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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 (blanpm, blakpc, blayim, blaymp, blaces, blaoxa-ss-like,
blaoxa-24740-like, blacxa-143-like, and blapya-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 blaypm and blaoxa-ss-like
were the predominant allele types in both the plasmids and chromosomes. Nine
(7.96%) plasmids with blanypm-1 Were potentially conjugative. The most common
replicon types of the plasmids were R3-T1, R3-T8, R3-T2, R3-T23, and RP-TL
The analysis revealed that blaypm-1 and blaoxa-ss-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 blanpm-1 and blapxa-sg 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 ST2P25, ST1PaS, ST422P3S ST6227% and ST857%,

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 |
integrons, ISAba-like structures, Tn4401 elements, and aac (6')-1b with
carbapenemases. Furthermore, gene repetition may also be associated with
carbapenem heteroresistance.
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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 (Hsich 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
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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 (blarp, blaymv, blages, blanpms
blagxa_sslike, blagxasaao-like, blagxa-143-like, and blagxa_»3-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
(blaxpms blagpe, blay, blayp, blaces, blaoxa-sslike, blaoxa 24/
so-like, blagx a-143-like, and blagxa_»3-like) in A. baumannii strains
were retrieved from GenBank (https://www.ncbinlm.nih.gov/
genbank/) (Benson et al., 2017). Two BLAST approaches
including Microbial BLAST (https://blast.ncbinlm.nih.gov/
Blast.cgi?’PAGE_TYPE=BlastSearch&BLAST_SPEC=Microbial
Genomes) and Standard Nucleotide 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
blaxpa.1/blaoxass-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 blanpm.1 (77/96), blagxa.ss (64/81), blagxa.72 (42/70),
blaoxa-ses (11/53), blapyp-y (13/47), blages.11 (12/32), blagxa-2s3
(4/17), blayn. (6/13), and blagpc_s (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: blagxa.o4 (46/113), blagxa_ss (34/113), blaxpwm (25/
113), and blaggs (8/113). In contrast, the prevalence of
chromosomes bearing these genes included blaxpy (32/38). The
detailed information is as follows: 12 blaypp.1, one blaypp.o, one
blanpae, one blanpwm.1/blagxa-sg-like, 17 blanpam-1/blaoxa-23-like,
blaoxa 23-like (3/38), blagxa sg-like (2/38), and blaxpc s (1/38)
(Tables 1, 2).
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FIGURE 1
The prevalence of allele types in the nine major carbapenemase genes (blanpm, blakpc, blayim, blamp, blages, blaoxa-ss-like, blaoxa-24/40-like, blaoxa-143-
like, and blapya-23-like).

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 blaxpm, blaoxa ss-like, and
blaoxa 24-like, fell within the range of 10,000 to 50,000 bp. In
contrast, plasmids housing blaggs 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 blaggs was exclusively confined to
plasmids with RP-T1 replicon type (100%, 8/8). On the other hand,
the blaxpm genes were primarily related to plasmids with the R3-
T23 replicon type (32%, 8/25). Similarly, blagxa o4 and blaoxa.ss
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 blacgs (25%, 2/8), blaoxs-like (13.04%, 6/46), blaxpy (32%,
8/25), and blapxa.ss-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.
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TABLE 1 The data on the geographical regions,

Accession
number

Plasmid

Geographic
location

isolation sources, years, hosts, genetic characteristics and Rep types of the plasmids harboring carbapenemases isolated from A. baumannii strains.

BioSample
accession

Strain

Collection

date

Host disease

Isolation
source

Molecular
size (bp)

Conjugal apparatus

oriT Relaxase T4SS TACP

NZ_CP008707.1 P1AB5075 USA SAMN02894434 AB5075-UW 2008 Homo Nosocomial Osteomyelitis 83610 blaggs RP- 1 - + + B
sapiens infection T1

NZ_KY022424.1 PpAb8098 Tunisia SAMN14227393 Ab8098 N.D N.D N.D N.D 82667 blaggs RP- N.D - + + -
T1

NZ_CP070361.1 pAB5075- Belgium SAMN17898088 AB5075-VUB-itrA 2008 Homo N.D N.D 87892 blaggs RP- N.D - + + B
VUB-itrA_3 sapiens T1

NZ_CP102817.1 unnamed3 Belgium SAMN25131638 AB32-VUB 2014 Homo N.D N.D 88562 blaggs RP- 158 - + + -
sapiens T1

NZ_CP070365.1 pAB5075-VUB_3 Belgium SAMN17898087 AB5075-VUB 2008 Homo N.D N.D 83362 blaggs RP- 1 - + + -
sapiens T1

NZ_LT984690.1 I Kuwait SAMEA104446236 K50 2008 N.D N.D N.D 79598 blagps+ blaoxa- RP- 158 - + + -
23-like T1

NZ_CP087299.1 p1OCO70 Germany SAMN23078463 0Co070 N.D Homo N.D N.D 83611 blaggs RP- 400 - + + -
sapiens T1

CP087323.1 p20C043 N.D N.D N.D N.D N.D N.D N.D 15932 blagx a-24-like R3-T1 2 - - - -

MN266872.1 pACI1-BRL N.D N.D N.D N.D N.D N.D N.D 16673 blapxa-2a-like R3-T1 N.D - - -

