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ABSTRACT Acinetobacter baumannii is highly resistant to antimicrobial agents, and XDR 
strains have become widespread. A. baumannii has developed resistance to colistin, 
which is considered the last resort against XDR Gram-negative bacteria, mainly caused 
by lipooligosaccharide (LOS) phosphoethanolamine (pEtN) and/or galactosamine (GalN) 
modifications induced by mutations that activate the two-component system (TCS) 
pmrAB. Although PmrAB of A. baumannii has been recognized as a drug resistance 
factor, its function as TCS, including its regulatory genes and response factors, has 
not been fully elucidated. In this study, to clarify the function of PmrAB as TCS, we 
elucidated the regulatory genes (regulon) of PmrAB via transcriptome analysis using 
pmrAB-activated mutant strains. We discovered that PmrAB responds to low pH, Fe2+, 
Zn2+, and Al3+. A. baumannii selectively recognizes Fe2+ rather than Fe3+, and a novel 
region ExxxE, in addition to the ExxE motif sequence, is involved in the environmental 
response. Furthermore, PmrAB participates in the phosphoethanolamine modification of 
LOS on the bacterial surface in response to metal ions such as Al3+, contributing to the 
attenuation of Al3+ toxicity and development of resistance to colistin and polymyxin B 
in A. baumannii. This study demonstrates that PmrAB in A. baumannii not only regulates 
genes that play an important role in drug resistance but is also involved in responses 
to environmental stimuli such as metal ions and pH, and this stimulation induces 
LOS modification. This study reveals the importance of PmrAB in the environmental 
adaptation and antibacterial resistance emergence mechanisms of A. baumannii.

IMPORTANCE Antimicrobial resistance (AMR) is a pressing global issue in human health. 
Acinetobacter baumannii is notably high on the World Health Organization’s list of 
bacteria for which new antimicrobial agents are urgently needed. Colistin is one of the 
last-resort drugs used against extensively drug-resistant (XDR) Gram-negative bacte
ria. However, A. baumannii has become increasingly resistant to colistin, primarily by 
modifying its lipooligosaccharide (LOS) via activating mutations in the two-component 
system (TCS) PmrAB. This study comprehensively elucidates the detailed mechanism of 
drug resistance of PmrAB in A. baumannii as well as its biological functions. Understand
ing the molecular biology of these molecules, which serve as drug resistance factors 
and are involved in environmental recognition mechanisms in bacteria, is crucial for 
developing fundamental solutions to the AMR problem.

KEYWORDS Acinetobacter baumannii, PmrAB, lipopolysaccharide, colistin, LPS 
modification

A lthough antimicrobial agents have been used to treat Acinetobacter baumannii 
(a common Gram-negative bacterium) infections occurring in medical facilities, 
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particularly in intensive care units (1–6), the prevalence of XDR A. baumannii strains has 
been increasing, limiting effective treatment options (7). Although broad-spectrum 
carbapenems are widely used to treat such infections (8), the prevalence of carbapenem-
resistant A. baumannii (9) required a shift in therapeutic strategies (10).

Colistin, a cationic polypeptide antimicrobial agent, is critical in treating XDR A. 
baumannii infections, including those resistant to carbapenems (11, 12). Colistin binds to 
lipopolysaccharide (LPS) on the outer membrane of Gram-negative bacteria, destabi
lizing the cell membrane and leading to bactericidal activity (13). As the LPS in A. 
baumannii lacks O antigen and is instead characterized as LOS, the emergence of 
colistin-resistant A. baumannii strains has been reported, complicating treatment against 
these strains (11–15). The primary mechanism of colistin resistance in A. baumannii 
involves mutations in the two-component pmrAB gene system (16), which increase 
LOS modifications (phosphoethanolamine [pEtN] via pmrC and galactosamine [GalN] 
via naxD) and decrease colistin binding (17–20). However, the LOS modification that is 
crucial for colistin resistance is unclear.

