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plasmids and chromosomes
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Vajihe Sadat Nikbin1 and Mohammad Sholeh1

1Department of Bacteriology, Pasteur Institute of Iran, Tehran, Iran, 2Isfahan Endocrine and
Metabolism Research Center, Isfahan University of Medical Sciences, Isfahan, Iran
Background: The global spread of plasmids carrying carbapenemase genes

within carbapenem resistant Acinetobacter baumannii (CRAB) strains poses a

worldwide public health issue. In this study, we conducted a comprehensive

genetic analysis of plasmids and chromosomes harboring the major

carbapenemase genes (blaNDM, blaKPC, blaVIM, blaIMP, blaGES, blaOXA-58-like,

blaOXA-24/40-like, blaOXA-143-like, and blaOXA-23-like) in CRAB strains using

bioinformatic tools.

Methods: We retrieved plasmids and chromosomes carrying the major

carbapenemase genes from GenBank. The size, replicon type, and conjugal

apparatus of the plasmids were also determined. Furthermore, allele types, co-

existence of other antimicrobial resistance genes alongside carbapenemases in

plasmids or chromosomes, co-occurrence of carbapenemase genes, gene

repetition, and sequence types (ST) of whole genomes were characterized.

Results: The database contained 113 plasmids and 38 chromosomes harboring

carbapenemase genes. This investigation revealed that blaNDM and blaOXA-58-like

were the predominant allele types in both the plasmids and chromosomes. Nine

(7.96%) plasmids with blaNDM-1 were potentially conjugative. The most common

replicon types of the plasmids were R3-T1, R3-T8, R3-T2, R3-T23, and RP-T1.

The analysis revealed that blaNDM-1 and blaOXA-58-like genes possessed the

highest variety of co-existence with other antibiotic resistance genes. The co-

occurrence of dual carbapenemases was identified in 12 plasmids and 19

chromosomes. Carbapenemase gene repetitions were identified in 10 plasmids

and one chromosome. Circular alignment revealed that the plasmids carrying the

co-occurrence of blaNDM-1 and blaOXA-58 were more homogeneous. However,

there was heterogeneity in certain regions of these plasmids. According to the

minimum spanning tree (MST) results, the majority of the plasmids belonged to

the genomes of ST2Pas, ST1Pas, ST422Pas, ST622Pas, and ST85Pas.

Conclusion: A. baumannii appears to have a strong ability for genome plasticity

to incorporate carbapenemase genes on its plasmids and chromosomes to

develop resistance against carbapenems. Mobilizable plasmids harboring
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carbapenemases significantly contribute to the dissemination of these genes.

The genetic structure of the plasmids revealed a strong associations of class I

integrons, ISAba-like structures, Tn4401 elements, and aac (6′)-Ib with

carbapenemases. Furthermore, gene repetition may also be associated with

carbapenem heteroresistance.
KEYWORDS

Acinetobacter baumannii, carbapenem resistant, carbapenemase, gene repetition,
sequence type
1 Introduction

Acinetobacter baumannii is a member of the ESKAPE group

(Enterococcus faecium, Staphylococcus aureus, Klebsiella

pneumoniae, A. baumannii, Pseudomonas aeruginosa, and

Enterobacter spp.). A. baumannii is an opportunistic pathogen

that has been identified as an important cause of nosocomial

infections, including ventilator-associated pneumonia in intensive

care units, urinary tract, and bloodstream infections (Flores-Paredes

et al., 2021; Nocera et al., 2021). These infections are associated with

significant mortality rates owing to high levels of antimicrobial

resistance (Alrahmany et al., 2022). Carbapenems are used as a

last resort to treat severe infections caused by multidrug-resistant

(MDR) and extensively drug-resistant (XDR) strains (Zalegh et al.,

2023). In addition, carbapenem-resistant A. baumannii (CRAB)

isolates have been categorized by the World Health Organization

(WHO) as one of the 12 top priority resistant bacteria that pose the

greatest threat to public health (Hsieh et al., 2020). The main cause

of carbapenem resistance in A. baumannii isolates is the acquisition

of metallo-beta-lactamases (MBLs), class A carbapenemases (for

example, KPC), and carbapenem-hydrolyzing class D beta-

lactamase (CHDLs) enzymes (Kyriakidis et al., 2021).

Treatment of antibiotic-resistant A. baumannii isolates is

becoming increasingly difficult due to the co-existence of

carbapenemase-encoding and other antibiotic-resistance genes,

including aminoglycoside-modifying genes and plasmid-mediated

quinolone resistance (Wasfi et al., 2021). However, these resistance

genes are often located in mobile genetic elements (MGEs),

including conjugative plasmids, transposons, integrons, and

insertion sequences. They can be easily expanded and transferred

between various bacterial species (Horne et al., 2023). Conjugative

plasmids, which include the origin of the transfer (oriT) region,

relaxase enzyme, type IV coupling protein (T4CP), and a gene

cluster for the bacterial type IV secretion system (T4SS) apparatus,

are essential for the horizontal gene transfer and dissemination of

carbapenemase genes (Li et al., 2018). Lam et al. (2022) classified A.

baumannii plasmids into three categories based on the Pfam

domains of the replication initiation protein including RP, R1,

and R3. Plasmids that contain conjugation genes and are often

associated with various acquired antibiotic resistance genes belong
02
to the four most common types: RP-T1, R3-T1, R3-T2, and R3-T3

(Lam et al., 2023). Plasmids carrying resistance genes are strongly

related to specific sequence types (STs), including ST2, ST1, and

ST3, which can cause nosocomial infections and outbreaks (Frenk

et al., 2022). Therefore, the genetic characterization of these

plasmids in successful international clones is important for

understanding the carbapenemase-harboring bacteria and for

effective decision-making in infection prevention strategies.

In this study, we conducted an in silico analysis and

comparative assessment of carbapenemase harboring plasmids

(CHPs) and chromosomes (CHCs) in A. baumannii. The primary

objective was to identify the genetic structures of various allele types

of the major carbapenemase genes (blaIMP, blaVIM, blaGES, blaNDM,

blaOXA-58-like, blaOXA24/40-like, blaOXA-143-like, and blaOXA-23-like)

using bioinformatic tools. Additionally, this study characterized the

genetic properties of both CHPs and CHCs, encompassing replicon

types, conjugation ability, co-existence (linkage of carbapenemases

with other antimicrobial resistance genes), co-occurrence (presence

of at least two carbapenemase genes in one strain), gene repetition,

and phylogenetic relatedness.
2 Materials and methods

2.1 Preparation of the initial dataset and
characterization of carbapenemases

Nucleotide sequences of nine major carbapenemase genes

(blaNDM, blaKPC, blaVIM, blaIMP, blaGES, blaOXA-58-like, blaOXA-24/

40-like, blaOXA-143-like, and blaOXA-23-like) in A. baumannii strains

were retrieved from GenBank (https://www.ncbi.nlm.nih.gov/

genbank/) (Benson et al., 2017). Two BLAST approaches

including Microbial BLAST (https://blast.ncbi.nlm.nih.gov/

Blast.cgi?PAGE_TYPE=BlastSearch&BLAST_SPEC=Microbial

Genomes) and Standard Nucleot ide BLAST (https : / /

blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&BLwwer

eeee_SPEC=GeoBlast&PAGcompleteSearch) was used to retrieve

all completed plasmids and partial DNA fragments carrying

carbapenemase genes, respectively. The criteria used to retrieve all

carbapenemases were ≥ 80% identity and 100% coverage.
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2.2 Allele types and genetic environment
of carbapenemases

The allele types of the mentioned carbapenemase genes were

determined (cut-off was 100% identity and 100% coverage) using

the beta-lactamase database (http://bldb.eu/) (Naas et al., 2017).