NZ_CP087311.1 p20C068 Germany SAMN23078460 0C068 N.D Homo N.D N.D 83611 blaggs RP- 85 - + + B
sapiens T1

GQ04227.1 pPMMCU3 N.D SAMN 14225470 N.D N.D N.D N.D N.D 8964 blagxa-24-like R3-T2 N.D - - - -

KC503911.1 PNDM-AB China SAMN14225924 GE216 ND pig ND Lung 47098 blaypyi R3- N.D + + + +
T23

GQ377752.1 pMMA2 N.D SAMN14225395 N.D N.D N.D N.D N.D 10679 blagx a-24-like R3-T2 N.D - - - -

GQ476987.1 pMMCU2 N.D SAMNI14225384 Ccu2 N.D N.D N.D N.D 10270 blagx a-24-like R3-T8 N.D - - - -

CP048828.1 PABF9692 China SAMN14072279 ABF9692 2017 Duck N.D Trachea 264805 blaxpm- R3- 23 - - + -
T17

CP047975.1 pDETAB2 China SAMN13884837 DETAB-P2 2019 Homo Cholecystitis Rectal swab 100072 blaxpm- R3- 138 + + + +
sapiens T28

CP046901.1 pAl1429a China SAMN13565236 A1429 2010 Homo Nosocomial Secretion 7852 blagxa-24-like R3-T8 108 - = B B

sapiens infection

CP043954.1 pK09-14 Malaysia SAMNI12769618 K09-14 2017 N.D N.D Soil 7791 blagx a-24-like R3- 46 - - - -
T24

CP042557.1 pE47_001 Australia SAMN12289292 E47 2013 N.D N.D Room 327867 blagx ass-like N.D 1547 - - + +

+ blapp
GQ904226.1 Pmmd N.D SAMN14225471 N.D N.D N.D N.D N.D 9964 blagx a-24-like R3-T8 N.D - - - -
EU294228.1 pABIR N.D SAMNI14225727 trans conjugant N.D N.D N.D N.D 29823 blagy a-ss-like R3-T8 N.D - - - -
1 (MAD)
CP031446.1 pABI20 USA SAMNO09769497 MDR-UNC 2012 Homo Necrotizing ulcer 10879 blapx a-24-like R3-T1 2 - - - -
sapiens fasciitis
CP087322.1 p1OC043 N.D N.D N.D N.D N.D N.D N.D 21542 blapxa-24-like R3-T1 2 - - - -

(Continued)

le 12 bBiag

£85¢8¢T'£202'quIdy/682¢°0T


https://doi.org/10.3389/fcimb.2023.1283583
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

10.3389/fcimb.2023.1283583

Beig et al.

(panuzuo))

- - - - aN AR M- VXOpyq SOPST aN aN aN aN aN aN aN cosevd 1'92956VNIN
€L

+ + + + i -1 waNpgq 80T aN anN aN aN 8800 AV 6Z6VIOVONINYS aN gpawreuun 1'7€5£20dD

- - - - 43 LL-€d -3¢ VXOpyq 9£0€€ aN anN aN aN aN T16F107ONINYS anN Tpaweuun 1'6L1£20dD

- - - - aN (AR M-FEVXODyq SOPST anN aN aN anN anN anN anN sgpevd T1'STIS6PNIN

- - - - 43 LL-€Y i-HVXOpyq 66909 aN aN aN aN aN €687 I0FONINYS aN gpaureuun 1'P81£20dD
€L

+ + + + 6£9 -ed WaNgyq 89€8Y aN aN aN aN aN aN aN 1-WanNgvd TOTPLLEN(

- - - - 4 LL-€d M- VXOpyq £56€1 aN aN aN aN aN aN aN 61sLzs-1dvd 1'S€0£01dD
LIL

- - - - aN 2 waNpgg £79%8 jLaitiie) aN aN aN anN 90S86ZEVIINYS wpuy ze-Nand T'ZEPEESNT
0LL

- - - - 8L -6l MY VXOpIq SS0L anN anN aN aN aN anN aN PILTETX10vd T'0€£650dD

- - - - € aN aq-HVXOnyq 89778 aN aN aN aN S1L0aVI(d SPTHOITONINYS aN s1zogv(gd T'8¥8€00dD
€L uond3jut suardes

- + + - St -l -5 VXOpyq 808¥T Ppmy dnPsy [eIW00S0N Owoy L661 Wy PTH60SLONINVS eunuasy T zvrqvd T'LVOV86AN
€L

+ + + + ais -0 NaNpyq L80TH aN aN aN aN aN aN aN 7 ey D04 T'6L0£20dV
891

- - - - aN -1 ai-VXOpyq 16811 aN aN aN aN aN aN aN 71 rzqvd T'9P0P86AM

- - + - aN LL-€d M-85 VXOpyq 18297 aN aN aN aN S10074V 65ELTTVININYS aN S1002"8sex0 Overd 1'8SPZ0TAN

- - - ww SL-d MI[-FEVXODIq S€66 aN aN aN aN aN aN aN gpaweuun THPEP01dD

- - - - aN 11-64 P-FEVXODyq 0186 aunn aN aN aN TVIN OFILITFININYS aN T-TYINd T€6L0ETX

- - - - aN AR aq-FEVXODyq 0v88 aN aN aN aN D0LV €LLITTYININYS aN £2CODLVIY. 1'8957€S M

