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conjugation test was used to determine the transferability of metallo-b-lactamase (MBL)-car-
rying plasmids. Whole genome sequencing in combination with phenotypic assays was carried
out to characterize MBL-plasmids.
Results: In general, a trend of increasing numbers of CNSA was observed. Among the 173 CNSA,
A. baumannii (54.9%) was the most common species, followed by A. nosocomialis (23.1%) and
A. soli (12.1%). A total of 49 (28.3%) CNSA were extensively drug-resistant, and all were A. bau-
mannii. The most common class D carbapenemase gene in 173 CNSA was blaOXA-24-like (32.4%),
followed by ISAba1-blaOXA-51-like (20.8%), ISAba1-blaOXA-23 (20.2%), and IS1006/IS1008-blaOXA-58
(11.6%). MBL genes, blaVIM-11, blaIMP-1, and blaIMP-19 were detected in 9 (5.2%), 20 (11.6%), and 1
(0.6%) CNSA isolates, respectively. Transfer of MBL genes to AB218 and AN254 recipient cells
was successful for 7 and 6 of the 30 MBL-plasmids, respectively. The seven AB218-derived
transconjugants carrying MBL-plasmids produced less biofilm but showed higher virulence to
larvae than recipient AB218.
Conclusions: Our 19-year longitudinal study revealed a stable increase in CNSA during 2005
e2015. blaOXA-24-like, ISAba1-blaOXA-51-like, and ISAba1-blaOXA-23 were the major determinants
of Acinetobacter carbapenem resistance. MBL-carrying plasmids contribute not only to the car-
bapenem resistance but also to A. baumannii virulence.
Copyright ª 2024, Taiwan Society of Microbiology. Published by Elsevier Taiwan LLC. This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-
nc-nd/4.0/).
Introduction

Acinetobacter infections are predominantly caused by
members of the Acinetobacter calcoaceticus-baumannii
complex (ACB complex), including A. baumannii, A. noso-
comialis, and A. pittii.1 Infections caused by A. baumannii
are often severe and difficult to treat due to high rates of
resistance to antibiotics.2 Furthermore, high proportions of
Acinetobacter isolates are now nonsusceptible to the most
widely used antimicrobial agents, including carbapenems.3

Carbapenems were previously considered the most effi-
cient b-lactam antibiotics in treating various bacterial in-
fections due to their broad spectrum characteristics and
relative resistance to hydrolysis by most b-lactamases.4 The
resistance rate to carbapenems in clinical A. baumannii
isolates has increased to more than 50% in Asia, Latin
America, and Europe.5,6

In addition to porin CarO dysfunction and efflux pump
overexpression,7,8 carbapenemase-encoding genes carried
on the A. baumannii chromosome and/or plasmids are often
associatedwithmobile genetic elements (including insertion
sequences (IS), integrons, and transposons) and contribute
to carbapenem hydrolysis and resistance. Carbapenemases
can be divided into metallo-b-lactamases (MBL, class B b-
lactamases, including blaVIM, blaIMP, and blaNDM) and non-
metallo-b-lactamases (class A and D b-lactamases).9 Among
the carbapenemases, oxacillinases (OXAs, class D b-lacta-
mases) are the most common carbapenem resistance genes
identified in Acinetobacter isolates.9

The prevalence and characteristics of carbapenem-
nonsusceptible Acinetobacter (CNSA) isolates have been re-
portedworldwide; however, the isolates inmost studieswere
enrolled for a relatively short period. Longitudinal surveil-
lance to study epidemiologic trends and characteristics of
CNSA isolates is possibly hidden. Therefore, this study aimed
to characterize CNSA isolated from patients with blood-
stream infections in a university hospital in Taiwan during
1997e2015 and to determine the role(s) of conjugative
plasmids carrying MBL in the virulence of Acinetobacter.
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Methods

Sampling and isolation of Acinetobacter

The Acinetobacter isolates were recovered from patients
with bacteremia at National Cheng Kung University Hospital
(NCKUH), from 1997 to 2015. Acinetobacter isolates were
identified in the clinical laboratory by colony morphology,
Gram stain, biochemical tests, and the Vitek system (bio-
Mérieux, Marcy l’Etoile, France) according to the manu-
facturer’s recommendations. A total of 1403 non-duplicate
clinical isolates were collected and stored at �80 �C in
tryptic soy broth (TSB) containing 20% glycerol (v/v) until
use.