PmrAB regulates the expression of specific genes (regulons) by activating (phosphor
ylating) the response regulator PmrA in response to environmental factors (21). A PmrAB 
regulon in Salmonella has been identified (22), with PmrB in Salmonella responding to 
extracellular environmental factors such as Fe3+, Al3+, and low pH (23–27), suggesting 
that PmrB responds to metal ions and pH changes. A. baumannii responds to low pH 
but does not respond to metal ions such as Fe3+ (28, 29). The environmental factors that 
PmrAB of A. baumannii responds to, excluding pH, are poorly understood. Moreover, the 
PmrAB regulon in A. baumannii has not been fully identified. Thus, PmrAB establishes 
drug resistance and regulates the specific regulons in response to unknown environmen
tal factors but its biological mechanism remains undetermined. This study aimed to 
elucidate the molecular biology of the PmrAB regulon and its activators in A. baumannii 
to understand the role of PmrAB in A. baumannii response to environmental factors.

RESULTS

Elucidation of the PmrAB regulon in A. baumannii

Previous research on the A. baumannii PmrAB system has predominantly utilized pmrAB 
mutant clinical isolates to deduce its regulon (30–32). However, this approach is limited 
by the lack of whole-genome sequences and the varying genetic backgrounds of 
different strains. A library of pmrAB-activating mutants with identical genetic back
grounds of A. baumannii has been successfully established using specific drug selection 
on the standard strain ATCC 19606 and the drug-resistant clinical isolate ATCC BAA-1605 
(33). This library was utilized to select representative mutants for both pmrA and pmrB 
that were previously reported in clinical strains (PmrA: M12I, PmrB: P233S) (34–36) and 
those not reported (PmrA: I13S, PmrB: R263G). In addition to these four strains (Fig. 
S1), an artificial disruption of the pmrA gene was created in a pmrB-activating mutant 
strain (ΔpmrA-CM012S), thus forming a set of five representative strains in total. For 
ATCC BAA-1605, one representative strain was chosen from each pmrA- and B-activating 
mutant (PmrA: L20F and PmrB: P233S). Whole-genome analysis confirmed that these 
strains harbored no mutations other than those in pmrA and B. RNA-seq analysis of these 
strains identified 18 genes upregulated in the pmrAB mutant strain derived from ATCC 
19606 strain, including those involved in autoregulation of the pmrCAB operon, and in 
addition to other LOS modification genes (eptA: pEtN modification gene and naxD), in 
the biosynthesis of polysaccharide poly-β-1,6-N-acetyl-D-glucosamine (pgaB, C, D; Fig. 
1). All genes upregulated in the ATCC 19606 strain were found to be upregulated in 
the ATCC BAA-1605 pmrAB mutant strains as well, except for eptA that was not on the 
chromosome, thus resulting in 17 upregulated genes. Additional genes, including csuAB 
and three unknown genes, were upregulated in ATCC BAA-1605 (Fig. S2).
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Construction of a PmrAB reporter assay system for A. baumannii

To elucidate the response of PmrAB in A. baumannii, we developed a reporter assay 
system using β-galactosidase activity. We identified KAMO5_07940, a gene locus 
encoding a non-ribosomal peptide synthase (NRPS), whose expression is significantly 
upregulated by PmrAB [P value = 2.20 × 10−178, log2 (fold change) = 6.18 in CM012S; 
Fig. 2A]. Analysis of the 200-bp upstream regions of the 18 upregulated genes using 
MEME Suite (37) revealed a DNA consensus sequence (-TTTAAN6TTTAA-) upstream of all 
genes (except those forming operons; Fig. 2B). This motif is also present upstream of the 
NRPS gene. Based on these findings, we constructed a reporter plasmid that utilizes the 
upstream region of the NRPS gene to precisely evaluate PmrAB activity (Fig. 2C). When 
the reporter plasmid was introduced into PmrAB-active mutant strains (CM022S PmrA 
M12I and CM012S PmrB P233S), the β-galactosidase activity drastically increased. This 
effect was not observed for the PmrA knockout strain (ΔpmrA-CM012S; Fig. 2D). This 
result confirmed the establishment of the reporter assay system for evaluating PmrAB 
activation in A. baumannii.