- - - - aN AR M-V VXOpyq Th88 aN aN aN aN D01V TLLOTTYININYS aN 67€DDLVAV 1'695PES

- - - - 4 LL-€d -3¢ VXOpyq 6L78C aN anN aN anN anN anN anN opeq 1'$98000dD

- - - - aN 8I-€d PFEVXODyq 95021 aN aN aN aN TN 9599ZTFININYS aN TN-gvd TITHTZ0I

- - - - anN aN MIFEVXOpIq £00LT aN aN aN aN aN aN aN yoz - 1vead T'ELLOV6IN

- - - - 4 LL-€d MY VXOpyq 08¥EL aN aN aN aN aN aN aN L1-268-1avd 1'0261£0dD

- - - - ww FARS MY VXODyq S€66 aN aN aN aN aN anN aN Zpawreuun T'€SEF01dD

- - - - aN 1L-€d M-FEVXODgg 0£86 [eryouoxg anN aN €102 SoTY 9299TTYININVS uapamg z-so1vd T'E665£5

- - - - anN JAR'S I-HVXOpyq 6676 [eseN aN anN S00T uTgsT €THITTHININVS weuAIA 1 uggzd T'IL6TS8IM

- - - - 1 LL-€d M-85 VXOpyq 90€LE aN aN aN aN aN aN aN $9000zd T'81€£80dD

suardes
- - - - anN LL-€d MY VXOpyq 6£801 Arorendsay an owoy 010z 0931 LIEITTYININYS BuenyI 0z19ed 1'996690X(

dovl SSvL osexe|sy 1o

(dq) azis 921n0s ajep uoissadoe uoneso) Jaquinu
smyesedde jebnfuo) Jenoajow uone|os| 2seasIp 1SOH uond90D ulens aidwesolg oiydesbosry UoISSa20Y

panunuo) T 374Vl

frontiersin.org

06

Frontiers in Cellular and Infection Microbiology


https://doi.org/10.3389/fcimb.2023.1283583
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

10.3389/fcimb.2023.1283583

Beig et al.

(panunuo))
85°VXOpq suardes
- - - aN aN +!NANplq 1188z€ poorg anN OwoH 120T 80P10-3D120Z 0LOPTETININYS vsn ppawreuun T'9£€P01dD
85°VXOpjq suardes
- - - aN aN +INANDq TaLsee wmnds anN Owoy 120T LOF10-MDIZ0T 690PT6TININYS vsn Tpawreuun TLPPP01dD
85-VXOpyq $5005qY suardes
- - - a4 aN +!WaNpyq 81L5€€ punop aN owoy 120T SEETO-MOTZ0T T98E6FTININYS vsn Tpaureuun TTSEPO1dD
85VXOpjq suardes
- - - ww aN +NdNplq 8555€€E wmnds anN Owoy 120T €E€10-D120C 098E6FTININYS vsn Zpawreuun T8FEF01dD
suardes
- - - 9€9 TL-€4 A-FEVXODyq F80TT aN aN owoy aN £009a GYPBLOCTNINYS Auewran £009pzd T'9¥€L80dD
suardes
- - - o1 [ARS -5 VXOpyq STI8L poorg BlwRI)Rg owoy 810T 8SLLVIOD SLLSGTIININVS erpup Tpaweuun T10S8€0dD
YTl
- - - 6T -l I VXOpIq €6v8 asoN aN onsawop 910T 96ZELIHI 6S8LTTHININVS Smoquiaxng 967z€LIHIqVd T'80€V0LAN
suardes
- + + 1 LL-€d M-85 VXOpyq 8L978 [eayoeLL aN OwoH aN 8eceva 1ZE09760NINV'S Auewron s8-zgecevad 1'6010£0d0
suardes
- - - 4 LL-€d M-85 VXOpyq 89THT [euidsoiqaien BrwRIRg OwoH 5002 nonv £65TOE60NINYS Aperp qInoIVd TI8E1£0dD
1L suardes
- - - 4 -1 M-85 VXOpyq Sshey aN aN OwoH aN €€1S009VHOM S8SPIEBONINYS euyD £€1500785VXOd T6V£970dD
suardes
- - - 0z JARS M-85 VXOpyq 6050L aN aN OWoH aN 8L0S009VHOM P8SPOEBONINYS euryD 805007 85VXOd TSYTLTOD
611 suardes
- - - 1 2 -5 VXOpyq 9€0€€ aN anN OWoH 2002 88EV 60S9ELLONINYS 229219 ggevd T'61¥720dD
uonddyut suardes
- - - ww FARS M- VXODyq $206 poolg [BII020S0N, OwoH €102 1026 9ETOTSLONINYS 0N eroz6eqvd T'120£20dD
uonoajut suardes
- - - T SL-€4 MI-FEVXODIq 29001 uona1g TeIWO20SON OwoH 10T TH00T £ETOTSLONINYS OITRN ezpo0Teqyd T'£20€20dD
uondajur suardes
- - - [4 SL-d MI[-FEVXODyq S€66 punop [BIWO0SON, OwoH 600T P85 TET0TSLONINYS 0N espgseqyd T'S£0£20dD
A
+ + + 0€TT -of NaNpyq L80TF aN aN aN aN aN aN aN c1gvd TFL6200LIN
091 suardes
- - - <8 -l a-HVXOnyq €E€LS poorg BrRI)0Rg owoH 810T TZNOV ETTTIETININVS erpup gpawreuun T9798€0dD
LLL suardes
- - - PrST -l -5 VXOpyq 8LVET pooig BRIy Owoy 800T V8L 61TF8TLONINVS 0IIN eLpgLeqyd 1°7€0€20dD
€2l
+ + + €rS1 -l NaNpyq 65€6€ aN aN a 9107 STHINEY 10P0P090NINYS vsn $820-WaNd 1'£21920dD
- - - 44 AR M-85 VXOpyq 960€1 aN aN a 10z ®912V NO0 76965000ANYS aN €e912y n00d 1°080£20dV
suardes
- - - ww LL-€d M-85 VXOpyq 8LFEL [erypuoIg aN OWoH 8002 L0t€ 06TS8FFONINYS 0N eLozerqyd 1'69€S10dD