Additionally, the prevalence of each allele type was determined.

Moreover, the genetic contexts of nine carbapenemase genes

present on both plasmids and chromosomes were characterized.

The most prevalent of genetic structure for each gene was depicted.
2.3 Detection of other AMR genes on the
retrieved DNAs

The Comprehensive Antibiotic Resistance Database (CARD)

(https://card.mcmaster.ca/home) was used to identify the

presence of various antimicrobial resistance genes against beta-

lactams, carbapenems, macrolides, aminoglycosides, and other

antibiotics (Islam et al., 2023). The co-existence (gene linkage) of

A. baumannii plasmids and chromosomes harboring major

carbapenemase genes with various antimicrobial resistance-

associated genes was investigated. Co-occurrence was determined

based on the presence of at least two major carbapenemase genes in

an isolate.
2.4 Genetic characterization and replicon
typing of plasmids
carrying carbapenemases

The conjugation apparatus of the plasmids was identified using

oriTfinder (https://bioinfo-mml.sjtu.edu.cn/oriTfinder/) (Li et al.,

2018). The presence or absence of conjugation elements, including

oriT, relaxase-encoding genes, T4CP, and T4SS in the CHPs was

determined using this web tool. The replicon type for each plasmid

was determined using local BLASTn. In addition, carbapenemase

gene repetition in the plasmids was performed. Moreover,

information on the geographical regions, isolation sources,

collection date, host disease, and hosts of all isolates harboring

crabapenemase genes were extracted.
2.5 Phylogenetic analysis and circular
alignment of carbapenemase-
harboring plasmids

We conducted a distribution analysis of bacterial

accessory genomic elements using ClustAGE (https://

bmcbioinformatics.biomedcentral.com) (Ozer, 2018). This tool

creates a presence/absence matrix, which is subsequently

converted into an unweighted pair-group method with arithmetic

mean (UPGMA) dendrogram using the Anvi’o tool. UPGMA was

used to determine the phylogenetic relationships among all CHPs

(Xu et al., 2023). The results were visualized using the Interactive
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Tree Of Life (iTOL) platform (https://itol.embl.de) (Letunic and

Bork, 2021). In addition, multiple circular alignments were applied

to compare the similarity and heterogeneity of plasmids carrying

blaNDM-1/blaOXA58-like using the BLAST Ring Image Generator

(BRIG) version 0.95 (https://brig.sourceforge.net/) (Yao et al.,

2022). Differences in the gene content of these plasmids were

determined through pan-genome analysis using Roary (Rapid

large-scale prokaryote pan-genome analysis) version 3.11.2

(http://sanger-pathogens.github.io/Roary) (Page et al., 2015),

which operates on annotated assemblies in GFF3 format

produced by Prokka (rapid prokaryotic genome annotation)

version 1.14.5 (http://www.vicbioinformatics.com/software.prokka

.shtml) (Seemann, 2014).
2.6 Clonal relatedness of strains harboring
carbapenemase genes

The distribution of major carbapenemase genes among the

different STs was assessed. For each plasmid, ST of the related

chromosome was determined using seven housekeeping genes

(cpn60, fusA, gltA, pyrG, recA, rplB, and rpoB) from the

PubMLST database (https://pubmlst.org). The clonal relatedness

of STs was characterized using PHYLOViZ version 2.0 (http://

www.phyloviz.net) to generate a minimum spanning tree (MST) for

all STs (Nascimento et al., 2017).
3 Results

3.1 The prevalence and the allele types of
the various carbapenemase genes

A total of 415 DNA fragments containing partial DNA plasmids

(n= 264), complete plasmids (n= 113), and chromosomes (n= 38)

carrying carbapenemase genes were extracted from the GenBank

database using microbial and standard BLAST. The most prevalent

alleles of carbapenemase genes found on the all retrieved DNAs

were blaNDM-1 (77/96), blaOXA-58 (64/81), blaOXA-72 (42/70),

blaOXA-366 (11/53), blaIMP-1 (13/47), blaGES-11 (12/32), blaOXA-253
(4/17), blaVIM-2 (6/13), and blaKPC-3 (3/6) (Figure 1).
3.2 The prevalence of carbapenemase
genes carrying on plasmids
and chromosomes

The prevalence of plasmids harboring carbapenemase genes

was as follows: blaOXA-24 (46/113), blaOXA-58 (34/113), blaNDM (25/

113), and blaGES (8/113). In contrast, the prevalence of

chromosomes bearing these genes included blaNDM (32/38). The

detailed information is as follows: 12 blaNDM-1, one blaNDM-2, one

blaNDM-6, one blaNDM-1/blaOXA-58-like, 17 blaNDM-1/blaOXA-23-like,

blaOXA-23-like (3/38), blaOXA-58-like (2/38), and blaKPC-3 (1/38)

(Tables 1, 2).
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3.3 Genetic characterization of plasmids
harboring carbapenemases

The size of the complete plasmids harboring carbapenemase

genes varied from 83,610 to 335,718 bp. The majority of plasmids

carrying carbapenemase genes, such as blaNDM, blaOXA-58-like, and

blaOXA-24-like, fell within the range of 10,000 to 50,000 bp. In

contrast, plasmids housing blaGES genes tended to be larger,

typically in the range of 50,000 to 100,000 bp. Nine (7.96%, 9/

113) plasmids were identified as potentially conjugative, as they

carried all four essential conjugal components including oriT,

relaxase, type IV coupling protein (T4CP), and type IV secretion

system (T4SS). The presence of blaGES was exclusively confined to

plasmids with RP-T1 replicon type (100%, 8/8). On the other hand,

the blaNDM genes were primarily related to plasmids with the R3-

T23 replicon type (32%, 8/25). Similarly, blaOXA-24 and blaOXA-58
were predominantly associated of plasmids with the R3-T1 replicon

type (45.65%, 21/46 and 32.35%, 11/34) (Table 1).
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3.4 Epidemiological data on A. baumannii
harboring carbapenemases in plasmids
and chromosomes

In this study, a notable proportion of A. baumannii strains

harboring carbapenemases in plasmids and chromosomes were

derived from blood samples. Furthermore, it is important to

highlight that all hosts of these isolates were Homo sapiens.

Respiratory and nosocomial infections were the predominant

diseases associated with the isolates. Notably, plasmids carrying

the blaGES (25%, 2/8), blaOXA-24-like (13.04%, 6/46), blaNDM (32%,

8/25), and blaOXA-58-like (17.6%, 6/34) genes were identified in

Germany, the United States, and China, respectively. Additionally, a

substantial percentage of chromosomes harboring carbapenemases

was identified in India (50%, 19/38). Detailed information on the

geographical regions, isolation sources, collection date, host disease,

and hosts of plasmids and chromosomes carrying carbapenemases

is shown in Tables 1, 2.
FIGURE 1

The prevalence of allele types in the nine major carbapenemase genes (blaNDM, blaKPC, blaVIM, blaIMP, blaGES, blaOXA-58-like, blaOXA-24/40-like, blaOXA-143-
like, and blaOXA-23-like).
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TABLE 1 The data on the geographical regions, isolation sources, years, hosts, genetic characteristics and Rep types of the plasmids harboring carbapenemases isolated from A. baumannii strains.