Antimicrobial susceptibility testing

To identify CNSA isolates, the susceptibility to imipenem of
1403 Acinetobacter isolates was determined by the disk
diffusion method and the results were interpreted accord-
ing to the Clinical and Laboratory Standards Institute (CLSI)
guidelines.10 The minimal inhibitory concentration (MIC)
values for imipenem and meropenem were further deter-
mined by broth dilution tests in 173 CNSA isolates according
to the CLSI guidelines to validate disk diffusion results.10

Acinetobacter isolates with imipenem or meropenem MIC
�4 mg/mL were defined as carbapenem nonsusceptible.10

Antimicrobial susceptibility of 173 CNSA isolates to 12 an-
tibiotics was determined by disk diffusion assay. Isolates
were subcategorized as multidrug-resistant (MDR), exten-
sively drug-resistant (XDR), and pandrug-resistant (PDR),
according to the previous study.11

Species identification

A previously described multiplex PCR-based assay was first
performed to identify the species of CNSA isolates.12 The
PCR primers used in this study are described in Table S1.
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Three pairs of primers targeting recA and gyrB genes and
the 16S-23S rDNA intergenic spacer region were used to
differentiate A. baumannii, A. nosocomialis, A. pittii, and
other Acinetobacter species. Non-ACB complex isolates
were identified at the species level using 16S rDNA
sequence analysis as previously described.13

Detection of b-lactamase genes and transposons

All CNSA isolates were further tested for the presence of
oxacillinase genes (blaOXA-23-like, blaOXA-24-like, blaOXA-51-like,
blaOXA-58-like, blaOXA-143, and blaOXA-235), upstream location
of insertion sequences (ISs) of oxacillinase genes (ISAba1-
blaOXA-51-like, ISAba1-blaOXA-23-like, and IS1008, IS1006 or
IS15DI upstream of blaOXA-58-like), and selected b-lactamase
genes (blaDIM, blaGES, blaIMI, blaSME, blaGIM, blaIMP, blaKPC,
blaNDM, blaSIM, blaSPM, and blaVIM) by PCR amplification with
specific primers, as previously described.14 The PCR primers
are described in Table S1.

Conjugation experiments and plasmid analysis

The liquid mating-out assay was performed to determine
the transferability of plasmid-carrying MBL genes from
isolates to rifampicin-resistant E. coli C600, A. baumannii
218 (AB218), and A. nosocomialis 254 (AN254), as previously
described.15 The transconjugants were selected on LB
plates containing 256 mg/mL rifampicin (E. coli C600)
(Sigma) or 256 mg/mL amikacin (AB218 and AN254) (Sigma)
combined with 4 mg/mL meropenem (Sigma). PCR was
performed to confirm the presence of blaVIM and blaIMP in
the transconjugants. Random amplified polymorphic DNA
(RAPD)-PCR with primers M13 and DAF4 was used to verify
that the transconjugants were derived from recipients. The
primers used for detecting carbapenemase genes and
RAPD-PCR are listed in Table S1.

Genome sequencing, assembly, annotation, and
analysis

The whole genome sequence of the isolates tested was
determined by Nanopore genome sequencing platform, and
the genome was constructed with Flye de novo assembler
(version 2.9).16,17 Genome annotation was performed by
NCBI Prokaryotic GenomeAnnotation Pipeline (PGAP, version
6.1) (https://www.ncbi.nlm.nih.gov/genome/annotation_
prok/). ResFinder (http://www.genomicepidemiology.org/
) was used to find the antibiotic resistance genes.

Genome comparison and phylogenetic analysis of
closely related plasmids of pAS566-1

BLAST Ring Image Generator (BRIG) (version 0.95) was used
to generate images showing plasmid comparisons. The
assembled plasmid sequence was submitted to BLAST and
compared with previously sequenced plasmids deposited in
the NCBI GenBank database. Fourteen plasmids with a
higher maximum score and a higher degree of similarity
(>80% query coverage and >90% identity) to the plasmid
sequence of pAS566e1 were selected for further analysis.
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CulstalW alignment was performed to construct Neighbor-
Joining trees inferred with the Jukes-Cantor model and 500
bootstrap replicates by using Molecular Evolutionary Ge-
netics Analysis (MEGA) software version 11.
Biofilm formation assay

Biofilm formation was assessed using a 96-well flat-bottom
polystyrene microtiter plate, as previously described,17

with minor modifications. Biofilms were stained with 0.1%
crystal violet for 30 min. Crystal violet dye associated with
biofilms was eluted with 95% ethanol for 30 min and was
quantified by absorbance at 590 nm.
Iron acquisition determined by chrome azurol S
agar assay

Chrome azurol S (CAS) agar plates were prepared as pre-
viously described.18 The modified CAS agar plate was
punched with 6.5-mm diameter holes by using a tip
(Corning� Pasteur pipettes, no. L, 5 3/4 inch (146 mm)).
Each hole was filled with 20 mL of the LB broth containing an
equal colony-forming unit (CFU) of bacteria, incubated at
37 �C, and monitored for the formation of an orange halo
until 72 h. CAS remains blue when complexed with iron but
turns orange when iron is chelated by other iron chelators.
The siderophore activity was expressed as the diameter of
the halo.
Galleria mellonella larvae infection