dovl

SSt7L asexe|ay

snmesedde jebnfuod

(dq) azis
Jeindsjop

921n0s
uone|os|

aep
uond30d

ulens

uolssadoe
aidwesolg

uoneso)

oiydesbosry

panunuo) T 374Vl

Jaquinu
UoISS92DY

frontiersin.org

07

Frontiers in Cellular and Infection Microbiology


https://doi.org/10.3389/fcimb.2023.1283583
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

10.3389/fcimb.2023.1283583

Beig et al.

(panunuo))
€L
- - + - st 2 MI[-EEVXODyq €PLSE punop anN aN aN S78qV THSSTTYININYS aN 9¢-gz8qvd 12020019
€L

+ + + + aN €1 aNpgq €8TLF poolg aN aN $10T €8€DH1 8S6LTTHININYS [zeig €8e0d1d T'TE6ES0N

- - + - aN 1164 PI-HVXODyq 96v9T aN aN aN aN 23450 T9ELTTHININVS aN €ep1gsexo Overd T'9SKTOTAN
021 suardes

+ + + + 434 €1 NaNpyq 059€9 aN PrRITg Owoy L102 D6€ET10LA 95SEERTININYS uezue ] Zpawreuun T°022£50dD

- - - - aN aN aI-FEVXOD)q 99751 anN aN aN aN aN aN aN x1ogvd 1'9ST1Z6VMO
celL suardes

- + + - or -1 M-85 VXOpyq €891€ poolg LR OwoH 0202 T4-L04OV TSPBFTOENINYS euyD £719,090vd 1°692701dD
85°VXOpq uondayur suardes

- - - - bLE aN +!WANpyq 80L0VE [eayoen [eIw000s0N OwoH 120C 0LZ1EHEOD 9101866ZNINYS zeig 0£z1€Hg00d 1'988101d0
0zl uonajur suardes

- - - - bLE o1 WaNgyq 8IH0VE EREN [ew000S0N OwoH 120C 8STIEHAOD 098LL66TNINYS [zeig 85T1€4q22d 1'888101dD
121 85°VXOpq suardes

- - - - 9z1 o1 +IWaNpyq 1€9171 poofg erwaIa)g OwoH 0202 1280874 A 98FI868TNINYS wpuy 12808zdATd 1'96.860dD
1L 85°VXOpjq suardes

- - - - 9z1 2 +1NaNp)q 679171 poolg BrRITg OWoH 0202 028087 T0S0868TNINYS wpuy 0z8087dATd 1'76£860dD
suardes

- - - - 8L aN M- VXODIq Stest aN aN Owoy $10T ANA-0PY THOTETSTNINYS wniSpg Tpawreuun T'818701dD
suardes

- - - - 9€9 LL-€d M- VXODyq 0£86 aN anN OWoH $10T ANA-64V €E9TEISTNINYS wniSpg Tpaweuun T18201dD
01L suardes

- - - - T 2 -3¢ VXOpyq €7STl aN aN Owoy L102 ANA-€4V TEITETSININYS wniSpg pawreuun 1'$78701dD
suardes

- - - - 1 TL-€4 P-HVXODyq §559¢ aN aN Owoy aN $9000 8SPBLOCTNINYS Auewran $90001d T'61€£80dD
suardes

- - - - T 1L-€4 a-FEVXODyq WLvT aN aN OwoH aN £7000 LSP8LOETNINYS Auewzony €7000€d T¥T€L80dD
85°VXOpq $8908qy suardes

- - - - ww aN +!WaNpyq 1678€€ punom aN Owoy 1202 TEET0-MO120T 6S8E6VITNINYS vsn gpawreuun T'SPEROTAD
suardes

- - - - 9€9 LL-€d MI-FEVXOpIq Ls¥Tl anN aN OwoH aN s00dd LEPBLOSTNINYS Auewran soogapd 1'89€£80d0
suardes

- - - - 9€9 1164 a-FEVXOpyq ¥8011 aN aN OwoH aN $004Q 9PP8LOCTNINYS Auewiran yoogazd T€£££80dD
suardes

- - - - wy LL-€d MI-TEVXOpyq 78011 aN aN OwoH aN €004 SPP8LOSTNINYS Auewran coogazd 1'€5€£80d0
suardes

- - - - 9€9 LL-€d AT VXOpyq 0£86 aN aN OwoH aN 1004a EPPBLOSTNINYS Auewran 100gazd 1'9£££80dD
85°VXOpq $5925qy suardes