FIG 1 Elucidation of the PmrAB regulon in A. baumannii by RNA-seq. (A) Genes with log2 (fold change) ≥ 2 and P value < 0.05 compared with the WT strain 

were considered significantly upregulated, and Venn diagrams were generated to illustrate this. The 18 genes common to the pmrA and B mutants but not to 

ΔpmrA-CM012S were identified as regulons. (B) A spatial enrichment distribution plot of CM012S (pmrB-activating mutant strain) is presented. The vertical axis 

indicates log2 (fold change), and the horizontal axis represents gene loci in the genome sequence. Red dots indicate regulon genes (18 genes). (C) List of the 

upregulated 18 regulon genes in the ATCC 19606 pmrAB-activating mutant strain is provided, which shows the locus tag of the ATCC 19606 strain (GenBank 

accession number: AP025740.1), its product, gene name, and expression levels of each gene in each strain, depicted on a heatmap.
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A. baumannii PmrAB responds to Fe2+, Zn2+, and Al3+

The wild-type (WT) ATCC 19606 strain and the ΔpmrA and ΔpmrB strains were trans
formed with the reporter plasmid. These strains were exposed to low pH (pH 5.8) and 
to 500 µM each of the various indicated metal ions, following which the β-galactosidase 
activity was measured (Fig. 3A). We detected high β-galactosidase activity at low pH 
(Fig. 3B). Furthermore, we discovered that PmrAB of A. baumannii responds to metal ions 
such as Fe2+, Zn2+, and Al3+ (Fig. 3C). The mRNA expression level of autoregulated pmrCAB 
increased in response to Fe2+, Zn2+, and Al3+ (Fig. S3A). A similar trend was observed for 
pH induction, although the difference was not statistically significant (Fig. S3B). Another 
strain of A. baumannii, ATCC 17978, similarly responded to pH 5.8, Fe2+, Zn2+, and Al3+ (Fig. 
S3C and S3D).

Notably, PmrAB of A. baumannii did not respond to Fe3+, suggesting selective 
responsiveness to Fe2+. Next, we examined whether PmrAB discriminates between Fe2+ 

and Fe3+. The activity of β-galactosidase increased in a concentration-dependent manner 
in response to Fe2+ treatment but was comparatively low for Fe3+ (Fig. 3D). Furthermore, 
when we employed sodium ascorbate as a reducing agent to reduce Fe3+ to Fe2+ (38), β-
galactosidase activity increased in a concentration-dependent manner (Fig. 3E). These 
results suggest that PmrAB of A. baumannii TCS selectively recognizes Fe2+ rather than 
Fe3+.

PmrB 35-ExxE-38 and 131-ExxxE-135 motifs in the periplasmic region are 
essential for response to low pH and metal ions in A. baumannii

In other species of PmrAB, the ExxE motif sequence in the periplasmic region of PmrB is 
essential for response to metal ions and low pH (25, 27). In A. baumannii PmrB, one ExxE 
(35-EVDE-38) motif was identified in the periplasmic region as predicted by TMHMM (39). 
Additionally, two ExxxE motifs (49-ERTAE-53 and 131-ERVRE-135), each with an extra-
amino acid between the glutamate residues, were found in the periplasmic region (Fig. 
4A). To determine which motifs are critical for the environmental response of A. bauman
nii PmrB, we generated mutants in which the glutamate in the ExxE/ExxxE motifs was 
replaced by alanine and conducted a reporter assay. These mutant strains were exposed 
to low pH, Fe2+, Zn2+, or Al3+, following which the activity of β-galactosidase was com
pared with that of the wild-type strain (PmrB WT). The 35-ExxE-38 motif was important 
for stimulation by low pH, Fe2+, Zn2+, or Al3+, as expected (Fig. 4B and C). Notably, the 

FIG 2 Construction of the PmrAB reporter assay system for A. baumannii. RNA-seq analysis was conducted on the pmrB-activating mutant strain CM012S 

(P233S mutant), established from ATCC 19606 (WT strain). (A) A volcano plot comparing the CM012S strain with the WT strain is presented. The red dots 

(representing 17 genes) signify the PmrAB regulon. The gene KAMO5_07940, which is significantly upregulated [P value = 2.20 × 10−178, log2 (fold change) = 

6.18], is highlighted with a yellow dot. (B) The 200-bp upstream region of the PmrAB regulon genes was extracted, and a consensus sequence predicted to bind 