The Galleria mellonella larvae infection test was carried
out as previously reported to evaluate bacterial viru-
lence.19,20 The larvae weighed around 220 mg were used in
this assay. Overnight bacterial cultures established in LB
were washed and resuspended in PBS at an OD600 of 1 and
then adjusted to 1.7 � 107 CFU/mL. Each set of ten larvae
received a 10 mL bacterial suspension injection into the
second to last left proleg, while control larvae received the
same volume of sterilized PBS injection. Larvae were kept
at 37 �C in the dark without feeding for seven days, and
survival was recorded every 24 h until seven days after in-
jection. This assay used the recipient strain of trans-
conjugants as a negative control. The larvae infection was
performed in biological duplicates to ensure reproducibility
(20 larvae/strain).
Statistical analysis

Data were expressed as a mean of three replicates � SD.
One-way ANOVA test was used to calculate the statistical
significance of the experimental results between the two
groups. The two-way ANOVA test was used to assess mul-
tiple comparisons in the groups in the iron acquisition
assay. Mantel-Cox was used to compare the larval survival
rate between the two groups. All statistical analyses were
conducted using GarphPad Prism version 8.0.2. A p-value
less than 0.05 was considered a significant difference.
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Figure 1. Prevalence of carbapenem-nonsusceptible Acinetobacter isolated from patients with bloodstream infections in

Taiwan, 1997e2015. The number of carbapenem-susceptible Acinetobacter (CSA) and carbapenem-nonsusceptible Acinetobacter
(CNSA) isolates is plotted as bars on the primary axis while the percentage of CNSA isolates is plotted as a line graph on the
secondary axis.
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Results

Stable increase in carbapenem-nonsusceptible
Acinetobacter in Taiwan

A total of 173 CNSA (12.3%) isolates were identified from
1403 Acinetobacter isolates recovered from patients with
bloodstream infections at NCKUH from 1997 to 2015. The
results showed an increasing prevalence of CNSA strains
isolated from patients with bacteremia during 1999e2003
and 2005e2015; however, a dramatic decrease in the
annual prevalence of CNSA was observed in 2004 (3/81,
3.7%) and 2005 (3/81, 3.7%) (Fig. 1). Only one CNSA strain
was found in 50 Acinetobacter isolates in 1997 (2.0%). On
the contrary, 27.8% (10/36) of Acinetobacter strains iso-
lated in 2015 were CNSA (Fig. 1).

We further performed multiplex PCR to determine the
distribution of Acinetobacter species in 173 CNSA isolates.
The results showed that A. baumannii (95 isolates, 54.9%) is
the most common detected species, followed by A. noso-
comialis (40 isolates, 23.1%), unspecified (37 isolates,
21.4%), and A. pittii (1 isolate, 0.6%). 16S rDNA PCR-
sequencing was performed on 37 unspecified strains to
Figure 2. The distribution of blaIMP-1, blaIMP-19, and blaVIM-11 in

containing blaIMP-19 was identified, and 20 isolates contained blaIM
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determine the species of these strains, and the results
revealed 21 A. soli, 6 A. johnsonii, 5 A. bereziniae, 1 A.
junii, 1 A. higginsii, 1 A. bouvetii, 1 A. lowffii, and 1 A.
ursingii (Table S2).

We determined the antimicrobial susceptibility of CNSA
isolates to other 12 antimicrobials (divided into eight cat-
egories). Then, we classified our isolates into non-MDR-,
MDR-, XDR-, or PDR-isolates (Table S2), according to the
previous study.11 We found 167 MDR-CNSA (96.5%) and 49
XDR-CNSA (28.3%) (Table S2). All XDR-CNSA isolates were A.
baumannii. Furthermore, 93 (97.9%) and 49 (51.6%)
carbapenem-nonsusceptible A. baumannii were MDR and
XDR, respectively (Table S2). However, no PDR-CNSA was
identified in our 173 CNSA isolates.
PCR detection of genes encoding carbapenemases
and insertion sequences

Carbapenemase genes, including blaDIM, blaGES, blaIMI,
blaSME, blaGIM, blaKPC, blaNDM, blaSIM, and blaSPM, were not
detected in our 173 CNSA isolates. Metallo-b-lactamases,
blaVIM-11, blaIMP-1, and blaIMP-19 were detected in 9 (5.2%),
20 (11.6%), and 1 (0.6%) CNSA isolates, respectively (Fig. 2).
CNSA isolates during 1997 to 2015. In 2001, only one isolate

P-1. blaVIM-11 was identified in nine CNSA isolates.
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blaVIM-11 was identified in CNSA isolates between 1998 and
2006, and only one isolate containing blaIMP-19 was identi-
fied in 2001 (Fig. 2). The distribution of blaIMP-1 was
dispersed between 1997 and 2015. blaIMP-19 was detected in
an A. baumannii isolate, and blaIMP-1 was detected in 6, 10,
1, 1, 1, and 1 isolates of A. johnsonii, A. soli, A. nosoco-
mialis, A. junii, A. ursingii, and A. bouvetii, respectively.
blaVIM-11 was detected in 3, 5, and 1 isolates of A. soli, A.
bereziniae, and A. higginsii, respectively (Table S3). One A.
bereziniae isolate 363 had blaVIM-11 showed sensitivity to
meropenem (2 mg/mL) and low resistance to imipenem
(16 mg/mL) (Table S3).