- - - - ww aN +1NaNpq 16L6T€ punop aN OWoH 120T 60710-3D120Z 1LOFT6ITNINYS vsn gpawreuun T'6£€701dD

dovl SSvL osexe|sy

(dq) azis 921n0s ajep uolssadoe uoneso) Jaquinu
smyesedde jebnfuo) Jenoajow uone|os| 2seasIp 1SOH uond90D ulens aidwesolg deiboany UoISSa20Y

panunuo) T 374Vl

frontiersin.org

08

Frontiers in Cellular and Infection Microbiology


https://doi.org/10.3389/fcimb.2023.1283583
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

AB0101qOIDIN UOIIDR4U| pUE JBINjI3D Ul SIS13U0I4

60

[SSIRVFETM ST

TABLE 1 Continued

Accession Plasmid Geographic BioSample Strain Collection Host disease Isolation Molecular Conjugal apparatus
number location accession date source size (bp)
oriT Relaxase T4SS T4ACP

OK492158.1 PpAbCTX17a N.D N.D N.D N.D N.D N.D N.D 17003 blapx a-24-like N.D N.D - - - -

OK492157.1 PAbCTX11 N.D N.D N.D N.D N.D N.D N.D 15343 blapxa-24-like N.D N.D - - - -

OK546135.1 PAbCTX16 N.D ND ND ND N.D ND N.D 19656 blaoxa.»4-like R3-T1 78 - - - -

MK323042.1 PpAb45063_a N.D SAMN14228622 Acb-45063 N.D N.D N.D N.D 19808 blagy a-ss-like R3- N.D - - - -

T14
FM210331.1 Pabva0l Italy SAMN14229501 VA-56600 2000 N.D N.D Broncho 8963 blagx a-24-like R3-T2 N.D - - - -
alveolar

CP050416.1 pPM193665_1 India SAMN14420254 PM193665 2019 Homo Wound Pus 150385 blaxpm. R3- 10 - - - -
sapiens T23

CP050426.1 pPM194122_1 India SAMN14420255 PM194188 2019 Homo Pneumonia BAL 150385 blaxpm-1 R3- 10 - - - -
sapiens T23

CP051867.1 pAb-C63_1 Ghana SAMNI14667517 Ab-C63 2016 Homo N.D Sputum 81353 blapxa-ss-like R3- 107 - - - -
sapiens T25

CP051863.1 PpAb-C102_1 Ghana SAMN14667518 Ab-C102 2016 Homo N.D Blood 90089 blapxa-ss-like R3- 1472 - - - -
sapiens T25

KY202457.1 PIBAC_oxa58_2RED N.D SAMN14227360 AB2RED09 N.D N.D N.D N.D 25311 blapy s ss-like R3-T1 N.D - + - -

CP059731.1 PAbCTX13_17kb France SAMN15501316 AbCTX13 2017 Homo Peritoneal Peritoneal 17003 blagxa-24-like N.D 78 - - - -
sapiens

CP087356.1 p2DB002 N.D N.D N.D N.D N.D N.D N.D 11084 blagy a-4-like R3-T1 636 - - - -

CP059301.1 PpAC1633 Malaysia SAMNI15574350 AC1633 2016 Homo Pneumonia Blood 174292 blaxpm R3- 126 - - - -
sapiens Ts57

CP059478.1 pl17-84_OXA China SAMNI15637465 17-84 2017 Homo N.D N.D 108715 blagx a-ss-like R3- N.D - + - -
sapiens T28

OK492155.1 PAbCTX19 N.D ND ND N.D N.D N.D N.D 8970 blaoxa.»4-like R3-T1 N.D - - - -

CP081138.1 PARLG_6420_1 USA SAMN16351204 ARLG_6420 2018 Homo N.D Blood 11323 blaoxa-24-like R3-T1 N.D - - - -
sapiens

AB823544.1 PAB-NCGM253 Russia SAMN18276099 GIMC5510 2017 Homo Sepsis Blood 8970 blagxa-24-like R3-T1 N.D - = B B
sapiens

CP072528.1 pDETAB5 China SAMN18498586 DETAB-E227 2019 N.D N.D N.D 97035 blagy a-ss-like R3-T7 1554 - - - -

CP076809.1 p2UC20804 Chile SAMN19356540 UC20804 2010 Homo Bacteremia Peritoneal 17469 blaoxa ss-like R3- 109 - - - -
sapiens T14

CP084298.1 PLHC22-2-tetX-162k China SAMN20477964 LHC22-2 2020 ND ND Feces 162264 blaoxa.ss-like R3- 2253 - - - -

T21

CP104343.1 unnamed1 USA SAMN21493827 2021CK-01300 2021 Homo ND Wound 335718 blanpy+ N.D 422 - - - -

