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ABSTRACT The degree of polymyxin B (PMB) resistance was measured in 40 clinical
Acinetobacter baumannii isolates obtained from health care facilities. All of the tested
isolates possessed a multidrug-resistant (MDR) phenotype against four classes of antibi-
otics (meropenem, doxycycline, gentamicin, and erythromycin), except for PMB. The
blaOXA-23 gene was detected throughout the genetic analysis and experimental assay,
indicating that all of the MDR strains were carbapenem-resistant A. baumannii strains.
Multilocus sequence typing-based genotyping revealed that nine selected strains
belonged to the international clone II lineage. When matrix-assisted laser desorption
ionization–time of flight mass spectrometry was performed, intrinsic lipid A modification
by phosphoethanolamine (PEtN) incorporation was noticeable only in the PMB-resistant
(PMBR) strains. However, the presence of hexa- and penta-acylated lipid A due to the
loss of the laurate (C12) acyl chain was noted in all PMB-susceptible strains but not in
the PMBR strains. The reduction of negative surface charges in the PMBR strains was
assessed by zeta potential analysis. Fluorescence imaging using dansyl-PMB revealed
that, in the PMBR strains, PMB was less likely to bind to the cell surface.

IMPORTANCE The widespread presence of MDR pathogens, including A. baumannii,
is causing serious hospital-acquired infections worldwide. Extensive surveillance of
MDR clinical A. baumannii isolates has been conducted, but the underlying mecha-
nisms for their development of MDR phenotypes are often neglected. Either lipid A
modification or loss of lipopolysaccharide in Gram-negative bacteria leads to PMBR

phenotypes. The prevalence of intrinsic lipid A modification in PMBR clinical strains
was attributed to high levels of basal expression of pmrC and eptA-1. Our findings
suggest that new therapeutic strategies are warranted to combat MDR pathogens
due to the emergence of many PMBR clinical strains.
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A cinetobacter baumannii is a nosocomial opportunistic pathogen that is regarded
as a threat to human health because of the increase in the prevalence of its multi-

drug-resistant (MDR) phenotypes (1). Globally, medical infections caused by patho-
genic A. baumannii strains accounted for 2 to 4% of clinical cases in 2016; however,
MDR strains were found to be responsible for up to 45% of all A. baumannii infections,
probably because of poor antibiotic stewardship (2). Carbapenem, a front-line antibi-
otic, has often been used for the treatment of MDR strain-linked infections in many
clinical situations when third-generation broad-spectrum cephalosporins, such as cefix-
ime, cefotaxime, and ceftazidime, are not appropriate (3). However, the high incidence
of carbapenem-resistant A. baumannii (CRAB), primarily by the spread of blaOXA-23, has
been attributed to a strong need for last-line therapeutic options for the treatment of
CRAB infections (4). Polymyxins, which are cationic antimicrobial peptides (CAMPs), are
less efficacious in vivo and induce nephrotoxicity in humans; however, they are consid-
ered the last treatment option for infections caused by many carbapenem-resistant
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MDR Gram-negative bacteria, including CRAB strains (5). Polymyxin B (PMB) and poly-
myxin E (colistin) antibiotics act on lipid A, a constituent of lipopolysaccharide (LPS).
They replace the divalent cations (e.g., Mg21) of lipid A cross bridges and lead to lytic
cell death as a result of weakened membrane integrity and uncontrolled leakage of cel-
lular components (6).

The outer membrane (OM) bilayer of Gram-negative bacteria has unique lipid asymme-
try and harbors selective pores in inner-leaflet phospholipids and outer-leaflet LPS, serving
as a robust barrier against toxic compounds, including antibiotics (1). Although canonical
lipid A of LPS has a bisphosphorylated disaccharide of D-glucosamine (GlcN) as its major
backbone, many bacterial species have distinct acyl chain numbers and lengths because
of the differences in their lipid A biosynthetic pathways (typically with four to seven acyl
chains, as follows: tetra-acyl, Helicobacter and Yersinia; penta-acyl, Rhodobacter; hexa-acyl,
Escherichia, Klebsiella, and Salmonella; hepta-acyl, Acinetobacter) (7). The number and
chemical structure of acyl chains of lipid A can also change under different environmental
conditions, which can affect membrane fluidity, virulence, and the activation of the mam-
malian innate immune system (e.g., Toll-like receptor 4 [TLR4]/myeloid differentiation pro-
tein 2 [MD2]) (8). Because of symmetrical and amphipathic OM structures, the OM has less
fluidity and poorer permeability than the inner membrane (IM); this prevents hydrophobic
antibiotics, such as chloramphenicol and aminoglycosides, from entering cells. However,
the biophysical properties of the OM and LPS linked to membrane fluidity remain unclear
(9). The second stage of binding of cationic PMB to lipid A after electrostatic contacts
involves hydrophobic interaction between the fatty acid tail of PMB and acyl chains of lipid
A in the OM, which facilitates the self-promoted uptake of polymyxins across the OM and
subsequent cell death through further PMB-mediated pore formation in the IM (6). Thus,
the reduction of acyl chain lengths and numbers in lipid A increases membrane fluidity
but weakens the interaction with PMB by reducing lipid A hydrophobicity, thereby making
the bacteria less susceptible to PMB (10). However, a recent study demonstrated that lipid
A is present in the periplasmic leaflets of the IM and surface of the OM and that PMB-medi-
ated IM damage can lead to cell lysis and death during the active division of Escherichia
coli (11). PhoPQ-induced PagL (Salmonella enterica and Pseudomonas aeruginosa) and
PmrAB-induced LpxR (S. enterica and Yersinia enterocolitica) on the OM have been experi-
mentally proven to be deacetylases working on existing lipid A; however, no correspond-
ing protein has been characterized in the genomes of A. baumannii so far (1, 12, 13).
Interestingly, the upregulation of a newly found LpxS of A. baumannii was found to trans-
fer a short octanoate (C8:0) acyl chain to replace laurate (C12) at the C29 position of lipid A
under cold-stress conditions, thereby increasing membrane fluidity (14).