The detection of OXA-type carbapenemase gene-
associated genetic structures revealed that blaOXA-24-like
(40 isolates, 23.1%) dominated in 173 CNSA isolates, fol-
lowed by ISAba1-blaOXA-23 (30 isolates, 17.3%), ISAba1-
blaOXA-51 (24 isolates, 13.9%), IS1006-blaOXA-58þIS1008-
blaOXA-58 (16 isolates, 9.2%), ISAba1-blaOXA-51þblaOXA-24 (10
isolates, 5.8%), ISAba1-blaOXA-23þblaOXA-24 (4 isolates, 2.3%),
and IS1008-blaOXA-58 (2 isolates, 1.2%) (Table 1). Moreover,
blaOXA-24þblaIMP-1, blaOXA-24þblaVIM-11, IS1006-blaOXA-58,
ISAba1-blaOXA-23þISAba1-blaOXA-51, and ISAba1-blaOXA-
51þIS1008-blaOXA-58, each was detected in only one CNSA
isolate (Table 1). The gene encoding blaOXA-143 and blaOXA-235
carbapenemase was not detected in our 173 CNSA isolates.

Among 95 carbapenem-nonsusceptible A. baumannii
isolates, blaOXA-24, ISAbaI-blaOXA-23, and ISAba1-blaOXA-51
were found in 29 (30.5%), 28 (29.5%), and 23 (24.2%) iso-
lates, respectively (Table 1). In contrast, IS1006-blaOXA-
58þIS1008-blaOXA-58 (15 isolates, 37.5%), blaOXA-24 (11 iso-
lates, 27.5%), and ISAba1-blaOXA-51þblaOXA-24 (9 isolates,
22.5%), were dominant in 40 carbapenem-nonsusceptible A.
nosocomialis isolates. blaIMP (19 isolates, 50.0%) and blaVIM-
11 (9 isolates, 23.7%) were prevalent in CNSA isolates from
other Acinetobacter species (Table 1).
Table 1 The distribution of carbapenemase genes, Acinetobacte
carbapenem non-susceptible Acinetobacter isolates.

Carbapenemase gene Acinetoba

A. baumannii
(n Z 95)

A. nosocomia
(n Z 40)

blaIMP-1/19 1 (1.1)a 1 (2.5)
blaVIM-11 0 (0) 0 (0)
blaOXA-24 29 (30.5) 11 (27.5)
blaOXA-24þblaIMP-1 0 (0) 0 (0)
blaOXA-24þblaVIM-11 0 (0) 0 (0)
IS1006-blaOXA-58 0 (0) 0 (0)
IS1008-blaOXA-58 1 (1.1) 0 (0)
IS1006-blaOXA-58þIS1008-blaOXA-58 1 (1.1) 15 (37.5)
ISAba1-blaOXA-23þblaOXA-24 3 (3.2) 1 (2.5)
ISAba1-blaOXA-23 28 (29.5) 1 (2.5)
ISAba1-blaOXA-23þISAba1-blaOXA-51 1 (1.1) 0 (0)
ISAba1-blaOXA-51þblaOXA-24 1 (1.1) 9 (22.5)
ISAba1-blaOXA-51 23 (24.2) 1 (2.5)
ISAba1-blaOXA-51þIS1008-blaOXA-58 0 (0) 1 (2.5)
Total (n, (%)) 88 (92.6) 40 (100)

a Only one A. baumannii isolate had blaIMP-19.
b One A. bereziniae isolate had blaVIM-11 that showed susceptibility t

(16 mg/mL).
IPM, imipenem; MEM, meropenem.
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Efflux pump activity and CarO variants in CNSA
isolates without blaOXA overexpression and
metallo-b-lactamase

We found that 14 CNSA isolates (7 A. baumannii and 7 A.
soli) did not have blaOXA-24, blaOXA overexpression, and MBL
genes but had a MIC to imipenem ranging from 16 to 256 mg/
mL (Table S4). Therefore, we determined the contribution
of efflux pumps to carbapenem resistance in these 14 CNSA
isolates. The effect of efflux pump inhibitor CCCP to sup-
press the growth of Acinetobacter was first evaluated;
however, the results showed that 25 mg/mL CCCP used in
the previous study21 suppressed the growth of our tested
isolates. All isolates tested grew well under treatment with
10 mg/mL CCCP, and this concentration was employed for
the efflux pump inhibition assay. However, only isolate 1319
showed a 4-fold decrease in MIC (64e16 mg/mL) to imipe-
nem in combination with 10 mg/mL CCCP (Table S4).