sapiens Abscess blagxa.ss

*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 Geographic BioSample Strain Collection Host Isolation Molecular
number location accession date disease source size (bp)
. Homo .
CP038644.1 India SAMN11311113 ACN21 2018 sapiens Bacteremia Blood blanpwma 85 3827138
) Homo .
CP053215.1 Tanzania SAMN14833494 DT0544C 2017 sapiens Bacteremia N.D blanpm-1 374 3912346
. Homo .
CP050403.1 India SAMN14414761 VB2486 2019 saplens Pneumonia Sputum blanpa-a 1 4137731
CP050523.1 India SAMN14410111 = VB7036 2019 Homo = o teremia Blood blapa1+ 2 4052480
sapiens blaoxa 23
H ]
CP050388.1 India SAMNI14409628 | VB473 2019 OMO ' Respiratory Sputum | Clanowit 2 3948250
sapiens blaoxa-23
blaoxa-ses
CP085788.1 N.D SAMN14226727 | RCH52 N.D N.D N.D N.D + 729 4023505
blaoxa-10
CP040087.1 India SAMN11571817 = VB35575 2018 Homo Sepsis Blood blaxoy+ 2 4031418
sapiens blaoxa-23
CP040050.1 India SAMNI11557458 | VB16141 2019 Homo Sepsis Blood blaxpy 1t 622 4082961
sapiens blaoxa-23
CP034427.1 India SAMN11554995 VB1190 2019 Homo Sepsis Blood blaxy+ 1786 3240866
sapiens blaoxa.ss
CP040040.1 India SAMN11554497 | VB958 2019 Homo Sepsis Blood Blaxovi® | Unknown | 2944648
sapiens blaoxa-23
) Homo . .
KJ748372.1 Puerto Rico SAMNO03175026 M3AC9-7 2009 saplens septicemia Blood blagxpc.s 250 97550
. Homo R
CP035930.1 India SAMN10170272 VB31459 2017 sapiens Bacteremia Blood blanpm-1 Unknown 3078300
Homo Acute bla
CP026338.1 Mexico SAMNO07559626 810CP 2015 ! Myeloid feces oxa- 156 4089681
sapiens i 23-like
Leukemia
CP018861.2 Mexico SAMNO06093832 11510 2012 Homo N.D Bronchial blaoxa- 156 4085913
sapiens 53-like
LN997846.1 France SAMEA3715145 N.D 2014 N.D N.D N.D blanoys 126 3939746
CP027528.1 N.D SAMNO04014924 | AR_0083 N.D N.D N.D N.D hbll“aNDM’1+ 1 4149444
OXA-23
LN868200.1 France SAMEA3751109 N.D 2013 N.D N.D N.D blaxoy 267 3819158
CP021345.1 India SAMNO03771550 | B11911 2014 Homo . teremia Blood blapai+ 149 4018724
sapiens blaoxa-2s
H
AP014649.1 Nepal SAMDO00020223 | IOMTU433 2013 omo N.D N.D blaxpw1+ 622 4000970
sapiens blaoxa-23
H blaow.
CP072290.1 India SAMN18452698 | KSKI8 2020 OMO | pespiratory | Respiratory | NPMT 622 4095769
sapiens blaoxa-23
AB212- H
CP091350.1 Belgium SAMN25131660 N.D omo N.D N.D blaoxa.ss 2 3922329
VUB sapiens
) AB177- Homo
CP091361.1 Belgium SAMN25131649 VUB N.D capiens N.D N.D blanoy 85 4014141
CP088894.1 China SAMN23553143 | XH1935 2021 Homo N.D Sputum | UlANomot 164 3858469
sapiens blaoxa-2s
CP088895.1 China SAMN23553142 | DETAB- 2021 Homo N.D Rectal blaxpw1+ 164 3862196
R21 sapiens swab blaoxa-23
Homo
CP087312.1 Germany SAMN23078459 0C059 N.D apiens N.D N.D blaxou. 103 3860314
(Continued)
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TABLE 2 Continued
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Accession Geographic BioSample Strain Collection Host Isolation Molecular
number location accession date disease source size (bp)
Homo
CP086759.1 Germany SAMN23041240 ACI713 2018 sapiens N.D N.D blaoxa.ss 2 3935674
Homo . Tracheal
CP082952.1 Lebanon SAMN21240079 ClI300 2015 ) Respiratory . blaxpwm- 85 4007379
sapiens aspirate
H bl
CP072300.1 India SAMNI8452712  KSK20 2020 OMO | pespiratory  Respiratory = NDM1T 622 4095769
sapiens blaoxa 23
H bl .
CP072295.1 India SAMN18452699 | KSKI19 2020 OMO | pespiratory | Respiratory | NPMI¥ 622 4095778
sapiens blaoxa 23
Homo
CP040047.1 Germany SAMN25263435 Nord4-2 2018 sapiens N.D N.D blanpm-1 Unknown 3294487
. Homo . .
CP072285.1 India SAMN18452659 KSK11 2020 sapicns Respiratory Respiratory blanpm-1 622 4080146
H
CP072280.1 India SAMNI8452342  KSKI0 2020 OMO | pespiratory | Respiratory | ClANDM-Y 622 4096957
sapiens blaoxa-23
H bl
CP072275.1 India SAMNI18452334 KSK7 2020 OMO | pespiratory | Respiratory | oMt 622 4095769
sapiens blaoxa 23
CP072270.1 India SAMN18452234 KSK6 2020 Homo ¢ piratory | Respiratory = ClaNpM-r¥ 622 4091200
sapiens blaoxa-23
. Homo . .
CP072398.1 India SAMN18451305 KSK2 2020 saplens Respiratory Respiratory blaxpm-1 622 4081424
X Homo . .
CP072122.1 India SAMN18396008 KSK1 2020 sapiens Respiratory Respiratory blaypm-1 622 4038785
CP060013.1 UsA SAMNI15738014 TP3 2016 Homo | Nosocomial | Human | blaos.t 570 3871732
sapiens infection clinical blaoxa-23
. Homo . .
CP065392.1 Spain SAMN15676490 AbBAS-1 2019 sapiens Dysuria Clinical blanpm-s 85 4007838

*ST, Sequence type.
N.D, Not determined.