Gene Rep* ST* Conjugal apparatus

oriT Relaxase T4SS T4CP

blaGES RP-

T1

1 – + + –

blaGES RP-

T1

N.D – + + –

blaGES RP-

T1

N.D – + + –

blaGES RP-

T1

158 – + + –

blaGES RP-

T1

1 – + + –

blaGES+ blaOXA-

23-like

RP-

T1

158 – + + –

blaGES RP-

T1

400 – + + –

blaOXA-24-like R3-T1 2 – – – –

blaOXA-24-like R3-T1 N.D – – –

blaGES RP-

T1

85 – + + –

blaOXA-24-like R3-T2 N.D – – – –

blaNDM-1 R3-

T23

N.D + + + +

blaOXA-24-like R3-T2 N.D – – – –

blaOXA-24-like R3-T8 N.D – – – –

blaNDM-1 R3-

T17

23 – – + –

blaNDM-1 R3-

T28

138 + + + +

blaOXA-24-like R3-T8 108 – – – –

blaOXA-24-like R3-

T24

46 – – – –

blaOXA-58-like

+ blaIMP

N.D 1547 – – + +

blaOXA-24-like R3-T8 N.D – – – –

blaOXA-58-like R3-T8 N.D – – – –

blaOXA-24-like R3-T1 2 – – – –

blaOXA-24-like R3-T1 2 – – – –
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NZ_CP008707.1 p1AB5075 USA SAMN02894434 AB5075-UW 2008 Homo

sapiens

Nosocomial

infection

Osteomyelitis 83610

NZ_KY022424.1 pAb8098 Tunisia SAMN14227393 Ab8098 N.D N.D N.D N.D 82667

NZ_CP070361.1 pAB5075-

VUB-itrA_3

Belgium SAMN17898088 AB5075-VUB-itrA 2008 Homo

sapiens

N.D N.D 87892

NZ_CP102817.1 unnamed3 Belgium SAMN25131638 AB32-VUB 2014 Homo

sapiens

N.D N.D 88562

NZ_CP070365.1 pAB5075-VUB_3 Belgium SAMN17898087 AB5075-VUB 2008 Homo

sapiens

N.D N.D 83362

NZ_LT984690.1 I Kuwait SAMEA104446236 K50 2008 N.D N.D N.D 79598

NZ_CP087299.1 p1OC070 Germany SAMN23078463 OC070 N.D Homo

sapiens

N.D N.D 83611

CP087323.1 p2OC043 N.D N.D N.D N.D N.D N.D N.D 15932

MN266872.1 pAC1-BRL N.D N.D N.D N.D N.D N.D N.D 16673

NZ_CP087311.1 p2OC068 Germany SAMN23078460 OC068 N.D Homo

sapiens

N.D N.D 83611

GQ904227.1 pMMCU3 N.D SAMN14225470 N.D N.D N.D N.D N.D 8964

KC503911.1 pNDM-AB China SAMN14225924 GF216 N.D pig N.D Lung 47098

GQ377752.1 pMMA2 N.D SAMN14225395 N.D N.D N.D N.D N.D 10679

GQ476987.1 pMMCU2 N.D SAMN14225384 CU2 N.D N.D N.D N.D 10270

CP048828.1 pABF9692 China SAMN14072279 ABF9692 2017 Duck N.D Trachea 264805

CP047975.1 pDETAB2 China SAMN13884837 DETAB-P2 2019 Homo

sapiens

Cholecystitis Rectal swab 100072

CP046901.1 pA1429a China SAMN13565236 A1429 2010 Homo

sapiens

Nosocomial

infection

Secretion 7852

CP043954.1 pK09-14 Malaysia SAMN12769618 K09-14 2017 N.D N.D Soil 7791

CP042557.1 pE47_001 Australia SAMN12289292 E47 2013 N.D N.D Room 327867

GQ904226.1 Pmmd N.D SAMN14225471 N.D N.D N.D N.D N.D 9964

EU294228.1 pABIR N.D SAMN14225727 trans conjugant

1 (MAD)

N.D N.D N.D N.D 29823

CP031446.1 pAB120 USA SAMN09769497 MDR-UNC 2012 Homo

sapiens

Necrotizing

fasciitis

ulcer 10879

CP087322.1 p1OC043 N.D N.D N.D N.D N.D N.D N.D 21542
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TABLE 1 Continued

Gene Rep* ST* Conjugal apparatus

oriT Relaxase T4SS T4CP

blaOXA-24-like N.D N.D – – – –

blaOXA-24-like N.D N.D – – – –

blaOXA-24-like R3-T1 78 – – – –

blaOXA-58-like R3-

T14

N.D – – – –

blaOXA-24-like R3-T2 N.D – – – –

blaNDM-1 R3-

T23

10 – – – –

blaNDM-1 R3-

T23

10 – – – –

blaOXA-58-like R3-

T25

107 – – – –

blaOXA-58-like R3-

T25

1472 – – – –

blaOXA-58-like R3-T1 N.D – + – –

blaOXA-24-like N.D 78 – – – –

blaOXA-24-like R3-T1 636 – – – –

blaNDM-1 R3-

T57

126 – – – –

blaOXA-58-like R3-

T28

N.D – + – –

blaOXA-24-like R3-T1 N.D – – – –

blaOXA-24-like R3-T1 N.D – – – –

blaOXA-24-like R3-T1 N.D – – – –

blaOXA-58-like R3-T7 1554 – – – –

blaOXA-58-like R3-

T14

109 – – – –

blaOXA-58-like R3-

T21

2253 – – – –

blaNDM-1+

blaOXA-58

N.D 422 – – – –
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ig
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0
9

Accession

number

Plasmid Geographic

location

BioSample

accession

Strain Collection

date

Host Host disease Isolation

source

Molecular

size (bp)