The CarO amino acid sequences of these 14 isolates were
compared with the CarO sequence of carbapenem-
susceptible A. baumannii AB307-0294 (type III CarO), A.
nosocomialis WM98B (type I CarO), and A. baumannii 17978
(untypable CarO). Five and two A. baumannii isolates had
type III and type I CarO, respectively. Four A. soli isolates
had type III CarO. However, no carO PCR product with the
expected size was detected in three A. soli isolates (Table
S4). All nine isolates with type III CarO contained only a
T214S amino acid substitution compared to CarO of A.
baumannii AB307-0294 (Table S4). To delineate whether
type III CarO containing a T214S amino acid substitution is
associated with carbapenem resistance, we examined the
CarO sequence of two carbapenem-susceptible A. bau-
mannii (isolates 263 and 264). The results showed that the
substitution for CarO T214S was also found in isolates 263
r species, and MIC ranges to imipenem and meropenem of 173

cter species, n (%) MIC range (mg/mL)

lis other Acinetobacter
spp. (n Z 38)

Total
(n Z 173)

MEM IPM

18 (47.4) 20 (11.6) 4e256 8 - >256
8 (21.1)b 8 (4.6) 2e256 8e128
0 (0) 40 (23.1) 16e256 16e256
1 (2.6) 1 (0.6) 32 256
1 (2.6) 1 (0.6) 4 16
1 (2.6) 1 (0.6) 4 16
1 (2.6) 2 (1.2) 16 32
0 (0) 16 (9.2) 8e32 4e32
0 (0) 4 (2.3) 128e256 256
1 (2.6) 30 (17.3) 4e256 16e256
0 (0) 1 (0.6) 128 128
0 (0) 10 (5.8) 128e256 128e256
0 (0) 24 (13.9) 4e256 16e256
0 (0) 1 (0.6) 16 32
31 (81.6) 159 (91.9) e e

o meropenem (2 mg/mL) and relatively low resistance to imipenem
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and 264. These results suggest that the single amino acid
variant T214S in Type III CarO is not associated with the
carbapenem resistance of Acinetobacter. Moreover, two
carbapenem-nonsusceptible A. baumannii isolates (535 and
1648) had wild-type Type I CarO (Table S4).
Transferability and whole genome sequence of
plasmids carrying metallo-b-lactamases genes

We then investigated the transferability of MBL-carrying
plasmids to A. baumannii (AB218), A. nosocomialis (AN254),
and E. coli (C600) using conjugation tests (Table S3).
Transfer of MBL genes by conjugation to recipient cells of
AB218 and AN254 was successful for 7 and 6 of the 30 MBL-
carrying plasmids, respectively (Table S3). A conjugative
blaVIM-11 was only identified in plasmid pAS435-1. Moreover,
four plasmids carrying blaIMP-1 from the parental isolates A.
johnsonii 54, A. soli 566, A. soli 843, and A. soli 967e1,
were successfully transferred to both AB218 and AN254
(Table S3). However, all plasmids carrying MBL genes could
not be transferred to the recipient E. coli C600 strain. The
MBL genes in the transconjugants were further validated by
PCR, and all transconjugants were not susceptible to
carbapenems.

The Nanopore whole genome sequencing was then per-
formed on nine CNSA isolates that harbor conjugative MBL-
plasmids listed in Table S3 to characterize the plasmids
further. The WGS results showed that the range of GC
content was 38.7e40.1%, contained 286 to 385 open
reading frames, and the plasmid sizes ranged from 248,123
bp (pAJ54-1) to 325,311 bp (pAS566-1) (Table S5). There-
fore, pAS566-1, which had the largest plasmid size, was
used as a control sequence compared to the other eight
plasmids. The results showed that pAS435-1 plasmid con-
tained blaVIM-11 and the other eight plasmids contained
blaIMP-1; however, all these plasmids shared a very similar
sequence backbone (Fig. 3A). There are still some differ-
ences between pAS566-1 and the other eight plasmids
(white gaps in Fig. 3A). These gaps might be due to the
integration of mobile elements or recombination of plas-
mids. Thus, these results revealed a high recombination
frequency in these plasmids (Fig. 3A).

The plasmid BLAST results showed that the sequence of
pAS566-1 was very similar to plasmids A. soli strain AS843
plasmid pAS843-1 (accession number CP119204.1, coverage
100%, identity 99.97%), A. soli strain AS967-1 plasmid
pAS967-1-1 (accession number CP119216.1, coverage 100%,
identity 99.98%), A. soli strain AS903-1 plasmid pAS903-1-1
(accession number CP119208.1, coverage 97%, identity
99.98%), A. bereziniae strain AB839 plasmid pAB839-1
(accession number CP119243.1, coverage 92%, identity
99.91%), and A. pittii strain 2014N21-145 plasmid
p2014N21-145-1 (accession number CP033569.1, coverage
88%, identity 99.26%), A. johnsonii XBB1 plasmid pXBB1-9
(accession number CP010351.1, coverage 88%, identity
98.81%), Acinetobacter sp. WCHA55 plasmid
pOXA58_010055 (accession number CP032285.1, coverage
85%, identity 99.73%), Acinetobacter defluvii strain
WCHA30 plasmid pOXA58_010030 (accession number
CP029396.2, coverage 85%, identity 99.72%), Acinetobacter
seifertii strain AS4 plasmid pAS4-1 (accession number
293
CP061688.1, coverage 83%, identity 99.95%), A. soli strain
AS435 plasmid pAS435-1 (accession number CP119229.1,
coverage 82%, identity 99.86%), A. soli strain AS645 plasmid
pAS645-1 (accession number CP119239.1, coverage 82%,
identity 99.92%), A. johnsonii strain Acsw19 plasmid
pAcsw19-2 (accession number CP043309.1, coverage 82%,
identity 99.72%), Acinetobacter ursingii strain RIVM0061
plasmid pRIVM0061_IMP-4_171109_B01 (accession number
MH220287.1, coverage 80%, identity 99.69%), and A.
ursingii strain RIVM_C010559 plasmid pRIVM_C010559_1
(accession number CP089052.1, coverage 80%, identity
99.69%) (Table S6).