Deacylation and GlcN modification (with phosphoethanolamine [PEtN], galactosamine
[GalN], or 4-amino-4-deoxy-L-arabinose [L-Ara4N]) in lipid A are controlled by many two-
component systems (TCSs), such as PmrAB and PhoPQ, which can confer PMB resistance
to cells (15). Environmental stimuli that activate TCSs provide fine-tuning gene regulation
for bacterial adaptation under harsh conditions; however, uncontrolled TCSs as a result of
the accumulation of mutations during adaptation in humans have often been reported in
many clinical pathogenic bacteria (16–18). Constitutive activation of TCSs by mutation and
recombination enables pathogens to survive under hostile host environments. Point muta-
tions of a histidine kinase, BfmS (A42E/G347D, L181, or T242R [all cases in the sensor do-
main]), constitutively activate its downstream transcriptional regulator, BfmR, resulting in
enhanced biofilm formation in clinical P. aeruginosa strains (19). In addition, mutations in
the GraRS system of clinical Staphylococcus aureus can induce vancomycin resistance by
activating the dltABCD operon and mprF, making it difficult to treat infections caused by
the bacterium (20).

Frequent mutations in PmrB in the PmrAB TCS have been reported to account for a
high PMB-resistant (PMBR) phenotype, possibly through the modification of lipid A, in
several Gram-negative pathogens, such as E. coli, Klebsiella pneumoniae, P. aeruginosa,
S. enterica, and A. baumannii (15). However, no lipid A analysis was conducted in the
aforementioned cases. The transcriptional regulator PmrA activated by PmrB binds to
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the chromosomal promoter regions of the pmrCAB operon, the arnBCADTEF operon,
and naxD in an unnamed operon, inducing the expression of pmrC (encoding a PEtN
transferase), arnT (encoding an L-Ara4N transferase), and naxD (encoding an N-acetyl-
galactosamine deacetylase), respectively. However, the arnBCADTEF operon is not pres-
ent in A. baumannii (21, 22). PEtN transferase encoded by either plasmid-driven mcr or
insertion sequence (IS)-mediated eptA (a pmrC homolog) may be responsible for the
spread of PMB resistance (23, 24). Interestingly, LPS deficiency caused by the loss of lpx
has been reported to result in PMB resistance in several clinical A. baumannii strains
(25, 26). In the present study, matrix-assisted laser desorption ionization–time of flight
(MALDI–TOF) mass spectrometry (MS) was performed to analyze the compositions of
lipid A in both PMBR and PMB-susceptible (PMBS) MDR strains. Fluorescence images
using dansyl chloride-labeled PMB (dansyl-PMB) and FM 4-64 were also obtained to
visualize the binding of PMB to each cell. Amino acid variations in PmrC, PmrA, and
PmrB were assessed via genomic and PCR analyses to elucidate the mechanisms
underlying polymyxin resistance. Collectively, higher basal expression levels of pmrC
and the consequent PmrC-mediated modification of lipid A with PEtN were monitored
only in PMBR clinical MDR A. baumannii strains.

RESULTS
PMB resistance in clinical A. baumannii isolates. Antibiotic susceptibility tests of

all of the tested strains were performed by assessing the MICs of five classes of antibi-
otics, including PMB (Table 1; also see Table S2 in the supplemental material). Of the
41 strains (40 clinical isolates and 1 laboratory wild-type [Lab-WT] strain), 82.5% (33/40
strains) appeared to be MDR strains, showing resistance to more than three antibiotics
(Table 1; also see Table S2). The selected nine high MDR clinical strains showed much
higher resistance to all of the tested antibiotics except for PMB. Hence, they were
selected for further analysis (Table 1). For all nine strains, the MIC of each antibiotic
was very high (e.g., doxycycline, 16 to 32 mg/mL; gentamicin, .512 mg/mL; erythromy-
cin, 256 to 512 mg/mL), far exceeding the reference levels (Table 1). These MICs were
much higher than many other reported MICs for clinical A. baumannii isolates (doxycy-
cline, 0.25 to 64 mg/mL; gentamicin, 0.25 to 512 mg/mL; erythromycin, 0.5 to 4 mg/mL),
indicating that our tested clinical isolates could have intrinsic antibiotic resistance and
might have acquired multiple antibiotic resistance genes (ARGs) through mobile
genetic elements (MGEs) (27–29). In the case of the A. baumannii NCCP 16007 genome,
32 functionally diverse ARGs [e.g., mph(E) [macrolide 29-phosphotransferase], armA
[aminoglycoside methyltransferase], tet(B) [tetracycline efflux pump], and blaOXA-23

TABLE 1 Antibiotic susceptibility tests of clinical A. baumannii isolates used in this study

Strain Origina Year of isolation Region of isolation

MIC (mg/mL) of:b

Polymyxin Bc Meropenem Doxycycline Gentamicin Erythromycin
Reference strain
ATCC 17978 (Lab-WT) Laboratory 2 1 1 1 16

PMBR strains
NCCP 16007 Urine 2011 Seoul 256 16 32 .512 512
NCCP 15996 Urine 2013 Gyeonggi-do 256 64 32 .512 .512
NCCP 15995 NA 2013 Seoul 128 .64 32 .512 512
F-1629 NA NA Seoul 128 64 32 .512 .512

