011.01.012
http://doi.org/10.1016/S1473-3099(15)00424-7
http://www.ncbi.nlm.nih.gov/pubmed/26603172
http://doi.org/10.1016/j.psj.2020.09.071
http://www.ncbi.nlm.nih.gov/pubmed/33248621
http://doi.org/10.1089/mdr.2020.0188
http://doi.org/10.1016/j.ijantimicag.2017.06.011
http://doi.org/10.1002/jobm.202100201
http://doi.org/10.3390/microorganisms10102034
http://www.ncbi.nlm.nih.gov/pubmed/36296310
http://doi.org/10.1093/jac/dkaa210
http://www.ncbi.nlm.nih.gov/pubmed/32516364
http://doi.org/10.1016/j.ijantimicag.2020.106108
http://www.ncbi.nlm.nih.gov/pubmed/32721596
http://doi.org/10.1016/j.ijid.2018.08.011
http://www.ncbi.nlm.nih.gov/pubmed/30149089
http://doi.org/10.1016/j.mib.2018.04.004
http://www.ncbi.nlm.nih.gov/pubmed/29723841
http://doi.org/10.1016/j.cmi.2017.11.001
http://www.ncbi.nlm.nih.gov/pubmed/29117578
http://doi.org/10.1016/j.tim.2018.08.004
http://doi.org/10.1186/s12864-018-5137-4
http://doi.org/10.1128/JCM.00017-17
http://www.edcw.org/en/resources/circulareconomy-it-enough

Pathogens 2023, 12, 221 11 of 12

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.
37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

Clinical and Laboratory Standards Institute. Performance Standards for Antimicrobial Susceptibility Testing: CLSI Supplement M100,
31th ed; CLSI: Wayne, PA, USA, 2021.

Figueroa-Bossi, N.; Balbontin, R.; Bossi, L. Preparing Bacterial Genomic DNA. Cold Spring Harb. Protoc. 2022, 2022, Pdb.prot107853.
[CrossRef]

Mikhail, K.; Jeffrey, Y.; Yu, L.; Pevzner, P.A. Assembly of long, error-prone reads using repeat graphs. Nat. Biotechnol. 2019,
37, 540-546.

Sergey, K.; Brian, PW.; Konstantin, B.; Miller, J.R.; Bergman, N.H.; Phillippy, A.M. kCanu: Scalable and accurate long-read
assembly via adaptive -mer weighting and repeat separation. Genome Res. 2017, 27, 722-736.

Hyatt, D.; Chen, G.-L.; Locascio, P.E; Land, M.L.; Larimer, EW.; Hauser, L.J. Prodigal: Prokaryotic gene recognition and translation
initiation site identification. BMC Bioinform. 2010, 11, 119. [CrossRef] [PubMed]

Lowe, T.M.; Eddy, S.R. tRNAscan-SE: A program for improved detection of transfer RNA genes in genomic sequence. Nucleic
Acids Res. 1997, 25, 955-964. [CrossRef] [PubMed]

Lagesen, K.; Hallin, P; Redland, E.A.; Staerfeldt, H.H.; Rognes, T.; Ussery, D.W. RNAmmer: Consistent and rapid annotation of
ri-bosomal RNA genes. Nucleic Acids Res. 2007, 35, 3100-3108. [CrossRef] [PubMed]

Griffiths-Jones, S.; Bateman, A.; Marshall, M.; Khanna, A.; Eddy, S. Rfam: An RNA family database. Nucleic Acids Res. 2003, 31,
439-441. [CrossRef]

Alcock, B.P; Raphenya, A.R.; Lau, T.T.Y; Tsang, K.K; Bouchard, M.; Edalatmand, A.; Huynh, W.; Nguyen, A.-L.V.; Cheng, A.A,;
Liu, S.; et al. CARD 2020: Antibiotic resistome surveillance with the comprehensive antibiotic resistance database. Nucleic Acids
Res. 2020, 48, D517-D525. [CrossRef]

Kwong, J.C.; da Silva, A.G.; Dyet, K.; Williamson, D.; Stinear, T.; Howden, B.; Seemann, T. NGMASTER: In silico multi-antigen
sequence typing for Neisseria gonorrhoeae. Microb. Genom. 2016, 2, e000076. [CrossRef]