The plasmids pXBB1-9, pOXA58_010055,
pOXA58_010030, and pAcsw19-2, were identified in China,
the plasmids pRIVM0061_IMP-4_171109_B01 and
pRIVM_C010559_1 were identified in the Netherlands, and
the other nine plasmids were identified in Taiwan. Impor-
tantly, plasmids pOXA58_010055, pOXA58_010030, and
pAS4-1 did not contain MBL, and blaIMP-1, blaIMP-4, blaVIM-11,
and blaNDM-1, were detected in five, two, three, and two
plasmids, respectively (Table S6). The phylogenetic tree
indicated that pAS566-1 showed the highest similarity to
the plasmid pAS903-1-1, followed by pAS967-1 and pAS843-
1 in A. soli (Fig. 3B).
MBL-carrying plasmids are associated with biofilm
formation, iron acquisition, and Acinetobacter
virulence to larvae

To characterize the biological function of MBL-carrying
plasmids in Acinetobacter in addition to antibiotic resis-
tance, we compared virulence-associated phenotypes,
including biofilm formation, iron acquisition, and virulence
to larvae, between recipients and transconjugants (Fig. 4).
The results of biofilm formation in LB (Fig. 4A) and M9
(nutrition-limited medium) (Fig. 4B) showed that all trans-
conjugants had a significant decrease in biofilm formation
after two days of incubation, compared to the recipient
AB218. In contrast, transconjugants having plasmids
pAS336-1, pAS843-1, and pAS967-1-1 showed a significant
decrease in biofilm formation in LB (Fig. 4A), and trans-
conjugants having plasmids pAP54-1, pAS336-1, pAS566-1,
and pAS967-1-1 showed a significant decrease in biofilm
formation in M9 (Fig. 4B), compared to recipient AN254.
There was no significant difference in iron acquisition of
seven AB218-derived transconjugants compared to the
recipient AB218. However, all six AN254-derived trans-
conjugants had a significant decrease in their iron acquisi-
tion, compared to the recipient AN254 (Fig. 4C).

We further tested the contribution of MBL-carrying
plasmids to bacterial virulence using the larvae infection
model (Fig. 4D). Larval survival rate was determined over a
7-day time course for this analysis, and the negative control
group for PBS injection did not show fatalities. The larvae
were considered dead when they failed to respond to
touch. On day seven after infection, larvae infected with
AB218 had a survival rate of 60% (Fig. 4D). The seven AB218-
derived transconjugants that carried MBL-plasmids showed
higher virulence to larvae with a low larvae survival rate
compared to the recipient AB218 (Fig. 4D). However, MBL-



Figure 3. Genomic comparison of plasmids closely related to pAS566e1. (A). Blast Ring Image Generator (BRIG) diagram shows
homologous segments of eight conjugative MBL-carrying plasmids with pAS566-1 as a reference. Antibiotic resistance genes in
pAS566-1 were indicated. blaVIM-11 was found only in pAS435-1. (B). The phylogenetic tree was built based on the aligned nucleotide
sequences of 15 plasmids by using the Neighbor-Joining method. The tree is drawn to scale, with branch lengths measured in the
number of substitutions per site.
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Figure 4. Characterization of phenotypes of transconjugants derived from recipients A. baumannii AB218 and A. nosoco-
mialis AN254. Biofilms of bacteria in LB (A) and M9 broth (B) were stained with crystal violet and measured at 590 nm. (C). Iron
acquisition activity was determined by CAS agar assay. The halo diameter representing the iron acquisition activity was measured
after 24, 48, and 72 h of incubation. (D). Galleria mellonella survival curves for seven days when larvae infected with the strains
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carrying plasmids did not contribute to the virulence of
recipient AN254 (Fig. 4D).
Discussion

Although carbapenems have been considered critical anti-
microbials in treating MDR Acinetobacter infections, a rapid
increase in CNSA has been observed worldwide. Here, we
present a 19-year longitudinal collection of CNSA isolated
from patients with bacteremia to investigate carbapenem
resistance mechanisms in Acinetobacter isolates. Our re-
sults showed a generally stable increase in isolated CNSA
strains from 1999 to 2015, but a relatively low prevalence
of CNSA during 2004e2008 was observed compared to 2003
(Fig. 1). Antimicrobial stewardship programs in Taiwanese
hospitals from early 2000 seek to optimize antimicrobial
prescribing to improve individual patient care, reduce
hospital costs, and slow the spread of antimicrobial resis-
tance, which can lead to the relatively low prevalence of
CNSA during 2004e2008. However, the spread of CNSA
clones and the plasmid-mediated resistance may contribute
to the increase in CNSA incidences after 2008.