PMBS strains
NCCP 15989 Sputum 2013 Jeollabuk-do 2.5 64 32 .512 .512
NCCP 16006 NA 2011 Seoul 2 64 32 .512 512
NCCP 16011 NA 2011 Seoul 2 32 32 .512 512
NCCP 15992 NA 2013 Seoul 1 32 32 .512 .512
NCCP 15994 Pus 2013 Gyeongsangbuk-do 1 64 16 .512 256

aNA, not available.
bThe MICs were measured using the 2-fold dilution method.
cThe MIC of PMB was measured in a previous study (30).
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[b-lactamase]] linked to MGEs were characterized in our previous report (30). Similar
MICs for doxycycline (1 to 64 mg/mL) and meropenem (0.05 to 16 mg/mL) resistance
have also been noted in other clinical pathogenic bacteria (K. pneumoniae, E. coli, and
P. aeruginosa) (15, 31). Eighteen of the 40 clinical isolates exhibited high resistance to
meropenem (.16 mg/mL), which belongs to the carbapenem family. Thus, a large
proportion (45% [18/40 strains]) of clinical isolates could be considered CRAB (Table 1;
also see Table S2). Notably, significant differences in the measured PMB MICs were
observed among all 9 strains. The strains could be categorized into two groups based
on their level of PMB resistance, i.e., PMBR strains (128 to 256 mg/mL) and PMBS strains
(1 to 2.5 mg/mL) (Table 1). While all of the strains displayed high resistance to four dif-
ferent antibiotics, only 4 strains (NCCP 16007, NCCP 15996, NCCP 15995, and F-1629)
demonstrated high resistance to PMB (128 to 256 mg/mL) (Table 1). Resistance to poly-
myxin, an antibiotic used as the last resort for treating CRAB infections, was noted in
less than 10% of CRAB isolates in the Republic of Korea in the past decade; in the pres-
ent study, however, a higher rate (22% [4/18 strains]) of PMB resistance was noted
among CRAB isolates (Table 1; also see Table S2) (32). Genetic and biochemical differ-
ences were further analyzed using the two groups of MDR strains (PMBR and PMBS).

Genetic profiling of clinical A. baumannii isolates. Unique allelic profiles of clinical
A. baumannii isolates were analyzed according to the Oxford scheme using seven house-
keeping genes, namely, gltA, gyrB, gdhB, recA, cpn60, gpi, and rpoD (33). The nucleotide
sequence for multilocus sequence typing (MLST) was corrected using the draft genome
sequence obtained using the NovaSeq 6000 platform (Illumina, USA). All of the tested A.
baumannii strains, including the Lab-WT strain, were grouped into six different sequence
types (STs) (ST112, ST208, ST357, ST358, ST369, and ST451) according to the PubMLST data-
base for A. baumannii (https://pubmlst.org/organisms/acinetobacter-baumannii) (Table 2;
also see Fig. S1). The dominant ST (ST357) contained 5 strains (NCCP 16007, NCCP 15995,
F-1629, NCCP 16006, and NCCP16011), while the other STs had only 1 strain each (NCCP
15996, ST451; NCCP 15989, ST208; NCCP 15992, ST358; NCCP 15994, ST369; Lab-WT, ST112)
(Table 2). Genotyping analyses of clinical A. baumannii isolates using the 147 CRAB isolates
isolated in 2013 to 2015 revealed that 17 isolates (11.6%) belonged to ST357. However, the
dominant isolates from 2016 to 2018 belonged to ST369 (21.8% [21/96 strains]), and ST451
(35.4% [34/96 strains]) evolved from ST208 because of mutations in the gpi allele. On the
other hand, isolates belonging to ST357 were not detected in the Republic of Korea (32,
34). The high prevalence (55% [5/9 strains]) of ST357 in MDR isolates obtained from patients
in the present study was probably associated with regional bias in clinical A. baumannii iso-
lates due to nosocomial infections; however, our small sample size was not statistically

TABLE 2 Genotyping using MLST and genetic analysisa

Strain

MLST (Oxford scheme) allele type for:

ST IC ISAbaI/blaOXA-23 naxD pmrC homologgltA gyrB gdhB recA cpn60 gpi rpoD
Reference strain
ATCC 17978 (Lab-WT) 1 12 56 36 1 61 26 112 III X O pmrC

PMBR strains
NCCP 16007 1 12 3 2 2 145 3 357 II O O pmrC, eptA-1
NCCP 15996 1 3 3 2 2 142 3 451 II O O pmrC, eptA-1
NCCP 15995 1 12 3 2 2 145 3 357 II O O pmrC, eptA-1
F-1629 1 12 3 2 2 145 3 357 II O O pmrC, eptA-1

PMBS strains
NCCP 15989 1 3 3 2 2 97 3 208 II O O pmrC, eptA-1
NCCP 16006 1 12 3 2 2 145 3 357 II O O pmrC, eptA-1
NCCP 16011 1 12 3 2 2 145 3 357 II O O pmrC, eptA-1
NCCP 15992 1 3 3 2 2 145 3 358 II O O pmrC, eptA-1
NCCP 15994 1 3 3 2 2 106 3 369 II O O pmrC, eptA-1

aSix STs were identified on the basis of MLST following the Oxford scheme. ISAbaI/blaOXA-23 encoding carbapenemase and the pmrC homolog eptA-1were detected in the
MDR strains. gltA, citrate synthase; gyrB, DNA gyrase subunit B; gdhB, glucose dehydrogenase B; recA, homologous recombination factor; cpn60, 60-kDa chaperonin; gpi,
glucose-6-phosphate isomerase; rpoD, RNA polymerase sigma factor. O, present in the genome; X, absence in the genome.
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significant (35). Interestingly, only two genes (gyrB and gpi) were featured as allelic variants,
and the other five genes showed the same allele numbers in all of the MDR strains
(Table 2). Evolutionary analyses based on the allelic profile demonstrated that three STs
(ST358, ST369, and ST451) were distinct from ST208 because of a mutation in gpi and that
ST357 had evolved from ST358 because of a single-locus mutation in the gyrB allele
(Table 2; also see Fig. S1). The nucleotide sequence homology of gpi in ST369 was signifi-
cantly different from that in other STs (ST208 [93%], ST358 [92%], and ST451 [95%]). Our
MLST classification revealed six STs in the tested strains, suggesting that all of the MDR
strains were international clone (IC) II (ST208, ST357, ST358, ST369, and ST451) except for
the Lab-WT strain (IC III [ST112]) (30, 34).