OK492158.1 pAbCTX17a N.D N.D N.D N.D N.D N.D N.D 17003

OK492157.1 pAbCTX11 N.D N.D N.D N.D N.D N.D N.D 15343

OK546135.1 pAbCTX16 N.D N.D N.D N.D N.D N.D N.D 19656

MK323042.1 pAb45063_a N.D SAMN14228622 Acb-45063 N.D N.D N.D N.D 19808

FM210331.1 Pabva01 Italy SAMN14229501 VA-56600 2000 N.D N.D Broncho

alveolar

8963

CP050416.1 pPM193665_1 India SAMN14420254 PM193665 2019 Homo

sapiens

Wound Pus 150385

CP050426.1 pPM194122_1 India SAMN14420255 PM194188 2019 Homo

sapiens

Pneumonia BAL 150385

CP051867.1 pAb-C63_1 Ghana SAMN14667517 Ab-C63 2016 Homo

sapiens

N.D Sputum 81353

CP051863.1 pAb-C102_1 Ghana SAMN14667518 Ab-C102 2016 Homo

sapiens

N.D Blood 90089

KY202457.1 pIBAC_oxa58_2RED N.D SAMN14227360 AB2RED09 N.D N.D N.D N.D 25311

CP059731.1 pAbCTX13_17kb France SAMN15501316 AbCTX13 2017 Homo

sapiens

Peritoneal Peritoneal 17003

CP087356.1 p2DB002 N.D N.D N.D N.D N.D N.D N.D 11084

CP059301.1 pAC1633 Malaysia SAMN15574350 AC1633 2016 Homo

sapiens

Pneumonia Blood 174292

CP059478.1 p17-84_OXA China SAMN15637465 17-84 2017 Homo

sapiens

N.D N.D 108715

OK492155.1 pAbCTX19 N.D N.D N.D N.D N.D N.D N.D 8970

CP081138.1 pARLG_6420_1 USA SAMN16351204 ARLG_6420 2018 Homo

sapiens

N.D Blood 11323

AB823544.1 pAB-NCGM253 Russia SAMN18276099 GIMC5510 2017 Homo

sapiens

Sepsis Blood 8970

CP072528.1 pDETAB5 China SAMN18498586 DETAB-E227 2019 N.D N.D N.D 97035

CP076809.1 p2UC20804 Chile SAMN19356540 UC20804 2010 Homo

sapiens

Bacteremia Peritoneal 17469

CP084298.1 pLHC22-2-tetX-162k China SAMN20477964 LHC22-2 2020 N.D N.D Feces 162264

CP104343.1 unnamed1 USA SAMN21493827 2021CK-01300 2021 Homo

sapiens

N.D Wound

Abscess

335718

*Rep, replicase (rep) gene of plasmids.
*ST, Sequence type.
N.D, Not determined.
Presence (+), Absence (-).
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TABLE 2 The data on the geographical regions, isolation sources, years, hosts, and clonal relatedness of the chromosomes of A. baumannii strains
harboring carbapenemases.

Accession
number

Geographic
location

BioSample
accession

Strain
Collection

date
Host

Host
disease

Isolation
source

Gene ST*
Molecular
size (bp)

CP038644.1 India SAMN11311113 ACN21 2018
Homo
sapiens

Bacteremia Blood blaNDM-1 85 3827138

CP053215.1 Tanzania SAMN14833494 DT0544C 2017
Homo
sapiens

Bacteremia N.D blaNDM-1 374 3912346

CP050403.1 India SAMN14414761 VB2486 2019
Homo
sapiens

Pneumonia Sputum blaNDM-1 1 4137731

CP050523.1 India SAMN14410111 VB7036 2019
Homo
sapiens

Bacteremia Blood
blaNDM-1+
blaOXA-23

2 4052480

CP050388.1 India SAMN14409628 VB473 2019
Homo
sapiens

Respiratory Sputum
blaNDM-1+
blaOXA-23

2 3948250

CP085788.1 N.D SAMN14226727 RCH52 N.D N.D N.D N.D
blaOXA-565

+
blaOXA-10

729 4023505

CP040087.1 India SAMN11571817 VB35575 2018
Homo
sapiens

Sepsis Blood
blaNDM-1+
blaOXA-23

2 4031418

CP040050.1 India SAMN11557458 VB16141 2019
Homo
sapiens

Sepsis Blood
blaNDM-1+
blaOXA-23

622 4082961

CP034427.1 India SAMN11554995 VB1190 2019
Homo
sapiens

Sepsis Blood
blaNDM-1+
blaOXA-58

1786 3240866

CP040040.1 India SAMN11554497 VB958 2019
Homo
sapiens

Sepsis Blood
blaNDM-1+
blaOXA-23

Unknown 2944648

KJ748372.1 Puerto Rico SAMN03175026 M3AC9-7 2009
Homo
sapiens

septicemia Blood blaKPC-3 250 97550

CP035930.1 India SAMN10170272 VB31459 2017
Homo
sapiens

Bacteremia Blood blaNDM-1 Unknown 3078300

CP026338.1 Mexico SAMN07559626 810CP 2015
Homo
sapiens

Acute
Myeloid
Leukemia

feces
blaOXA-
23-like

156 4089681

CP018861.2 Mexico SAMN06093832 11510 2012
Homo
sapiens

N.D Bronchial
blaOXA-
23-like

156 4085913

LN997846.1 France SAMEA3715145 N.D 2014 N.D N.D N.D blaNDM-1 126 3939746

CP027528.1 N.D SAMN04014924 AR_0083 N.D N.D N.D N.D
blaNDM-1+
blaOXA-23

1 4149444

LN868200.1 France SAMEA3751109 N.D 2013 N.D N.D N.D blaNDM-1 267 3819158

CP021345.1 India SAMN03771550 B11911 2014
Homo
sapiens

Bacteremia Blood
blaNDM-1+
blaOXA-23

149 4018724

AP014649.1 Nepal SAMD00020223 IOMTU433 2013
Homo
sapiens

N.D N.D
blaNDM-1+
blaOXA-23

622 4000970

CP072290.1 India SAMN18452698 KSK18 2020
Homo
sapiens

Respiratory Respiratory
blaNDM-1+
blaOXA-23

622 4095769

CP091350.1 Belgium SAMN25131660
AB212-
VUB

N.D
Homo
sapiens

N.D N.D blaOXA-58 2 3922329

CP091361.1 Belgium SAMN25131649
AB177-
VUB

N.D
Homo
sapiens

N.D N.D blaNDM-1 85 4014141

CP088894.1 China SAMN23553143 XH1935 2021
Homo
sapiens

N.D Sputum
blaNDM-1+
blaOXA-23

164 3858469

CP088895.1 China SAMN23553142
DETAB-
R21

2021
Homo
sapiens

N.D
Rectal
swab

blaNDM-1+
blaOXA-23

164 3862196

CP087312.1 Germany SAMN23078459 OC059 N.D
Homo
sapiens

N.D N.D blaNDM-2 103 3860314

(Continued)
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3.5 The co-existence of other antimicrobial
resistance genes in the plasmids and
chromosomes harboring carbapenemases

Antimicrobial resistance genes against various classes of

antibiotics, including beta-lactams, carbapenems, macrolides,

aminoglycosides , sulfonamides, tr imethoprim (TMP),

tetracyclines, rifampin, fluoroquinolones, and phenicols, along

with genes encoding efflux pump proteins and antiseptic

resistance genes, were found in plasmids and chromosomes

carrying carbapenemase genes. Carbapenemase gene carriage is a

prerequisite for plasmid selection. Co-existence of blaIMP and

resistance genes against macrolides, aminoglycosides, beta-

lactams, carbapenems, sulfonamides, TMP, phenicols, and a

disinfectant (qacEdelta1) was observed. Additionally, blaGES co-

existed with resistance genes against aminoglycosides, beta-lactams,

carbapenems, sulfonamides, TMP, and a disinfectant (qacEdelta1).