Although antibiotic options preferred for the treatment
of carbapenem-resistant A. baumannii infections including
polymycin B, minocycline, tigecycline, cefiderocol,
ampicillin-sulbactam, and sulbactam-durlobactam,22 our
results detected that 78 (45.1%) and 8 (4.6%) CNSA were not
susceptible to ampicillin-sulbactam and tigecycline,
respectively (data not shown). However, all 173 CNSA were
susceptible to colistin. Although the susceptibility of our
CNSA to polymycin B, minocycline, cefiderocol, and
sulbactam-durlobactam is unclear, our results suggest that
tigecycline and colistin can be used as antibiotics recom-
mended for the treatment of CNSA in Taiwan.

We found that blaOXA-24-like, ISAba1-blaOXA-23, ISAba1-
blaOXA-51-like, and blaIMP were the major carbapenem resis-
tance determinants, and the distribution of these de-
terminants was associated with Acinetobacter species
(Table 1). The MBL gene is primarily detected in strains
other than A. baumannii and A. nosocomialis. Therefore,
the primary cause for carbapenem non-susceptibility in A.
baumannii isolates is the presence blaOXA-24-like, ISAba1-
blaOXA-23, and ISAba1-blaOXA-51-like. In carbapenem non-
susceptible A. nosocomialis, it is due to isolates carrying
blaOXA-24-like, IS1006-blaOXA-58þIS1008-blaOXA-58, and
ISAba1-blaOXA-51þblaOXA-24, leading to their carbapenem
non-susceptibility (Table 1). Additionally, we observed a
low transferability of MBL-carrying plasmids to AB218
(23.3%) and AN254 (20.0%) of the 30 MBL-carrying plasmids
(Table S3). These results suggest a conjugative barrier for
MBL-carrying plasmids from non-A. baumannii and non-A.
nosocomialis isolates to A. baumannii and A. nosocomialis.

Four MBL-carrying plasmids, pAP54-1, pAS566-1, pAS843-
1, and pAS967-1-1, were transferable to A. baumannii and A.
nosocomialis, the high similarity of the plasmid sequences
was observed between pAS566-1, pAS843-1, and pAS967-1-1,
tested. The inoculum for bacteria was 1.7 � 105 CFU/larvae. For ea
experiments were performed in biological triplicate. The error ba
periments. ****, p < 0.0001; ***, p < 0.001; **, p < 0.01; *, p < 0.

296
and the antimicrobial resistance determinants were iden-
tical in these three isolates (Table S6). CNSA isolates 566,
843, and 967, were isolated in 2003, 2006, and 2007,
respectively. Therefore, the circulation of specific MBL-
carrying plasmids of Acinetobacter should be monitored.

The dominant MBL genes identified in this study were
blaVIM-11 and blaIMP-1. The results were consistent with Lin’s
report.23 Interestingly, no VIM-11-producing Acinetobacter
was identified after 2006 in our collection. Eight out of 21
blaIMP-producing isolates showed the transferability of
blaIMP to A. baumannii and/or A. nosocomialis. In contrast,
conjugation tests showed that even though the nine plas-
mids carried blaVIM-11, only the plasmid pAS435-1 was
transferable to A. baumannii, which may limit the spread of
plasmids carrying blaVIM-11 in the environment. Moreover,
we found that blaVIM-11 was only identified in A. bereziniae
(5 isolates), A. soli (3 isolates), and A. higginsii (1 isolate).
To our knowledge, this is the first report to identify the
presence of blaVIM-11 in A. soli, A. higginsii, and A. bere-
ziniae in Taiwan.

To determine carbapenem resistance mechanisms in 14
CNSA isolates without blaOXA-24, blaOXA overexpression, and
class B carbapenemase, we examined carO in these strains.
We found nine isolates with type III CarO contained a T214S
amino acid substitution compared to the CarO of A. bau-
mannii AB307-0294. Although the substitution of CarO
T214S amino acid located between b-sheet 7 and 8 was also
identified in three carbapenem-resistant A. baumannii
isolates (B1, B4, and B7) by Labrador-Herrera et al.,24 the
CarO of two carbapenem susceptible A. baumannii also had
a T214S substitution in this study. These results suggest that
the T214S substitution may not involved in carbapenem
resistance in Acinetobacter. carO was not detected in three
carbapenem-resistant A. soli isolates (1261e1, 1301, and
1307) containing blaOXA-58 (Table S4). Lee et al. reported
that the insertion sequence, ISAba10, was inserted not only
into ISAba1 adjacent to the blaOXA-23, but also disrupted the
carO in A. baumannii.25 Therefore, these results suggest
the incomplete structure of the carO gene in these three A.
soli isolates and thus cause resistance to carbapenem.
Reduced CarO expression contributes to Acinetobacter
resistance to carbapenem7; therefore, the level of CarO
expression in these CNSA isolates with wild-type carO is
worth investigating. Moreover, resistance to imipenem in A.
baumannii is linked to reduced expression of a 33e36 kDa
outer membrane protein.26 Conversely, the influence of
OmpA on antibiotic resistance is particularly significant in
gene disruption mutants, as they display increased sus-
ceptibility to nalidixic acid, chloramphenicol, aztreonam,
imipenem, and meropenem.27 Therefore, for isolates in
which the relevant carbapenem resistance mechanism can
not be identified in this study, it remains to be clarified
whether other OMP structures and expressions, apart from
CarO, also impact resistance development.