The blaOXA-23 gene, encoding a carbapenemase (GenBank accession number
AY795964), is abundant in many clinical A. baumannii strains belonging to IC II world-
wide; this was also noted in our tested strains (36). Genetic analyses of 160 clinical A.
baumannii isolates from the Republic of Korea in 2016 to 2017 revealed that over 96%
of CRAB isolates harbored blaOXA-23 with ISAbaI (37). Along with the discovery of the
ISAbaI/blaOXA-23 cassette in the draft genomes of all of the tested MDR strains, it is
worth noting that our MDR strains were experimentally and genetically proven to be
CRAB strains (Tables 1 and 2). Interestingly, a bidirectional transcription system, Pin and
Pout, is predicted to be inside the structural gene encoding an ISAbaI-containing trans-
posase, which may trigger the expression of blaOXA-23 (see Fig. S2). Additional eptA was
detected in the draft genome analyses and showed 85% (1,362/1,602 bp) nucleotide
sequence identity to pmrC. Domain analyses of both PmrC and EptA-1 proteins
revealed that they had different numbers of transmembrane (TM) domains (four and
five TM domains, respectively) and that a signal peptide was present only in PmrC
(Fig. 1a). Given their high amino acid identity (93%) and the same enzymatic function
as a PEtN transferase, they likely evolved after gene duplication, and an increased gene
dosage could confer high levels of PMB resistance to cells (24, 38). In addition, the C
terminus of both enzymes possessing PEtN transferase activity (highly conserved T285)
is located on the periplasmic side of the IM and catalyzes the addition of PEtN to
hepta-acylated lipid A (Fig. 1a) (39). Draft genome analysis demonstrated that extra
eptA-1 was also present in all of the tested MDR strains (but not in the Lab-WT strain),
and their nucleotide sequences showed 100% identity to known eptA-1 (GenBank
accession number KC700024) in A. baumannii strains (Table 2) (24). A PmrA-binding
motif (59-HTTAAD-N5-HTTAAD-39) was detected upstream of the promoter regions of
the pmrCAB operon (59-TTTAAG-TCATT-TTTAAG-39), eptA-1 (59-TTTAAT-TTTTC-TTTAAG-
39), and naxD (59-CTTAAG-AAAAC-TTTAAG-39) (Fig. 1a and Table 2). PmrA-induced
NaxD is known to deacetylate N-acetylgalactosamine, forming GalN in the cytoplasm.
However, additional enzymes for the transport and attachment of GalN to lipid A have
not yet been identified (40).

Induction of pmrC/eptA-1 expression and alteration of membrane charge in
PMBR strains. High basal expression levels of pmrC/eptA-1 could contribute to high
PMB resistance in the PMBR strains (MIC, ;128 to 256 mg/mL), and those genes were
still inducible by PMB (1/2 MIC) (Fig. 1b). The same PMB concentration (1/2 MIC) could
not upregulate pmrC/eptA-1 in the PMBS strains, probably because of their vulnerability
under high concentrations of PMB, which was also observed in the Lab-WT strain
(Fig. 1b). Low concentrations of PMB (1/10 MIC) and not high concentrations (1/2 MIC)
could upregulate the target genes in the Lab-WT strain, implying that exposure to high
PMB concentrations made it too challenging for cells to perform normal gene tran-
scription and metabolic activities.

In the absence of PMB, the basal expression level of pmrC/eptA-1 encoding a PEtN trans-
ferase in the PMBR strains (74- to 194-fold) was significantly higher than that in the PMBS

strains (1.4- to 14.1-fold) and the Lab-WT strain (Fig. 1b) (24, 25). Higher expression levels of
PmrAB TCS-regulated and nonregulated pmrC led to higher PEtN transferase activity, result-
ing in the accumulation of PMBR lipid A-PEtN instead of canonical lipid A in the OM.

Possible changes in the cell surface charge with the incorporation of PEtN into lipid
A were monitored by measuring the zeta potential (Fig. 1c). The four PMBR strains
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FIG 1 PmrAB-mediated pmrC/eptA-1 expression and cell surface charge. (a) Schematic diagram of PmrAB-induced pmrC/eptA-1 expression. Mutated
PmrB continuously activates PmrA, and the resulting activated PmrA regulator binds to the PmrA-binding site (59-HTTAAD-N5-HTTAAD-39) to promote

(Continued on next page)
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showed a lower average negative surface charge (222 to 253 mV) than the five PMBS

strains (232 to 274 mV) at the early exponential phase (optical density at 600 nm
[OD600] of 0.4), possibly resulting in reduced initial binding of cationic PMB to the cell
surface (Fig. 1c). The net negative charge of the cell surface in the PMBR strains could be
diminished through the addition of PEtN to lipid A by higher PEtN transferase activity. The
decreased binding of PMB to the cell surface could also be confirmed using fluorescent
dansyl-PMB (Fig. 2) (41). The lipophilic dye FM 4-64 is an amphipathic molecule with a lipo-
philic tail and trivalent cation moiety, which can interact with LPS by both electrostatic
and hydrophobic interactions (42). The addition of FM 4-64 to cells could result in homo-
geneous fluorescence across the cell surface in all PMBS and PMBR strains, implying that
the PEtN-driven modification of lipid A was not associated with hydrophobic interactions
with FM 4-64 (Fig. 2) (43). However, fluorescence intensity following the addition of dan-
syl-PMB could be detected in the PMBR strains but not in the PMBS strains, indicating that
the lower initial binding of PMB rendered PMB resistance in the PMBR cells.