Carattoli, A.; Zankari, E.; Garcia-Fernandez, A.; Larsen, M.; Lund, O.; Voldby Villa, L.; Meller Aarestrup, F.; Hasman, H. In Silico
Detection and Typing of Plasmids. Antimicrob using PlasmidFinder and plasmid multilocus sequence typing. Agents Chemother.
2014, 58, 3895-3903. [CrossRef]

Chen, L.; Yang, J.; Yu, J.; Yao, Z.; Sun, L.; Shen, Y.; Jin, Q. VFDB: A reference database for bacterial virulence factors. Nucleic Acids
Res. 2005, 33, D325-D328. [CrossRef]

Johansson, M.H.K.; Bortolaia, V.; Tansirichaiya, S.; Aarestrup, FM.; Roberts, A.P,; Petersen, T.N. Detection of mobile genetic
elements associated with antibiotic resistance in Salmonella enterica using a newly developed web tool: MobileElementFinder. J.
Antimicrob. Chemother. 2020, 76, 101-109. [CrossRef]

Sullivan, M.].; Petty, N.K.; Beatson, S.A. Easyfig: A genome comparison visualizer. Bioinformatics 2011, 27, 1009-1010. [CrossRef]
Yang, M.; Derbyshire, M.K.; Yamashita, R.A.; Marchler-Bauer, A. NCBI's Conserved Domain Database and Tools for Protein
Domain Analysis. Curr. Protoc. Bioinform. 2020, 69, €90. [CrossRef]

Buchfink, B.; Xie, C.; Huson, D.H. Fast and sensitive protein alignment using DIAMOND. Nat. Methods 2014, 12, 59-60. [CrossRef]
Mistry, J.; Chuguransky, S.; Williams, L.; Qureshi, M.; Salazar, G.A.; Sonnhammer, E.L.L.; Tosatto, S.C.; Paladin, L.; Raj, S.;
Richardson, L.J.; et al. Pfam: The protein families database in 2021. Nucleic Acids Res. 2021, 49, D412-D419. [CrossRef]

Sievers, E.; Wilm, A.; Dineen, D.; Gibson, T.J.; Karplus, K.; Li, W.; Lopez, R.; McWilliam, H.; Remmert, M.; Soding, J.; et al. Fast,
scalable generation of high-quality protein multiple sequence alignments using Clustal Omega. Mol. Syst. Biol. 2011, 7, 539.
[CrossRef]

Letunic, L; Bork, P. Interactive Tree Of Life (iTOL) v4: Recent updates and new developments. Nucleic Acids Res. 2019, 47, 256-259.
[CrossRef]

Russo, T.A.; Olson, R.; MacDonald, U.; Beanan, J.; Davidson, B.A. Aerobactin, but not yersiniabactin, salmochelin, or enterobactin,
enables the growth/survival of hypervirulent (hypermucoviscous) Klebsiella pneumoniae ex vivo and in vivo. Infect. Immun.
2015, 83, 3325-3333. [CrossRef]

Cao, X.; Zhong, Q.; Guo, Y.; Hang, Y.; Chen, Y.; Fang, X.; Xiao, Y.; Zhu, H.; Luo, H.; Yu, F; et al. Emergence of the Coexistence
of mcr-1, blaNDM-5, and blaCTX-M-55 in Klebsiella pneumoniae ST485 Clinical Isolates in China. Infect. Drug Resist. 2021, 14,
3449-3458. [CrossRef]

Chen, E-J.; Lauderdale, T.-L.; Huang, W.-C.; Shiau, Y.-R.; Wang, H.-Y.; Kuo, S.-C. Emergence of mcr-1, mcr-3 and mer-8 in clinical
Klebsiella pneumoniae isolates in Taiwan. Clin. Microbiol. Infect. 2020, 27, 305-307. [CrossRef]

Wu, R; Yi, L.-X;; Yu, L.-F; Wang, J.; Liu, Y.; Chen, X,; Lv, L.; Yang, J.; Liu, J.-H. Fitness Advantage of mcr-1-Bearing IncI2 and
IncX4 Plasmids in Vitro. Front. Microbiol. 2018, 9, 331. [CrossRef]