PmrA was identified using the MEME Suite. (C) A schematic diagram of the reporter plasmid pProZ-Pnrps. Based on shuttle vectors for A. baumannii and E. coli, 

the lacZ gene encoding β-galactosidase was introduced downstream of the promoter region upstream of the KAMO5_07940 gene. (D) The pProZ-Pnrps plasmid 

was introduced into CM012S (pmrB mutation strain), CM022S (pmrA mutation strain), and pmrA disruption in pmrB-activating strain (pmrA-CM012S), and relative 

β-galactosidase activity was measured. Experiments were conducted independently in triplicate, and the results are presented as mean values with standard 

deviations represented by error bars. Statistical significance is shown as a reference of the WT strain mRNA levels using Dunnett’s test; ***P < 0.001, **P < 0.01.
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strain with alanine substituted for glutamate at 131-ExxxE-135 (strain 131-AxxxA-135) 
exhibited a considerably reduced response to low pH (Fig. 4B). Conversely, in the strain 
131-AxxxA-135, responsiveness to Fe2+ and Al3+ did not change; however, responsiveness 
to Zn2+ was reduced to approximately 60% of that of the parent strain (Fig. 4C). Further
more, the results showed that strain 131-AxxxA-135 stimulated by Zn2+ showed reduced 
resistance to polymyxin B, which was less responsive compared to the WT strain (Fig. 4D; 
Fig. S4). Hence, we found a functional motif 131-ExxxE-135 of PmrB. Moreover, the 49-
ExxxE-53 motif had little effect on these environmental responses. These findings 
suggest that the 35-ExxE-38 and 131-ExxxE-135 motifs are the major amino acid 
sequences involved in the response to metal ions and low pH in PmrB.

FIG 3 Identification of PmrAB response factors in A. baumannii. (A) A schematic diagram of the PmrAB reporter assay in A. baumannii. Upon activation of 

PmrB, PmrA is phosphorylated and binds to the upstream region of the KAMO5_07940 gene, which induces lacZ expression and produces β-galactosidase. The 

β-galactosidase activity was evaluated after incubation at pH 7.0 or 5.8 (B) or with 500 µM NaCl, KCl, MgCl2, CaCl2, FeSO4, FeCl3, ZnSO4, AlCl3, NiSO4, Co(NO3)2, 

MnCl2, or CuSO4 (C) for 60 min. The values are expressed as relative values, with those at pH 7.0 or without metal ions set at 1.0. (D) Relative β-galactosidase 

activity is shown after 60 min of incubation with Fe2+ (FeSO4) or Fe3+ (FeCl3) at concentrations of 0, 100, 500, or 1,000 µM for the ATCC 19606 strain harboring 

the reporter plasmid. (E) β-galactosidase activity was evaluated after 60 min of incubation of the ATCC 19606 strain transfected with the reporter plasmid with or 

without 1,000 µM of FeCl3, and with 0, 0.5, 1, or 2 mM of ascorbic acid used as a reducing agent. The values are shown as relative values, with the value without 

FeCl3 addition set at 1.0. All experiments were performed in triplicate. Mean values and error bars represent standard deviations. Statistical significance is shown 

using Tukey’s test as a reference of pH 7.0 or untreated values (B, C), unpaired t-test compares Fe2+ and Fe3+ (D), and Dunnett’s test as a reference of the untreated 

value (E); ***P < 0.001, **P < 0.01, *P < 0.05.
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Mechanism of PmrAB-dependent lipid A modification and Al3+ toxicity 
avoidance in A. baumannii