The blaOXA-24/40-like-resistant genes related to macrolides. The

blaNDM genes were associated with resistance genes against beta-

lactams, carbapenems, macrolides, aminoglycosides, sulfonamides,

TMP, tetracyclines, rifampin, fluoroquinolones, phenicols, and

disinfectants (qacG and qacE). Similarly, blaOXA-58-like was

observed in co-existence with resistance genes against beta-

lactams, carbapenems, macrolides, aminoglycosides, sulfonamides,
Frontiers in Cellular and Infection Microbiology 11
TMP, tetracyclines, rifampin, fluoroquinolones, phenicols, and

disinfectants (qacEDelta1, and qacG). Moreover, blaOXA-24/40-like

was linked to macrolide resistance genes (Figure 2).
3.6 The co-occurrence of plasmids and
chromosomes harboring
carbapenemase genes

Analysis of the data retrieved from the GenBank database

revealed the co-occurrence of predominant allele types of

carbapenemase genes in the plasmids and chromosomes. This co-

occurrence was observed in 12 plasmids, among which 10 harbored

both blaNDM-1 and blaOXA-58-like genes, one contained both blaOXA-

58-like and blaIMP genes, and one harbored both blaGES and blaOXA-

23-like genes. Notably, there was no co-occurrence of blaOXA-24-like

and other carbapenemase genes in the plasmids dataset (Table 1

and Figure 3). Furthermore, co-occurrence was found in

19 chromosomes, which can be categorized as follows:17

chromosomes carried both blaNDM-1 and blaOXA-23-like genes, one

chromosome contained both blaNDM-1 and blaOXA-58-like genes, and

one chromosome exhibited co-occurrence of blaOXA-23-like and

blaOXA-10 genes. Notably, there was no co-occurrence of blaKPC-3
with other carbapenemase genes in the chromosomes (Table 2).
TABLE 2 Continued

Accession
number

Geographic
location

BioSample
accession

Strain
Collection

date
Host

Host
disease

Isolation
source

Gene ST*
Molecular
size (bp)

CP086759.1 Germany SAMN23041240 ACI713 2018
Homo
sapiens

N.D N.D blaOXA-58 2 3935674

CP082952.1 Lebanon SAMN21240079 Cl300 2015
Homo
sapiens

Respiratory
Tracheal
aspirate

blaNDM-1 85 4007379

CP072300.1 India SAMN18452712 KSK20 2020
Homo
sapiens

Respiratory Respiratory
blaNDM-1+
blaOXA-23

622 4095769

CP072295.1 India SAMN18452699 KSK19 2020
Homo
sapiens

Respiratory Respiratory
blaNDM-1+
blaOXA-23

622 4095778

CP040047.1 Germany SAMN25263435 Nord4-2 2018
Homo
sapiens

N.D N.D blaNDM-1 Unknown 3294487

CP072285.1 India SAMN18452659 KSK11 2020
Homo
sapiens

Respiratory Respiratory blaNDM-1 622 4080146

CP072280.1 India SAMN18452342 KSK10 2020
Homo
sapiens

Respiratory Respiratory
blaNDM-1+
blaOXA-23

622 4096957

CP072275.1 India SAMN18452334 KSK7 2020
Homo
sapiens

Respiratory Respiratory
blaNDM-1+
blaOXA-23

622 4095769

CP072270.1 India SAMN18452234 KSK6 2020
Homo
sapiens

Respiratory Respiratory
blaNDM-1+
blaOXA-23

622 4091200

CP072398.1 India SAMN18451305 KSK2 2020
Homo
sapiens

Respiratory Respiratory blaNDM-1 622 4081424

CP072122.1 India SAMN18396008 KSK1 2020
Homo
sapiens

Respiratory Respiratory blaNDM-1 622 4038785

CP060013.1 USA SAMN15738014 TP3 2016
Homo
sapiens

Nosocomial
infection

Human
clinical

blaNDM-1+
blaOXA-23

570 3871732

CP065392.1 Spain SAMN15676490 AbBAS-1 2019
Homo
sapiens

Dysuria Clinical blaNDM-6 85 4007838
fr
*ST, Sequence type.
N.D, Not determined.
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3.7 The gene repetition in the plasmids
and chromosomes

In this study, carbapenemase gene repetitions were identified in

seven plasmids harboring blaOXA-24-like (CP107035.1, CP087324.1,

CP087323.1, CP081138.1, CP071920.1, CP031446.1, and

JX069966.1), three plasmids harbored blaOXA-58-like (CP027184.1,

CP027179.1, and CP000864.1), and one chromosome (CP091350.1)

had blaOXA-58-like. Carbapenemase gene repetitions were not

detected within the plasmids or chromosomes carrying other

carbapenemase gene variants.
3.8 Genetic environment of
carbapenemase genes

Two copies of ISAba125 flanked blaNDM-1. The blaNDM cluster

was sequentially embedded in the ISAba125-IS30- blaNDM-bleMBL-

tat-cutA structure. blaOXA-58 is located in the ISAba3-blaOXA-58-

ISAba3-like structure. This was followed by araC1 (a putative

transcriptional regulator) and lysE (a putative threonine efflux

protein). The blaKPC gene was flanked by two copies of Tn4401.

This transposon also harbors the ISKpn6, ISKpn7, transposase, and

resolvase genes. The blaGES gene is located in a class 1 integron. The

blaGES gene cassette is downstream of aacA4 gene, which encodes

AAC (6′)-Ib aminoglycoside acetyltransferase. This was followed by
Frontiers in Cellular and Infection Microbiology 12
the dfrA7 gene cassette, trimethoprim resistance gene, and

qacEdelta1. The blaIMP gene was found in the blaIMP-qacG2-

aacA4-catB3-sul cassette array and was the most abundant gene

in the class 1 integrons. This array contained genes that confer

resistance to quaternary ammonium compounds (qacG),

aminoglycosides (aacA4), and chloramphenicol (catB3). XerC/

XerD-like binding sites flanked the blaOXA-24/40-like genes. In

addition, blaOXA-23 was flanked by two copies of ISAba1. This

arrangement was followed by the ATPase and helicase

genes (Figure 4).
3.9 Comparative analysis of plasmids
carrying blaNDM-1 and blaOXA-58

Multiple circular alignments of the plasmids carrying the co-

occurrence of blaNDM-1 and blaOXA-58 were performed, including

p1VB280820 (CP098792.1), p1VB280821 (CP098796.1),

pAC1633-1 (CP059301.1), pABF9692 (CP048828.1), unnamed4

(CP104336 .1 ) , unnamed2 (CP104339 .1 ) , unnamed2

(CP104348 .1 ) , unnamed1 (CP104352 .1 ) , unnamed1

(CP104343 .1) , unnamed2 (CP104345 .1) , pccbh31258

(CP101888.1), and pCCBH31270 (CP101886.1). In this study,

plasmid unnamed2 (CP104447.1) was used as a reference

(Figure 5). These plasmids appeared to be more homogeneous in

their genetic structure, marked by the presence of a set of common
A B

D E

C

FIGURE 2

The prevalence of other antimicrobial resistance in plasmids containing major carbapenemase genes. The co-existence rate of other antibiotic
resistance genes detected in plasmids harboring blaIMP gene (A), blaGES gene (B), blaOXA-24/40-like gene (C), blaNDM gene (D), and blaOXA-58-like (E).
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genes, including acrA, acrE, actP, adh, aes, aphA, betI, bin3, aacA4,

and acoR, as well as the antibiotic resistance genes, blaNDM-1 and

blaOXA-58, which were consistently present across all plasmids.