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, trimethoprim (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 blajp and
resistance genes against macrolides, aminoglycosides, beta-
lactams, carbapenems, sulfonamides, TMP, phenicols, and a
disinfectant (qacEdeltal) was observed. Additionally, blaggs co-
existed with resistance genes against aminoglycosides, beta-lactams,
carbapenems, sulfonamides, TMP, and a disinfectant (gacEdeltal).
The blaoxa 24/40-like-resistant genes related to macrolides. The
blanpm 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 ss-like was
observed in co-existence with resistance genes against beta-
lactams, carbapenems, macrolides, aminoglycosides, sulfonamides,

Frontiers in Cellular and Infection Microbiology

TMP, tetracyclines, rifampin, fluoroquinolones, phenicols, and
disinfectants (qacEDeltal, and gacG). Moreover, blaoxa 2440-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 blaxp 1 and blagxa ss-like genes, one contained both blagxa
sg-like and blapyp genes, and one harbored both blaggs and blagxa-
23-like genes. Notably, there was no co-occurrence of blagxs 4-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 blaxpy 1 and blapxa »3-like genes, one
chromosome contained both blanpy.1 and blagxa ss-like genes, and
one chromosome exhibited co-occurrence of blagxa.»3-like and
blaoxa 10 genes. Notably, there was no co-occurrence of blaxpc 3
with other carbapenemase genes in the chromosomes (Table 2).
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blaggy 1%
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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 blajup gene (A), blages gene (B), blaocxa-24/40-like gene (C), blanpm gene (D), and blaoxa-ss-like (E).

3.7 The gene repetition in the plasmids
and chromosomes

In this study, carbapenemase gene repetitions were identified in
seven plasmids harboring blagxa »4-like (CP107035.1, CP087324.1,
CP087323.1, CP081138.1, CP071920.1, CP031446.1, and
JX069966.1), three plasmids harbored blagx,_ss-like (CP027184.1,
CP027179.1, and CP000864.1), and one chromosome (CP091350.1)
had blapxa ss-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 blanpys.1- The blagpy cluster
was sequentially embedded in the ISAba125-IS30- blanpyi-bleyp: -
tat-cutA structure. blagxa.sg is located in the ISAba3-blagxa_ss-
ISAba3-like structure. This was followed by araCl (a putative
transcriptional regulator) and IysE (a putative threonine efflux
protein). The blaxpc gene was flanked by two copies of Tn4401.
This transposon also harbors the ISKpn6, ISKpn7, transposase, and
resolvase genes. The blaggs gene is located in a class 1 integron. The
blacgs gene cassette is downstream of aacA4 gene, which encodes
AAC (6')-Ib aminoglycoside acetyltransferase. This was followed by
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the dfrA7 gene cassette, trimethoprim resistance gene, and
qacEdeltal. The blajyp gene was found in the blajp-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 (gacG),
aminoglycosides (aacA4), and chloramphenicol (catB3). XerC/
XerD-like binding sites flanked the blagxa »4/40-like genes. In
addition, blapxa »3 was flanked by two copies of ISAbal. This
arrangement was followed by the ATPase and helicase
genes (Figure 4).

3.9 Comparative analysis of plasmids
carrying blaypm-1 and blagxa-sg

Multiple circular alignments of the plasmids carrying the co-
occurrence of blaypy; and blagxa ss were performed, including
plVB280820 (CP098792.1), p1VB280821 (CP098796.1),
pAC1633-1 (CP059301.1), pABF9692 (CP048828.1), unnamed4
(CP104336.1), unnamed2 (CP104339.1), unnamed2
(CP104348.1), unnamedl (CP104352.1), unnamed]l
(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
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genes, including acrA, acrE, actP, adh, aes, aphA, betl, bin3, aacA4,
and acoR, as well as the antibiotic resistance genes, blaxpy.; and
blaoxa.ss,» 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 unnamed?2
(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 ss-
like and blaoxa 24/40-like genes were associated with ST2P*. The
blanpm gene were predominantly associated with ST622P*. In
contrast, the blayp, blaxpc, and blagxa »3-like genes were
primarily correlated with ST1547°%*, ST250P*, ST156P*, and
ST729P%, respectively. Some STs were linked to only one specific
carbapenemase gene, such as ST1547°* with blagyp, ST250P* with
blaxpc, ST156P*0or ST729* with blagxa_»3-like. Additional STs,
including ST2P*, ST422P*, ST1P*, ST85P*, ST1786P*, ST23P*,
ST10P*, ST412P*, ST374P*, ST1554P*, ST138P*, and ST126"*,
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displayed a multi-harboring pattern with carbapenemase genes,
including blanpm, blaoxa ss-like, blagxa 3-like, blagxa 24/40-like,
and blaggs. 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 blaypm and blaoxa »3-like genes was predominantly
associated with ST622P*. In contrast, chromosomes carrying
blaoxa_ss-like genes were exclusively linked to ST2P*. Moreover,
chromosomes associated with ST103P%°, ST85P*°, and ST250P*°
carried various carbapenemase genes, including blaxpum 2»
blanpm.s» and blaxpc 3, respectively. Chromosomes harboring
blaoxa »3-like genes were exclusively identified in association with
ST156P* (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 blanp,
blaxpc, blayiv, blape, blages, blaoxa.ss-like, blaoxa.2a/a0-like,
and blapxa »3-like, could be a public health concern. In addition,
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FIGURE 4

Genetic environments of major carbapenemase genes (A) blanpm-1 (@ccession number: KC503911.1). (B) blanpm-1/blaoxa-ss (CP104348.1). (C) blanpm-1/
blapxa-23 (CP050523.1). (D) blakpc (KI748372.1). (E) blapya-24/40-like (CP043954.1). (F) The blaoya-»3/blaces (LT984690.1). (G) The blapya-ss/

blapp (CP042557.1).