Modification of lipid A in PMBR strains.MS analyses of lipid A revealed significantly
different patterns between the PMBR and PMBS strains (Fig. 3). The following four major
peaks were detected in all of the tested strains, including the reference Lab-WT strain
(ATCC 17978): tetra-acylated lipid A precursor (m/z 1,404); hepta-acylated lipid A (m/z
1,910), the common form in A. baumannii; hexa-acylated lipid A (m/z 1,728) lacking
one laurate (C12); and penta-acylated lipid A (m/z 1,530) lacking two laurate molecules
(C12) with one hydroxyl group (Fig. 3) (44). The predominant m/z 1,404 peak in most
isolates represented a precursor located in the cytoplasmic leaflet of the IM at the early
stages of lipid A biosynthesis, indicating that the extraction of lipid A could contain all
lipid A precursors and complete forms on both the IM and OM sides (see Fig. S3a). The
m/z 1,910 peak (hepta-acylated lipid A) represented the canonical lipid A of A. bauman-
nii and was also detected in other clinical Acinetobacter strains, such as Acinetobacter
pittii and Acinetobacter nosocomialis (45). PMBR A. baumannii strains having lipid
A components modified with PEtN (1m/z 123) or GalN (1m/z 161) at one or both

FIG 1 Legend (Continued)
the transcription of pmrC and eptA-1. (b) Expression levels of pmrC/eptA-1 encoding PEtN transferase were examined in clinical strains and compared
with those in the Lab-WT strain under the nontreated, 1/2 MIC PMB-treated, and 1/10 MIC PMB-treated conditions. The expression of the strains was
normalized to their respective 16S rRNA expression levels. Data were obtained through three independent biological replicates. (c) Zeta potential of
the Lab-WT, PMBR, and PMBS strains under the nontreated condition.

FIG 2 Dansyl-PMB binding affinity in Lab-WT and clinical isolates. CLSM images of Lab-WT, PMBR, and PMBS strains are shown. The fluorescence of the
lipophilic dye FM 4-64 (red) was observed in all of the strains, indicating that the membrane was well maintained. The fluorescence of dansyl-PMB (green)
was observed in the Lab-WT and PMBS strains but not in the PMBR strains. The FM 4-64 and dansyl-PMB images were merged. Scale bars represent 10 mm.
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terminal phosphate residues have been often reported (44). The m/z 2,033 peak spe-
cific to the PMBR strains corresponding to lipid A and one PEtN residue (1m/z 123) rep-
resented hepta-acylated lipid A (lipid A-PEtN, m/z 1,910) (Fig. 3). However, the m/z
2,071 peak corresponding to the NaxD-mediated GalN modification of lipid A was not
detected in the mass spectrum of lipid A, indicating that GalN-mediated lipid A modifi-
cation may be a minor process for PMB resistance in the PMBR strains (24). An LpxO
homolog present in the genomes of S. enterica, K. pneumoniae, and A. baumannii func-
tions as a hydroxylase working on laurate (C12) linked to the 29-R-3-hydroxymyristoyl
position of lipid A (46). The weakly detected subvariant lipid A precursors having a
lower mass (2m/z 16 [one hydroxyl group]) than the three major peaks (m/z 1,910,
m/z 1,728, and m/z 1,530) were detected mainly in the PMBS strains but not in most
PMBR strains. The identification of many hydroxylated or nonhydroxylated acyl chains
of lipid A predominantly in the PMBS strains implied different relative speeds and
degrees of cognate enzymatic activities in the strains. Interestingly, the occurrence of
PEtN addition only to hepta-acylated lipid A proved the presence of PEtN activity in
the periplasmic leaflet of the IM in the PMBR strains. Different levels of expression of
genes involved in lipid A biosynthesis (lpxC, lpxK, lpxL, lpxM, and lptC) occurred in the
PMBS and PMBR strains. It is difficult to draw any conclusion regarding the presence
of multiple precursors from lipid A analyses based on the level of gene expression;
however, it is worth noting that the rate-limiting steps present in lipid A biosynthesis
may generate different amounts of lipid A precursors in the strains (see Fig. S3a [red-
marked lines] and b).

PmrCAB variation in PMBR strains. The amino acid alterations in PmrCAB in the
clinical strains were analyzed and compared with that in the Lab-WT strain, which
could explain their target gene expression and constative PMBR phenotypes, because
mutations accumulated in the PmrAB TCS can lead to the activation of PmrA, a tran-
scriptional regulator of downstream genes (see Table S3). Sequence analysis of the
PmrB kinase of PmrAB TCS (A1S_2754) revealed that the four PMBR strains with high

FIG 3 MS analysis of clinical isolates. Extracted lipid A was analyzed by MALDI-TOF MS to assess the lipid A pattern corresponding to PMB resistance. The
m/z 2,033 peak (blue arrows) corresponding to lipid A with added PEtN was specifically detected in the PMBR strains, and the m/z 1,530 and m/z 1,728
peaks (red arrows) corresponding to deacylated lipid A were detected to a lesser extent or not detected.
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PMB MICs had interesting and novel amino acid mutations and deletions (F26L muta-
tion and deletion of amino acids at positions 27 to 30 in NCCP 16007; A138T mutation
in NCCP 15996; and S61G and I163N mutations in NCCP 15995). In clinical strains, a
mutation in PmrB (P233S, T235N, or Q270P) appeared to be important for the constitu-
tive activation of PmrA; however, the same mutation could not be detected in our
tested clinical strains (47). The P170L mutation in PmrB has been reported in PMBR clin-
ical A. baumannii strains, and the same mutation was detected in the F-1629 strain in
our study (48). The kinase domain of PmrB is known to be activated by a conforma-
tional change in the sensor domain in response to environmental stimuli, such as low
pH and high Fe31 or Al31 (49). Our analysis revealed that a mutation (P170L) in the ki-
nase domain of PmrB occurred in the F-1629 strain. Four mutations and the deletion of
PmrB in the vicinity of the periplasmic sensor domain (F26L, S61G, A138T, and I163N
mutations and deletion of amino acids at positions 27 to 30) may activate the kinase
domain without environmental stimuli; however, their contribution to constitutive
pmrC expression has not yet been experimentally proven and remains to be investi-
gated (see Fig. S4). Interestingly, mutations in PmrB were observed only in the PMBR

strains. No mutation was detected in PmrA (A1S_2753), and five amino acid mutations
(F150L, I212V, R332K, A354S, and K515T) in PmrC (A1S_2752) were identical in all of
the clinical strains.