Despite their homogeneity, certain regions of the plasmids

displayed heterogeneity. For example, plasmid pccbh31258

(CP101888.1), featured unique genes such as camA and cydA, and

plasmid p1VB280820 (CP098792.1), had rep and sasA genes.

Additionally, plasmids unnamed4 (CP104336.1) and unnamed2

(CP104345.1) were identified the unique genes noc and

recD2, respectively.
3.10 Clonal relatedness of A. baumannii
strains carrying carbapenemase genes

The clonal relatedness of A. baumannii strains carrying

carbapenemase genes can be classified as follows. Most blaOXA-58-

like and blaOXA-24/40-like genes were associated with ST2pas. The

blaNDM gene were predominantly associated with ST622pas. In

contrast, the blaIMP, blaKPC, and blaOXA-23-like genes were

primarily correlated with ST1547pas, ST250pas, ST156pas, and

ST729pas, respectively. Some STs were linked to only one specific

carbapenemase gene, such as ST1547pas with blaIMP, ST250
pas with

blaKPC, ST156
pas,or ST729pas with blaOXA-23-like. Additional STs,

including ST2pas, ST422pas, ST1pas, ST85pas, ST1786pas, ST23pas,

ST10pas, ST412pas, ST374pas, ST1554pas, ST138pas, and ST126pas,
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displayed a multi-harboring pattern with carbapenemase genes,

including blaNDM, blaOXA-58-like, blaOXA-23-like, blaOXA-24/40-like,

and blaGES. In a separate analysis of the A. baumannii

chromosomes, thirty-eight non-redundant chromosomes were

identified, revealing 15 different STs. Notably, the co-occurrence

of the blaNDM and blaOXA-23-like genes was predominantly

associated with ST622pas. In contrast, chromosomes carrying

blaOXA-58-like genes were exclusively linked to ST2pas. Moreover,

chromosomes associated with ST103pas, ST85pas, and ST250pas

carried various carbapenemase genes, including blaNDM-2,

blaNDM-6, and blaKPC-3, respectively. Chromosomes harboring

blaOXA-23-like genes were exclusively identified in association with

ST156pas (Figure 6).
4 Discussion

Carbapenem resistant A. baumannii poses a significant

challenge because it is a leading cause of community-acquired

and nosocomial infections, contributing to elevated morbidity and

mortality rates (Mirzaei et al., 2020). Carbapenems are last-line

antibiotics against these infections. However, MDR and XDR A.

baumannii isolates complicate treatment (Katip et al., 2022).

The presence of carbapenemase genes, including blaNDM,

blaKPC, blaVIM, blaIMP, blaGES, blaOXA-58-like, blaOXA-24/40-like,

and blaOXA-23-like, could be a public health concern. In addition,
FIGURE 3

Phylogenetic UPGMA of carbapenemase-harboring plasmids from A. baumannii. Inner ring: 8 ranges for size of plasmids (yellow to navy blue color
spectrum). Middle ring: carbapenemase genes (blue-blaNDM, purple-blaGES, red-blaOXA-58-like, and crimson-blaOXA-24-like). Outer ring: other
carbapenemase genes (orange-blaIMP, gray-blaOXA-23-like, red-blaOXA-58-like).
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carbapenemase genes on conjugative plasmids contribute to higher

dissemination rates of these genes between bacteria (Benson et al.,

2017). In the current study, bioinformatic tools were used to present

more information on the genetic characteristics of A. baumannii

plasmids and chromosomes harboring carbapenemase genes.

According to the results of this study, blaNDM and blaOXA-58
were the most prevalent carbapenemase genes in the plasmids and

chromosomes. Consistent with the current study, Monnheimer

et al. showed that the most abundant carbapenemases in A.

baumannii were belonged to these genes (Monnheimer et al., 2021).

Our study revealed significant findings regarding the co-

existence of various aminoglycoside resistance genes, such as aac

(3)-Iid, aac(6’)-Ib4, aph(3’)-Ia, aadA2, ant(2’’)-Ia, aac(6’)-Ib1, aph

(6)-Id, aph(3’)-Via, aph(3’’)-Ib, aph(3’’)-Ib, aph(6)-Id, aac(6’)-Ib9,

aac(3)-IId, aph(3’)-Ia, aac(3)-Iic, ant(3’’)-Iic, aph(3’)-Vib, arr-2, aph

(3’)-VI, aac(6’)-Ib9, and aac(3)-Iie with carbapenemases.

Furthermore, Nowak et al. (2014) have previously reported

similar observations regarding the co-existence of carbapenemases

and aminoglycoside resistance genes (Nowak et al., 2014).
Frontiers in Cellular and Infection Microbiology 14
Any action to combat the spread of antibiotic resistance genes

requires the identification of the potential sources and genetic

environment of these genes. The study of MGEs associated with

antibiotic resistance genes could provide valuable epidemiological

information to identify potential sources. The genetic environment

of the carbapenemase genes is consistent with the results of many

studies conducted on this topic. Among the MBLs, blaKPC and

blaNDM were associated with Tn4401/non-Tn4401 elements and

ISAba125/Tn125, respectively. Whereas, the blaVIM and blaIMP were

associated with class 1 integron (Reyes et al., 2020; Wang et al.,

2023). Nguye et al. showed that the blaOXA-58 is located in an

ISAba3-blaOXA-58-ISAba3-like structure (Nguyen et al., 2020).

In parallel with our study findings, Lasarte-Monterrubio et al.

revealed that the blaOXA-24/40-like was associated with the XerC/

XerD-like binding site, while blaOXA-23 was flanked by ISAba

(Lasarte-Monterrubio et al., 2022). Transposons and integrons,

found in different plasmids and bacterial clones, are indicative of

their transmissibility and mobilization within various genetic

elements (Reyes et al., 2020). MGEs, including conjugative
A
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FIGURE 4

Genetic environments of major carbapenemase genes (A) blaNDM-1 (accession number: KC503911.1). (B) blaNDM-1/blaOXA-58 (CP104348.1). (C) blaNDM-1/
blaOXA-23 (CP050523.1). (D) blaKPC (KJ748372.1). (E) blaOXA-24/40-like (CP043954.1). (F) The blaOXA-23/blaGES (LT984690.1). (G) The blaOXA-58/
blaIMP (CP042557.1).
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plasmids, transposons, integrons, and bacteriophages, act as carriers

for the acquisition and transfer of antibiotic resistance genes. They

play an important role in transferring resistance genes among

bacteria (Nadella et al., 2022). In the current study, the majority of

conjugative plasmids were linked to blaNDM, which may be the

primary reason for their high prevalence co-existence with other

antibiotic-resistance genes. In the present study, the most prevalent

replicon types were R3-T1 and R3-T2. Previous studies have shown

that blaNDM-1 in A. baumannii isolates may have chromosomal or

plasmid origin (Sánchez-Urtaza et al., 2023). According to the results

of current study, Chen et al., demonstrated the co-existence of

blaOXA-58-like with blaNDM, blaOXA-58-like with blaIMP, and blaGES
with blaOXA-23-like. This phenomenon is related to the fact that these

genes are located on the same conjugated plasmid (Chen et al., 2019).