In addition to carbapenemase and CarO dysfunction,
efflux pump overexpression is associated with decreased
carbapenem susceptibility in Acinetobacter. We
ch experiment, 10 larvae per strain were used to be tested. All
rs represent the standard deviations of three independent ex-
05.
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determined the contribution of efflux pumps in our 14 CNSA
isolates listed in Table S4. However, a concentration of
CCCP higher than 10 mg/mL suppressed the growth of our
Acinetobacter, and only isolate 1319 showed a 4-fold
change in MIC to imipenem in combination with 10 mg/mL
CCCP. These results suggest that low-concentration CCCP
(10 mg/mL) may not inhibit efflux pump activity completely.
Furthermore, consistent with Zhu’s report,28 these results
suggest that CCCP is not a suitable inhibitor for detecting
the antimicrobial-resistance effect of efflux pumps on
Acinetobacter. The other efflux pump inhibitor,
Phenylalanine-Arginine b-Naphthylamide (PAbN), showed a
4 to 64-fold reduction in the MIC for 58 of 60 isolates of A.
baumannii.29 Therefore, whether efflux pumps contribute
to carbapenem resistance in our CNSA isolates remains to
be clarified by using other inhibitors.

Among our 173 CNSA isolates, A. baumannii (54.9%) is
the most common species detected, followed by A. noso-
comialis (23.1%), A. soli (12.1%), A. johnsonii (3.5%), and A.
bereziniae (2.9%). Endo et al. reported a high frequency of
A. soli among Acinetobacter strains isolated from patients
with bacteremia in Japan.30 They collected 48 clinical iso-
lates of Acinetobacter spp. from blood cultures, and A. soli
was the most frequent isolate (27.1%), followed by A.
nosocomialis (25.0%), A. baumannii (18.8%), and A. ursingii
(16.7%).30 Moreover, six of the 13 A. soli isolates were not
susceptible to carbapenem.30 Therefore, there is an urgent
need to provide automated systems to accurately identify
Acinetobacter species for prevalence tracking and for
clinical treatment of patients. Additionally, the dissemi-
nation of carbapenem-resistant Acinetobacter isolates that
are non-A. baumannii and non-A. nosocomialis should be
closely monitored.

Our results showed that the seven AB218-derived
transconjugants that carried MBL-plasmids showed higher
virulence to larvae compared to the recipient AB218
(Fig. 4D). However, MBL-carrying plasmids did not
contribute to the virulence of recipient AN254 (Fig. 4D).
These results suggest the presence of virulence genes or
regulators in MBL-carrying plasmids which may modulate
bacterial virulence to larvae. However, the different
expression levels of these genes located in the MBL-carrying
plasmids in different species may cause this phenotypic
difference.

In recent years, numerous studies have reported the
spread of highly virulent and drug-resistant bacteria, often
associated with the horizontal transfer of virulence
plasmids,31e33 leading to high patient mortality rates.
Rakovitsky et al. isolated nine strains of carbapenem-
resistant A. baumannii with positive string tests.34 Howev-
er, these string test-positive strains generally do not exhibit
stronger biofilm formation or higher virulence than string
test-negative strains.34 Therefore, in the future, there
should be further research to understand the characteris-
tics and monitor the spread of Acinetobacter isolates with
high drug resistance and virulence.

The limitations of this study include the fact that all
isolates were gathered from a single teaching hospital,
making it challenging to compare geographical variations in
CNSA. Additionally, the relatively small sample size resul-
ted from the absence of a biobank establishment earlier.
However, while CNSA characterization has been
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documented globally, many studies enrolled isolates for
shorter durations. In contrast, our study’s strength lies in
the 19-year collection, allowing us to report on the longi-
tudinal evolution and epidemiological trends of invasive
CNSA isolates.

Conclusions

Our report showed a steady increase in CNSA from 1997 to
2015 and a high rate of A. soli among Acinetobacter spp.
causing bacteremia. In addition, blaIMP and blaVIM are the
major MBLs contributing to the carbapenem non-
susceptibility of Acinetobacter. Our findings emphasize the
importance of conducting longitudinal and epidemiological
investigations to determine the carbapenem resistance
mechanisms of Acinetobacter.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at
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