DISCUSSION

Our MIC tests and draft genome analysis indicated that the selected 9 clinical isolates
(among the 40 tested strains) were MDR strains that possessed multiple ARGs, which
could confer high levels of resistance to meropenem and other antibiotics (Table 1). In
addition, our draft genomic data indicated the presence of the ISAbaI/blaOXA-23 cassette,
pmrC, and eptA-1 in all of the tested MDR strains (Table 2; also see Fig. S2 in the supple-
mental material). The three major STs corresponding to IC II (ST208, ST357, and ST369)
are known to contain blaOXA-23, with more than 60% prevalence in the Republic of Korea;
this is consistent with our finding that all of our tested strains belonged to IC II (Table 2)
(24). In the case of E. coli, the OM retained 70% of the lipid A fraction, and 23% reduction
in the OM charge occurred with the addition of PEtN, which explained our zeta potential
data on lowering cationic PMB affinity by reducing the net negative charge of cell surfa-
ces in the PMBR strains (Fig. 1c) (50). The addition of PEtN to lipids could also stabilize the
membrane by increasing the intermolecular attraction between adjacent lipids (51). Lipid
A modification in PMBR A. baumannii is known to occur by the addition of PEtN or GalN,
which can neutralize and stabilize membranes (52). PEtN modification mainly occurs at
the C19 position of lipid A, and a change in the C49 position occurs with low frequency
(44, 45). The addition of GalN is associated only with the C19 position, which may explain
the rare detection of GalN-modified lipid A because of positional competition with the
PEtN moiety. Moreover, in our study, no production of GalN-lipid A was detected (mass
peak at m/z 2,071), even though naxD, which was first discovered in a Francisella novicida
clinical isolate, was present in the A. baumannii genome (Fig. 1a and Fig. 3) (44, 53). The
mechanism underlying the transfer of GalN to lipid A has not yet been identified.

Interestingly, a phenomenon of LPS loss was noted in laboratory-evolved PMBR A.
baumannii strains when mutations occurred in lpxA, lpxC, and lpxD (25). The LPS-defi-
cient cells appeared to have high PMB resistance and high sensitivity to antibacterial ly-
sozyme and lactoferrin. Our MS data revealed only the m/z 1,910 peak corresponding to
canonical lipid A (Fig. 3). Mutations in PhoQ, a histidine kinase in P. aeruginosa, S. enter-
ica, and K. pneumoniae, are also attributed to lipid A modification through induction of
the activation of the arnBCADTEF operon or the phoPQ-pmrD-pmrAB signal transduction
cascade as a result of uncontrolled TCS functioning (6). However, A. baumannii lacks the
pmrD and arnBCADTEF operons. Consequently, conferring PMB resistance to A. bauman-
nii cells through charge modification of lipid A mainly relies on the PmrAB TCS, with the
exception of LPS deficiency (54). The high basal expression levels of pmrC/eptA-1 (74- to
194-fold) noted only in the PMBR strains suggested that the pmrAB TCS was no longer
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strictly controlled inside the cells, possibly because of mutations accumulated in PmrB, a
kinase in the PmrAB TCS. However, the direct contribution of those mutations to high
basal expression levels of pmrC remains to be investigated (Fig. 1b; also see Table S3).
Conformational changes caused by mutations in the sensor and kinase domains of PmrB
can lead to a constantly activated state of PmrB. Continuous exposure of the sensory
protein PmrB to environmental stimuli, such as positive ions, metals, pH, PMB, and other
cationic peptides, may result in spontaneous mutation and protein evolution under
selection pressure in hostile host environments (19, 25, 41). Amino acid analyses of
PmrCAB in MDR strains revealed mutations in the PMBR strains at amino acid positions
26 to 170 of PmrB, indicating a possible conformational change in PmrB in the PMBR

strains (see Fig. S4 and Table S3). In many clinical isolates, such as E. coli, K. pneumoniae,
P. aeruginosa, and A. baumannii strains, PmrB mutations were found to occur at various
amino acid positions, resulting in high PMB resistance (8 to 512 mg/mL) (15). In conclu-
sion, all of the tested clinical A. baumannii isolates were proven to be MDR strains with
resistance to different classes of antibiotics, but their degree of PMB resistance differed.
The four selected PMBR strains had mutations in PmrB, high basal expression levels of
pmrC/eptA-1, and PEtN-modified lipid A without exposure to PMB (Fig. 3). These muta-
tions and constitutive phenotypic changes confer high PMB resistance to the PMBR

strains. Consequently, spontaneous mutations and acquired ARGs during their residence
inside hosts could contribute to their successful survival as pathogens in clinical settings.