Beyrouthy, R.; Robin, F; Lessene, A.; Lacombat, I.; Dortet, L.; Naas, T.; Ponties, V.; Bonnet, R. MCR-1 and OXA-48 In Vivo
Acquisition in KPC-Producing Escherichia coli after Colistin Treatment. Antimicrob. Agents Chemother. 2017, 61, e02540-16.
[CrossRef]

Yang, Y.-Q.; Li, Y.-X; Lei, C.-W.; Zhang, A.; Wang, H.-N. Novel plasmid-mediated colistin resistance gene mcr-7.1 in Klebsiella
pneumoniae. J. Antimicrob. Chemother. 2018, 73, 1791-1795. [CrossRef]

Elbediwi, M.; Li, Y,; Paudyal, N.; Pan, H; Li, X,; Xie, S.; Rajkovic, A.; Feng, Y.; Fang, W.; Rankin, S.; et al. Global Burden of
Colistin-Resistant Bacteria: Mobilized Colistin Re-sistance Genes Study (1980-2018). Microorganisms 2019, 7, 461. [CrossRef]


http://doi.org/10.1101/pdb.prot107853
http://doi.org/10.1186/1471-2105-11-119
http://www.ncbi.nlm.nih.gov/pubmed/20211023
http://doi.org/10.1093/nar/25.5.955
http://www.ncbi.nlm.nih.gov/pubmed/9023104
http://doi.org/10.1093/nar/gkm160
http://www.ncbi.nlm.nih.gov/pubmed/17452365
http://doi.org/10.1093/nar/gkg006
http://doi.org/10.1093/nar/gkz935
http://doi.org/10.1099/mgen.0.000076
http://doi.org/10.1128/AAC.02412-14
http://doi.org/10.1093/nar/gki008
http://doi.org/10.1093/jac/dkaa390
http://doi.org/10.1093/bioinformatics/btr039
http://doi.org/10.1002/cpbi.90
http://doi.org/10.1038/nmeth.3176
http://doi.org/10.1093/nar/gkaa913
http://doi.org/10.1038/msb.2011.75
http://doi.org/10.1093/nar/gkz239
http://doi.org/10.1128/IAI.00430-15
http://doi.org/10.2147/IDR.S311808
http://doi.org/10.1016/j.cmi.2020.07.043
http://doi.org/10.3389/fmicb.2018.00331
http://doi.org/10.1128/AAC.02540-16
http://doi.org/10.1093/jac/dky111
http://doi.org/10.3390/microorganisms7100461

Pathogens 2023, 12, 221 12 of 12

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

Shafiq, M.; Huang, J.; Shah, ] M.; Wang, X.; Rahman, S.U.; Alj, I; Chen, L.; Wang, L. Characterization and virulence factors
distribution of blaCTX-M and mcr-1carrying Escherichia coli isolates from bovine mastitis. J. Appl. Microbiol. 2021, 131, 634-646.
[CrossRef]

Majewski, P.; Gutowska, A.; Smith, D.G.E.; Hauschild, T.; Majewska, P.; Hryszko, T.; Gizycka, D.; Kedra, B.; Kochanowicz, J.;
Glowinski, J.; et al. Plasmid Mediated mcr-1.1 Colistin-Resistance in Clinical Extraintestinal Escherichia coli Strains Isolated in
Poland. Front. Microbiol. 2021, 12, 547020. [CrossRef]

Nang, S.C.; Li, J.; Velkov, T. The rise and spread of mcr plasmid-mediated polymyxin resistance. Crit. Rev. Microbiol. 2019, 45,
131-161. [CrossRef]

Gogry, EA ; Siddiqui, M.T.; Sultan, I.; Haq, Q.M.R. Current Update on Intrinsic and Acquired Colistin Resistance Mechanisms in
Bacteria. Front. Med. Lausanne 2021, 8, 677720. [CrossRef]

Trimble, M.J.; Mlynarc¢ik, P.; Kolaf, M.; Hancock, R.E. Polymyxin: Alternative Mechanisms of Action and Resistance. Cold Spring
Harb. Perspect. Med. 2016, 6, a025288. [CrossRef]

Olaitan, A.; Morand, S.; Rolain, ].-M. Mechanisms of polymyxin resistance: Acquired and intrinsic resistance in bacteria. Front.
Microbiol. 2014, 5, 643. [CrossRef]