In a recent study, blaOXA-24/40-like genes were not found to co-occur

with other carbapenemase genes. Moreover, CHCs analysis revealed

the co-occurrence of blaNDM-1, blaOXA-23, and blaOXA-58. This finding

was consistent with the results of Ramoul et al. (2016). Additionally,

we identified the co-occurrence of blaOXA-565 and blaOXA-10.

Carbapenemase gene repetition is a significant evolutionary

process that affects environmental adaptation of bacteria.

Repetition of antimicrobial genes is a prevalent metabolic factor
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that gradually changes during evolution, and plays an important

role in antimicrobial resistance. Specifically, we found

carbapenemase gene repetitions in blaOXA-24 and blaOXA-58, which

were located on both the plasmids and chromosomes. These

duplications might have contributed to the development of

carbapenems heteroresistance.

MST results revealed that the predominant STs associated

with various carbapenemase genes were ST622pas for blaNDM,

ST2pas for blaOXA-58-like, and blaOXA-24/40-like, ST1547
pas for

blaIMP, ST250
pas for blaKPC, ST156

pas for blaOXA-23-like, and

ST158pas for blaGES. In addition, there were several other multi-

harbor carbapenemase STs, including ST422pas, ST1pas, ST85pas,

ST1786pas, ST23pas, ST10pas, ST412pas, ST374pas, ST1554pas,

ST138pas, and ST126pas. These multi-harbor STs were associated

with plasmids containing the major carbapenemase genes,

including blaNDM, blaOXA-58-like, blaOXA-23-like, blaOXA-24/40-

like, and blaGES.

In the current study, ST2Pas, ST1Pas, ST422Pas, ST622Pas, and

ST85Pas were the most prevalent sequence types among the A.

baumannii isolates. This finding is consistent with the finding of

Khuntayaporn et al., study indicated that ST2 is the predominant

ST in Thailand (Khuntayaporn et al., 2021). Several studies have
FIGURE 5

The multiple circular sequence alignment and genetic environment of plasmids harboring blaNDM-1/blaOXA-58 in A. baumannii. Inner ring: size of
plasmids with co-occurrence of blaNDM-1 and blaOXA-58, and outer ring: the reference strain. Color spectrum: identity percent of the plasmids with
the reference strain.
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consistently shown that the majority of CRAB isolates are

associated with the international clone ST2, which has been

reported in various studies in Mediterranean countries According

to reports from various countries, the clonal diversity of A.

baumannii, according to the Pasteur scheme of MLST, shows that

ST2pas, ST1pas, and ST3pas are the predominant carbapenem-

resistant clones worldwide. In ST studies, ST2 was the most

dominant (Abhari et al., 2019; Khuntayaporn et al., 2021).

Between 1999 and 2009, a study conducted in four Mediterranean

countries (Greece, Italy, Lebanon, and Turkey) revealed that A.

baumannii outbreaks were predominantly driven by the

dissemination of ST2, with fewer contributions to ST1, ST25,

ST78, and ST20 (Cherubini et al., 2022). These clones were found

to carry blaOXA-58, blaOXA-23, and blaOXA-72 (Nawfal Dagher et al.,

2019; Li et al., 2023). In Greece, ST2 is the most common clone

circulating in hospitals (Pournaras et al., 2017). In addition, the

international clone ST2 is widely distributed in Lebanon (Nawfal

Dagher et al., 2019). In a study by Thadtapong et al., ST2 was most

frequently identified among colistin- and carbapenem resistant A.

baumannii isolates. This observation aligns with the findings of the

current study, indicating a consistent prevalence of ST2pas in these

isolates (Thadtapong et al., 2021). Khorshid et al. investigated the

prevalence of various STs associated with genes encoding
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aminoglycoside-modifying enzymes. Their findings revealed that

ST2 was the most prevalent among these STs. Remarkably, ST2,

identified as an international clone, exhibits substantial genetic

capacity for acquiring antimicrobial resistance genes within its

genome (Khurshid et al., 2020).

However, an increased resistance to carbapenems has been

reported worldwide. MBLs and CHDL-producing A. baumannii

isolates, which are responsible for outbreaks, have been reported in

different regions worldwide (Reyes et al., 2023). Although OXA-like

enzymes weakly hydrolyze carbapenems, they can confer high

resistance to carbapenems when associated with ISAba1 and

ISAba125 (Li et al., 2019). MBLs and CHDLs located on MGEs

spread rapidly to clonal lineages of A. baumannii (Shropshire

et al., 2022).

Conjugative plasmids are involved in the rapid spread of CRAB

(Chen et al., 2017). Therefore, these strains carrying plasmids and

chromosomes harboring different carbapenemases and other

antimicrobial resistant genes could pose a major threat to the

healthcare system. Therefore, genetic characterization of these

plasmids and chromosomes plays an important role in the

control of bacteria carrying carbapenemases.

This study provides insights into the genetic structure of

plasmids and chromosomes harboring major carbapenemase
FIGURE 6

The minimum spanning tree (MST) of STs carrying plasmids containing carbapenemase genes (blaNDM, blaKPC, blaIMP, blaGES, blaOXA-58-like, blaOXA-24/40-
like, and blaOXA-23-like) with a similarity cut-off > 4 allelic types based on multi-locus sequence typing (MLST) scheme. The numbers on the lines indicate
allelic differences between the two separate sequence types. Red: blaNDM, Green: blaOXA-58-like, Blue: blaOXA-24-like, Orange: blaGES, Purple: blaOXA-23-
like, Black: blaIMP, and Blue Navy: blaKPC genes.
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genes in CRAB. Nevertheless, the study has several limitations.

First, the initial dataset and completeness relied on GenBank

submissions and annotations. Furthermore, sampling bias exists

because the plasmids and isolates studied may not encompass the

full spectrum of CRAB strains and carbapenemase gene variations

worldwide. In summary, the limitations of this study stem from

data source dependence and sampling bias, highlighting the need

for caution when interpreting the findings.
5 Conclusion

Characterization of the genetic structures revealed that

carbapenemase genes appear not only in plasmids but also in the

chromosomes of CRAB. The co-existence of plasmids encoding

carbapenemases with other antibiotic resistance genes, co-

occurrence, and gene repetition of carbapenemases in plasmids

and chromosomes were notable findings. Conjugative plasmids

containing blaNDM-1 and blaOXA-58 pose a threat to the expansion

of carbapenem resistance. On the other hand, plasmids harboring

blaNDM are widespread. A. baumannii employ different genetic

strategies such as gene repetition and various genetic elements

(transposons, integrons, and insertion sequences) to develop

efficient resistance against carbapenems. Gene repetition,

association of resistance gene cassettes with mobile genetic

elements, acquisition of conjugative plasmids, high capacity to

acquire carbapenemase genes on plasmids and chromosomes, and

expansion of carbapenemases through successful international

clones (ST2Pas, ST1Pas, ST422Pas, ST622Pas, and ST85Pas) play

major roles in the development of resistance to carbapenems in

A. baumannii worldwide. The high consumption of antibiotics in

clinical settings exacerbates antimicrobial resistance worldwide.