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, blaypy and blaoxa ss
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’)-1b4, aph(3’)-Ia, aadA2, ant(2”)-Ia, aac(6)-1bl, aph
(6)-1d, aph(3’)-Via, aph(3”)-Ib, aph(3”)-Ib, aph(6)-1d, aac(6’)-1b9,
aac(3)-11d, aph(3’)-1a, aac(3)-lic, ant(3”)-Iic, aph(3’)-Vib, arr-2, aph
(3°)-VI, aac(6’)-1b9, 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).
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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, blaxpc and
blanpy were associated with Tn4401/non-Tn4401 elements and
ISAba125/Tn125, respectively. Whereas, the blayyy; and blapp were
associated with class 1 integron (Reyes et al.,, 2020; Wang et al,,
2023). Nguye et al. showed that the blagxa sg is located in an
ISAba3-blaox ss-ISAba3-like structure (Nguyen et al., 2020).

In parallel with our study findings, Lasarte-Monterrubio et al.
revealed that the blagxa_»4/40-like was associated with the XerC/
XerD-like binding site, while blagxa ,; 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

frontiersin.org


https://doi.org/10.3389/fcimb.2023.1283583
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
https://www.frontiersin.org

Beig et al.
1S4bal25 blevisL_ 1SAbal25
- 260 kbp
blaxow/blaoxa-ss plasmids
| 240 kbp
FIGURE 5

10.3389/fcimb.2023.1283583

CP098792.1
W 100% identity
W 70% identity

50% identity
CP098796.1
W 100% identity
W 70% identity

50% identity
CP101888.1
I 100% identity
1 70% identity

50% identity
CP104343.1

1S4ba3
) / W 100% identity
/_—blaoxa-ss 1 identi
- [ 70% identity
y 1SAba3 50% identity
CP104352.1

W 100% identity
M 70% identity

50% identity
CP104348.1
Il 100% identity
W 70% identity

50% identity
CP104339.1
0 100% identity
[0 70% identity

50% identity
CP104336.1
B 100% identity
W 70% identity

50% identity
CP104345.1
I 100% identity
I 70% identity

50% identity
CP104447.1
W 100% identity
W 70% identity

50% identity

The multiple circular sequence alignment and genetic environment of plasmids harboring blanpm-1/blacxa-ss in A. baumannii. Inner ring: size of
plasmids with co-occurrence of blaypm-1 and blaoxa-ss, and outer ring: the reference strain. Color spectrum: identity percent of the plasmids with

the reference strain.

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 blaxpy, 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 blaxypy.1 in A. baumannii isolates may have chromosomal or
plasmid origin (Sanchez-Urtaza et al., 2023). According to the results
of current study, Chen et al, demonstrated the co-existence of
blagx a_ss-like with blanpa, blaoxa-sg-like with blagyp, and blaggs
with blaoxa 3-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.»4/40-like genes were not found to co-occur
with other carbapenemase genes. Moreover, CHCs analysis revealed
the co-occurrence of blanpn 1, blaoxa 23> and blaoxa_ss. This finding
was consistent with the results of Ramoul et al. (2016). Additionally,
we identified the co-occurrence of blagxa._ses and blagxa-1o-
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 blagxa >4 and blagxa ss, 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 ST622F*° for blaypw,
ST2P* for blaoxa.ss-like, and blapxa-24/40-like, ST1547P% for
blayyp, ST250P% for blaxpc, ST156P* for blagxa.»z-like, and
ST158P* for blaggs. In addition, there were several other multi-
harbor carbapenemase STs, including ST422P*, ST1P*, ST85F*,
ST1786F*, ST23P*, ST10P*, ST412P*°, ST374P*, ST1554P*,
ST138P% and ST126"*°. These multi-harbor STs were associated
with plasmids containing the major carbapenemase genes,
including blaxpm, blaoxa ss-like, blaogxa »3-like, blaoxa 24/40-
like, and blaggs.

In the current study, ST2P*, ST17*, ST4227%, ST622"*, and
ST85"* 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
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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
ST2P*, ST1P*, and ST3P* 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 ss» blaoxa 23 and blagxa .7, (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 ST2P* 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
difterent regions worldwide (Reyes et al., 2023). Although OXA-like
enzymes weakly hydrolyze carbapenems, they can confer high
resistance to carbapenems when associated with ISAbal and
ISAbai25 (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
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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 blaypy 1 and blagxa ss pose a threat to the expansion
of carbapenem resistance. On the other hand, plasmids harboring
blaypy 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 (ST2P*, ST1P*, ST422"%, ST622"*, and ST857*) 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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