MATERIALS ANDMETHODS
Acquisition of strains and measurement of their MICs. Five clinical isolates of A. baumannii from a

patient were provided by the Samsung Medical Center, Sungkyunkwan University, while 35 other clinical
isolates were provided by the National Culture Collection for Pathogens (NCCP) in the Republic of Korea.
These clinical isolates were deposited from 2004 to 2013 (30). A. baumannii ATCC 17978 (Lab-WT) was
used as the reference strain; it was maintained in the laboratory after being provided by the American
Type Culture Collection (ATCC). Antibiotic susceptibility tests were performed using the broth dilution
method in 96-well plates to identify MDR A. baumannii strains (30). All antibiotics were purchased from
Sigma-Aldrich (USA), and the following concentrations were tested: PMB, 1 to 256 mg/mL; meropenem,
0.5 to 64 mg/mL; doxycycline, 0.5 to 64 mg/mL; gentamicin, 0.5 to 512 mg/mL; erythromycin, 0.5 to 512
mg/mL. All isolates were cultured overnight in Luria-Bertani (LB) broth and then diluted (1:100) into fresh
LB broth (5 mL) and incubated until they reached the early exponential phase (OD600 of 0.4). The cul-
tured cells were transferred into a 96-well plate with each antibiotic, and the final cell numbers were
adjusted (;106 CFU/mL). Incubation was continued at 37°C for 24 h to calculate the MIC. The antibiotic
resistance criteria for each antibiotic were determined using EUCAST clinical breakpoints v.12.0 for
Acinetobacter species (updated in 2022) (https://www.eucast.org/fileadmin/src/media/PDFs/EUCAST
_files/Breakpoint_tables/v_12.0_Breakpoint_Tables.pdf), as follows: PMB, 3 mg/mL; meropenem, 2 mg/
mL; doxycycline, 2 mg/mL; gentamicin, 5 mg/mL; erythromycin, 16 mg/mL.

Extraction of genomic DNA. Genomic DNAs were extracted from all of the tested A. baumannii
strains using the Wizard genomic DNA purification kit (Promega, USA), according to the manufacturer’s
instructions. The cell pellet was obtained by centrifugation at 12,000 � g for 1 min using A. baumannii
that had been cultured overnight, and the supernatant was discarded. The pellet was resuspended in
nuclei lysis solution (600 mL) and incubated at 80°C for 5 min to lyse the cells. To remove RNAs, RNase
solution (3 mL) was added to the cell lysate and incubated at 37°C for 30 min. The supernatant contain-
ing DNA was transferred into a new microtube containing isopropanol (600 mL), mixed by gentle inver-
sion of the tube, and centrifuged at 12,000 � g for 2 min. The supernatant was poured out, and 70%
ethanol (600 mL) was added to wash the DNA pellets. Following this, DNA rehydration solution (100 mL)
was added to the DNA pellet, and the DNA was dehydrated by incubation at 65°C for 1 h. The concentra-
tion of extracted genomic DNA was assessed using a NanoPhotometer N50 (Implen, Germany), and the
DNA was used for MLST and nucleotide analysis of pmrCAB.

Genotypic analysis using MLST. Extracted genomic DNA was used to perform MLST according to
the Oxford scheme, as described previously, using primers designed for PCR amplification and sequencing
in the PubMLST database (https://pubmlst.org/organisms/acinetobacter-baumannii) (see Table S1 in the
supplemental material) (33). EzPCR HF 5� master mix (Elpis Biotech, Republic of Korea) containing a Pfu
polymerase was used to ensure a low error rate and accurate PCRs under the following conditions: 95°C
for 5 min; 30 cycles at 95°C for 30 s, 55°C for 30 s, and 72°C for 30 s; and a final cycle at 72°C for 5 min. PCR
products were separated in a 1% agarose gel and purified from the gel using Expin Combo GP (GeneAll,
Republic of Korea). The purified PCR products were analyzed by the Sanger sequencing method
(Macrogen, Republic of Korea) using primers according to the application (see Table S1). The sequence
data sets were assigned to the Acinetobacter MLST database (http://pubmlst.org/abaumannii [accessed 25
June 2021]). Draft genome sequences were obtained using the NovaSeq 6000 platform (Illumina).

Relative quantification of pmrC and eptA-1 expression. The expression levels of pmrC and eptA-1
(pmrC/eptA-1) were assessed in the presence or absence of PMB. Primers were designed from the
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common sequence of the conserved regions of pmrC and eptA-1, and the integrated expression levels of
both genes were measured simultaneously (see Table S1). All of the clinical isolates were diluted (1:100)
using overnight cultures in LB broth (5 mL) and were grown to the early exponential phase (OD600 of
0.4). For the PMB treatment condition, all of the strains were diluted (1:100) using overnight cultures in
LB broth (5 mL) and were grown to the early exponential phase (OD600 of 0.4). Following this, 1/2 MIC (1
to 128 mg/mL) of PMB was added and additionally incubated for 30 min. Total RNA from the cultured
cells was isolated using the RNeasy minikit (Qiagen, Germany), according to the manufacturer’s protocol.
Reverse transcription was performed using the RevertAid reverse transcription kit (Thermo Fisher
Scientific, USA) with DNase I (1 mL [Thermo Fisher Scientific])-treated RNA. Quantitative real-time PCR
(qRT-PCR) amplification was performed on the QuantStudio 5 real-time PCR system (Applied Biosystems,
USA) using Power SYBR green PCR master mix (Applied Biosystems). For RT-PCR, the total mixture
(20 mL) was prepared as follows: master mix (10 mL), forward primer (1 mL [10 pmol]), reverse primer
(1 mL [10 pmol]), diluted (1/10) cDNA (1 mL) as a template, and distilled water (7 mL). qRT-PCR was per-
formed under the following conditions: hold stage, 95°C for 10 min; PCR stage, 40 cycles at 95°C for 15 s
and 60°C for 1 min; melt curve stage, 95°C for 15 s, 60°C for 1 min, and 95°C for 15 s. The relative expres-
sion level of pmrC/eptA-1 was normalized with 16S rRNA as an endogenous gene. The primers used are
listed in Table S1 in the supplemental material.

Measurement of zeta potential. The cell surface charge was measured using a zeta potential ana-
lyzer, as described previously (41). Cells cultured overnight were diluted (1:100) into fresh LB broth
(5 mL) and grown to the early exponential phase (OD600 of 0.4). To wash the residual ions on the cell sur-
face, the cultured cells were centrifuged at 12,000 � g for 1 min and washed with phosphate-buffered
saline (PBS) (pH 6.8) twice. The washed pellet was resuspended in PBS and, immediately before measure-
ment of the zeta potential, was diluted one to three times in PBS according to the cell density. The zeta
potential of the bacterial cells was measured at 25°C using the ELSZ-1000 zeta potential analyzer
(Otsuka Electronics, Japan).