Singh, S.; Pathak, A.; Kumar, A.; Rahman, M.; Singh, A.; Gonzalez-Zorn, B.; Prasad, K.N. Emergence of Chromosome-Borne
Colistin Re-sistance Gene mcr-1 in Clinical Isolates of Klebsiella pneumoniae from India. Antimicrob. Agents Chemother. 2018, 62,
e01885-17. [CrossRef] [PubMed]

Zhao, L.; Xia, X,; Yuan, T.; Zhu, ].; Shen, Z.; Li, M. Molecular Epidemiology of Antimicrobial Resistance, Virulence and Capsular
Serotypes of Carbapenemase-Carrying Klebsiella pneumoniae in China. Antibiotics 2022, 11, 1100. [CrossRef]

Christie, P.J.; Whitaker, N.; Gonzalez-Rivera, C. Mechanism and structure of the bacterial type IV secretion systems. Biochim. et
Biophys. Acta 2014, 1843, 1578-1591. [CrossRef] [PubMed]

Wallden, K.; Rivera-Calzada, A.; Waksman, G. Microreview: Type IV secretion systems: Versatility and diversity in function. Cell.
Microbiol. 2010, 12, 1203-1212. [CrossRef]

Stokes, H.W.; Gillings, M. Gene flow, mobile genetic elements and the recruitment of antibiotic resistance genes into Gram-negative
pathogens. FEMS Microbiol. Rev. 2011, 35, 790-819. [CrossRef]

Sun, J.; Fang, L.-X.; Wu, Z; Deng, H.; Yang, R.-S,; Li, X.-P;; Li, S.-M.; Liao, X.-P; Feng, Y.; Liu, Y.-H. Genetic Analysis of the IncX4
Plasmids: Implications for a Unique Pattern in the mcr-1 Acquisition. Sci. Rep. 2017, 7, 424. [CrossRef]

Johnson, T.J.; Bielak, E.M.; Fortini, D.; Hansen, L.H.; Hasman, H.; Debroy, C.; Nolan, L.K.; Carattoli, A. Expansion of the IncX
plasmid family for improved identification and typing of novel plasmids in drug-resistant Enterobacteriaceae. Plasmid 2012, 68,
43-50. [CrossRef]

Choi, Y.; Lee, J.-Y.; Lim, S.-K.; Ko, K.S. Intact pap2 downstream of mcr-1 appears to be required for colistin resistance. Diagn.
Microbiol. Infect. Dis. 2020, 97, 114997. [CrossRef]

Juhas, M.; Crook, D.W.; Hood, D.W. Type IV secretion systems: Tools of bacterial horizontal gene transfer and virulence. Cell.
Microbiol. 2008, 10, 2377-2386. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


http://doi.org/10.1111/jam.14994
http://doi.org/10.3389/fmicb.2021.547020
http://doi.org/10.1080/1040841X.2018.1492902
http://doi.org/10.3389/fmed.2021.677720
http://doi.org/10.1101/cshperspect.a025288
http://doi.org/10.3389/fmicb.2014.00643
http://doi.org/10.1128/AAC.01885-17
http://www.ncbi.nlm.nih.gov/pubmed/29133565
http://doi.org/10.3390/antibiotics11081100
http://doi.org/10.1016/j.bbamcr.2013.12.019
http://www.ncbi.nlm.nih.gov/pubmed/24389247
http://doi.org/10.1111/j.1462-5822.2010.01499.x
http://doi.org/10.1111/j.1574-6976.2011.00273.x
http://doi.org/10.1038/s41598-017-00095-x
http://doi.org/10.1016/j.plasmid.2012.03.001
http://doi.org/10.1016/j.diagmicrobio.2020.114997
http://doi.org/10.1111/j.1462-5822.2008.01187.x

	Introduction 
	Materials and Methods 
	Bacterial Isolation and Identification 
	Antimicrobial Susceptibility Assay 
	Conjugation Test 
	Bacterial DNA Extraction and Sequencing 
	DNA Sequence Analysis 
	Bioinformatics Analyses 

	Results 
	The Results of The Drug Sensitivity Test 
	Genome Characterization and Functional Gene Annotation of KPTA-2108 
	Characterization of pMJ4-4-MCR 

	Discussion 
	References