Therefore, a global campaign is necessary to combat against

CRAB infection.
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El-Kholy, M. A., Hernandez, M., et al. (2023). Co-Existence of blaNDM-1, blaOXA-23,
blaOXA-64, blaPER-7 and blaADC-57 in a Clinical Isolate of Acinetobacter baumannii
from Alexandria, Egypt. Int. J. Mol. Sci. 24 (15), 12515. doi: 10.3390/ijms241512515

Seemann, T. (2014). Prokka: rapid prokaryotic genome annotation. Bioinformatics.
30 (14), 2068–2069. doi: 10.1093/bioinformatics/btu153

Shropshire, W. C., Konovalova, A., McDaneld, P., Gohel, M., Strope, B.,
Sahasrabhojane, P., et al. (2022). Systematic analysis of mobile genetic elements
mediating beta-lactamase gene amplification in noncarbapenemase-producing
carbapenem-resistant enterobacterales bloodstream infections. mSystems. 7 (5),
e0047622. doi: 10.1128/msystems.00476-22

Thadtapong, N., Chaturongakul, S., Soodvilai, S., and Dubbs, P. (2021). Colistin and
carbapenem-resistant acinetobacter baumannii aci46 in Thailand: genome analysis and
antibiotic resistance profiling. Antibiotics (Basel). 10 (9), 1054. doi: 10.3390/
antibiotics10091054

Wang, T., Zhu, Y., Zhu, W., Cao, M., and Wei, Q. (2023). Molecular characterization
of class 1 integrons in carbapenem-resistant Enterobacterales isolates. Microb. Pathog.
177, 106051. doi: 10.1016/j.micpath.2023.106051

Wasfi, R., Rasslan, F., Hassan, S. S., Ashour, H. M., and Abd El-Rahman, O. A.
(2021). Co-existence of carbapenemase-encoding genes in acinetobacter baumannii
from cancer patients. Infect. Dis. Ther. 10 (1), 291–305. doi: 10.1007/s40121-020-
00369-4

Xu, J., Guo, H., Li, L., and He, F. (2023). Molecular epidemiology and genomic
insights into the transmission of carbapenem-resistant NDM-producing Escherichia
coli. Comput. Struct. Biotechnol. J. 21, 847–855. doi: 10.1016/j.csbj.2023.01.004

Yao, M., Zhu, Q., Zou, J., Shenkutie, A. M., Hu, S., Qu, J., et al. (2022). Genomic
Characterization of a Uropathogenic Escherichia coli ST405 Isolate Harboring bla (CTX-
M-15)-Encoding IncFIA-FIB Plasmid, bla (CTX-M-24)-Encoding IncI1 Plasmid, and
Phage-Like Plasmid. Front. Microbiol. 13. doi: 10.3389/fmicb.2022.845045

Zalegh, I., Chaoui, L., Maaloum, F., Zerouali, K., and Mhand, R. A. (2023).
Prevalence of multidrug-resistant and extensively drug-resistant phenotypes of
Gram-negative bacilli isolated in clinical specimens at Centre Hospitalo-Universitaire
Ibn Rochd. Morocco. Pan Afr Med. J. 45, 41. doi: 10.11604/pamj.2023.45.41.34457
frontiersin.org

https://doi.org/10.1093/jac/dkac010
https://doi.org/10.1016/j.mib.2023.102282
https://doi.org/10.1080/22221751.2020.1822757
https://doi.org/10.1016/j.jgar.2023.02.016
https://doi.org/10.3390/pharmaceutics14061266
https://doi.org/10.1186/s12941-021-00424-z
https://doi.org/10.2147/IDR.S260643
https://doi.org/10.3390/pathogens10030373
https://doi.org/10.1128/spectrum.02478-22
https://doi.org/10.1128/spectrum.02734-21
https://doi.org/10.1093/nar/gkab301
https://doi.org/10.1186/s12879-019-4423-3
https://doi.org/10.3389/fmicb.2023.1174200
https://doi.org/10.1093/nar/gky352
https://doi.org/10.1186/s13104-020-05224-w
https://doi.org/10.1186/s13104-020-05224-w
https://doi.org/10.3390/microorganisms9030537
https://doi.org/10.3390/microorganisms9030537
https://doi.org/10.1080/14756366.2017.1344235
https://doi.org/10.1007/s11356-021-18163-1
https://doi.org/10.1007/s11356-021-18163-1
https://doi.org/10.1093/bioinformatics/btw582
https://doi.org/10.1186/s12866-019-1401-2
https://doi.org/10.1186/s12866-019-1401-2
https://doi.org/10.1155/2020/7213429
https://doi.org/10.3390/pathogens10020127
https://doi.org/10.12659/msmbr.889811
https://doi.org/10.1186/s12859-018-2154-x
https://doi.org/10.1186/s12859-018-2154-x
https://doi.org/10.1093/bioinformatics/btv421
https://doi.org/10.1016/j.ijantimicag.2017.01.028
https://doi.org/10.1016/j.ijantimicag.2017.01.028
https://doi.org/10.1016/j.jgar.2016.05.003
https://doi.org/10.1016/S2666-5247(22)00329-9
https://doi.org/10.1016/j.bjid.2020.03.002
https://doi.org/10.3390/ijms241512515
https://doi.org/10.1093/bioinformatics/btu153
https://doi.org/10.1128/msystems.00476-22
https://doi.org/10.3390/antibiotics10091054
https://doi.org/10.3390/antibiotics10091054
https://doi.org/10.1016/j.micpath.2023.106051
https://doi.org/10.1007/s40121-020-00369-4
https://doi.org/10.1007/s40121-020-00369-4
https://doi.org/10.1016/j.csbj.2023.01.004
https://doi.org/10.3389/fmicb.2022.845045
https://doi.org/10.11604/pamj.2023.45.41.34457
https://doi.org/10.3389/fcimb.2023.1283583
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

	Carbapenemase genes distribution in clonal lineages of Acinetobacter baumannii: a comprehensive study on plasmids and chromosomes
	1 Introduction
	2 Materials and methods
	2.1 Preparation of the initial dataset and characterization of carbapenemases
	2.2 Allele types and genetic environment of carbapenemases
	2.3 Detection of other AMR genes on the retrieved DNAs
	2.4 Genetic characterization and replicon typing of plasmids carrying carbapenemases
	2.5 Phylogenetic analysis and circular alignment of carbapenemase-harboring plasmids
	2.6 Clonal relatedness of strains harboring carbapenemase genes

	3 Results
	3.1 The prevalence and the allele types of the various carbapenemase genes
	3.2 The prevalence of carbapenemase genes carrying on plasmids and chromosomes
	3.3 Genetic characterization of plasmids harboring carbapenemases
	3.4 Epidemiological data on A. baumannii harboring carbapenemases in plasmids and chromosomes
	3.5 The co-existence of other antimicrobial resistance genes in the plasmids and chromosomes harboring carbapenemases
	3.6 The co-occurrence of plasmids and chromosomes harboring carbapenemase genes
	3.7 The gene repetition in the plasmids and chromosomes
	3.8 Genetic environment of carbapenemase genes
	3.9 Comparative analysis of plasmids carrying blaNDM-1 and blaOXA-58
	3.10 Clonal relatedness of A. baumannii strains carrying carbapenemase genes

	4 Discussion
	5 Conclusion
	Data availability statement
	Author contributions
	Funding
	Acknowledgments
	Conflict of interest
	Publisher’s note
	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