Image analysis using confocal laser scanning microscopy. Dansyl-PMB was prepared using frac-
tions from column chromatography after combining dansyl chloride (Sigma-Aldrich) with PMB sulfate
(Sigma-Aldrich), as described previously (41). The lipophilic dye FM 4-64 [N-(3-triethylammoniumpropyl)-
4-(6-[4-(diethylamino)phenyl]hexatrienyl) pyridinium dibromide] (Invitrogen, USA) reveals the cell mem-
brane by attaching to the lipid of the OM. Cells in the early exponential phase (OD600 of 0.4) (1 mL) were
centrifuged in a microtube. The pellet was resuspended in 1 mL of PBS. Fluorescently labeled dansyl-
PMB (final concentration, 2 mg/mL) and the lipophilic dye FM 4-64 (final concentration, 0.1 mg/mL) were
added for cell staining and incubated for 30 min at 37°C. The treated cells were washed with PBS more
than twice. The washed pellet was prepared by resuspension in PBS (10 mL). Confocal laser scanning mi-
croscopy (CLSM) was performed using an LSM 700 microscope (Carl Zeiss Microscopy, Germany).

Microextraction of lipid A. Lipid A of all of the tested strains was extracted using the modified am-
monium hydroxide-isobutyric acid method (25). In brief, cells cultured overnight were diluted (1:100)
into fresh LB broth (400 mL). The culture was then incubated with vigorous shaking at 37°C until the
OD600 reached 1.0. Bacterial pellets were obtained from the cultured cells by high-speed centrifugation
(Hitachi, Japan) at 4,000 � g for 20 min at 4°C. The supernatant was poured out, and the pellets were
washed with distilled water (30 mL) twice to remove residual ions. The washed cell pellets were snap-
frozen using liquid nitrogen and lyophilized overnight. Lyophilized crude cells (10 mg) were suspended
in a mixture of isobutyric acid and 1 M ammonium hydroxide (400 mL, 5:3 [vol/vol]; Sigma-Aldrich) and
incubated for 2 h at 100°C in a screw-cap test tube with occasional vortex-mixing. The mixture was then
cooled on ice and centrifuged at 8,000 � g for 15 min. The supernatant was transferred into a new tube,
mixed with an equal volume of water, and snap-frozen using liquid nitrogen before being lyophilized
overnight. The lyophilized sample was then washed twice with methanol (400 mL) and centrifuged at
5,000 � g for 15 min. Finally, insoluble lipid A was solubilized in a chloroform-methanol-water mixture
(100 mL, 3:1.5:0.25 [vol/vol/vol]). The extract was directly subjected to MALDI-TOF MS analysis.

MS analysis. Lipid A extracted from whole cells using the microextraction method was subjected to
MALDI-TOF MS analysis (25). In brief, 2,5-dihydroxybenzoic acid (DHB) matrix solution (10 mg/mL in 80%
acetonitrile with 0.1% trifluoroacetic acid) was used for MS. Lipid A extract (2 mL) was mixed with matrix
solution (2 mL) deposited on a plate for the vacuum-dried droplet method. The structural spectrum of
lipid A was analyzed using the autoflex maX mass spectrometer (Bruker Daltonics, USA) in the negative-
ion reflectron mode. The laser repetition rate was 2,000 Hz, and the resulting spectrum was accumulated
with an average of 500 shots. The total analysis range of MALDI-TOF MS was m/z 400 to m/z 3,200, and
lipid A mass analysis was performed at m/z 1,300 to m/z 2,300.

Protein sequence analysis of PmrCAB in clinical isolates and the Lab-WT isolate. To determine
whether amino acid substitution contributes to PMB resistance, the pmrCAB operon was amplified using
a Pfu polymerase with proofreading activity. Based on the reference genome sequence of the Lab-WT
strain (GenBank accession number CP000521), three sets of PCR primers were designed to encompass
the entire pmrCAB operon along with the promoter regions containing the PmrA binding site in the pro-
moter region (see Table S1). EzPCR HF 5� master mix (Elpis Biotech, Republic of Korea) was used, and
three fragments were amplified using three pairs of primers, according to the manufacturer’s protocol
(see Table S1). PCRs were performed under the following conditions: 95°C for 5 min; 30 cycles at 95°C for
30 s, 55°C for 30 s, and 72°C for 1 min 30 s; and a final cycle at 72°C for 5 min. Sequenced fragments
were assembled and aligned to the pmrCAB sequence of the reference genome of the Lab-WT strain
(GenBank accession number CP000521). The functional domain model of each gene was predicted using
the Web-based programs InterPro (https://www.ebi.ac.uk/interpro) and Protter (http://wlab.ethz.ch/
protter/start).
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Data availability.We confirm that the data supporting the findings of this study are available within
the article and/or its supplemental material. The genomic data for eight MDR strains were deposited
in the NCBI GenBank database under the following GenBank accession numbers: A. baumannii
NCCP 15989, JAKVTK000000000; NCCP 15992, JAKVTL000000000; NCCP 15994, JAKVTM000000000; NCCP
15995, JAKVTN000000000; NCCP 15996, JAKVTO000000000; NCCP 16006, JAKVTP000000000; NCCP 16011,
JAKVTQ000000000; F-1629, JAKVTJ000000000. The complete genome sequence of A. baumannii NCCP
16007 (GenBank accession number CP091465) was obtained by constructing a hybrid genome using
Pacific Biosciences (PacBio) and Illumina data and was deposited in the NCBI GenBank database. In addi-
tion, A. baumannii ATCC 17978 (GenBank accession number CP000521) was used as the reference strain.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
SUPPLEMENTAL FILE 1, PDF file, 1 MB.
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