Among the environmental factors, the most significant response, as detected by 
β-galactosidase activity for PmrAB, was elicited by Al3+; therefore, we evaluated whether 
PmrAB induces phenotypic changes in response to Al3+, including tolerance to colistin 
and polymyxin B, and lipid A modification. Stimulation by Al3+ induced resistance to 
colistin and polymyxin B in WT but not in the ΔpmrA and ΔpmrB strains (Fig. 5A). Next, 
we investigated the Al3+-induced LOS modification using matrix-assisted laser desorp
tion/ionization time-of-flight mass spectrometry (MALDI-TOF/MS). Al3+-stimulated lipid 
A exhibited a peak at m/z 2033, indicating phosphoethanolamine (pEtN) modification 
(Fig. 5B; Fig. S5). The lipid A modification peak was absent in the ΔpmrB strain. Further
more, the minimum inhibitory concentrations (MICs) of colistin were assessed both in 
the presence and absence of Al3+ (Table 1). The results showed that the addition of 
500 µM Al3+ led to an increase in MICs for both the WT and the ΔnaxD strain with 
a disrupted GalN modification gene. In contrast, the ΔeptA strain, associated with the 
pEtN modification, exhibited only a minor increase in colistin resistance. Notably, the 
ΔpmrC, ΔpmrCΔeptA, and ΔpmrCΔeptAΔnaxD strains did not show any increase in colistin 
resistance. These results indicated that PmrAB is activated by Al3+ stimulation, which 
results in phenotypic changes.

Treatment with excess Al3+ causes cytotoxicity in bacteria (40). Wild-type or PmrB-
active strains (WT and CM012S) of A. baumannii also showed growth inhibition in an 

FIG 4 Altered responsiveness of A. baumannii PmrB motif sequence mutants to low pH and metal ions. (A) A schematic diagram of the amino acid sequence in 

the PmrB periplasmic region of A. baumannii is presented. Mutant strains with alanine substitutions for glutamate in the ExxE and ExxxE motifs were generated 

and transfected with a reporter plasmid. These were then incubated at pH 7.0 or 5.8 (B), and β-galactosidase activity was measured after incubation with 500 µM 

NaCl, KCl, MgCl2, CaCl2, FeSO4, FeCl3, ZnSO4, AlCl3, NiSO4, Co(NO3)2, MnCl2, or CuSO4 for 60 min (C). The values are presented as relative values, with those 

at pH 7.0 or without metal ions set at 1.0. All experiments were performed in triplicate. Mean values and error bars represent standard deviations. Statistical 

significance is shown as a reference of the ATCC 19606 (WT) strain value using Dunnett’s test; ***P < 0.001. (D) The WT and PmrB (131AxxxA) strains in the 

logarithmic growth phase were exposed to 500 µM ZnSO4 for 2 h. Subsequently, the bacterial suspension was adjusted to an OD600 of 0.2. After incubating the 

bacterial suspension with 7 µg/mL polymyxin B or without antimicrobial agents for 2 h, 10 µL of the 10-fold serial dilution of the bacterial suspension was plated 

onto LB agar plates, which were then incubated at 37°C for 24 h. Experiments were conducted in triplicate, and images of representative agar plates are shown.
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Al3+-dose-dependent manner; however, this inhibition effect was more pronounced for 
the PmrAB-knockout strains (Fig. 5C). Modification of LPS is crucial for avoiding metal 
toxicity via PmrAB activation in Salmonella spp. and Escherichia coli (27, 41, 42). We 
investigated the capacity of PmrAB to reduce the cytotoxicity caused by excessive Al3+ 

FIG 5 A. baumannii PmrAB-dependent phenotypic changes induced by Al3+. (A) The ATCC 19606, ΔpmrA, and ΔpmrB strains in the logarithmic growth phase 

were exposed to 500 µM AlCl3 for 2 h. Subsequently, the bacterial suspension was adjusted to an OD600 of 0.2. After incubating the bacterial suspension with 

10 µg/mL colistin or 7 µg/mL polymyxin B, or without any antimicrobial agent (control) for 2 h, 10 µL of a 10-fold serial dilution (ranging from 10−1 to 10−5) of 

the bacterial suspension was plated onto LB agar plates, which were then incubated at 37°C for 24 h. Experiments were conducted in triplicate, and images 

of representative agar plates are shown. (B)The ATCC 19606 (WT; middle row) and ΔpmrB strain (bottom row) in the logarithmic growth phase were exposed 

to 500 µM AlCl3 for 2 h. Lipid A was extracted from the bacteria, and MALDI-TOF/MS was used to analyze its structure. The predicted structure of lipid A and 

its mass-to-charge ratio peaks are shown at the top. (C) The WT, ΔpmrA, ΔpmrB, and CM012S (PmrB P233S-activated mutant strain) strains were prepared at 

an OD600 of 0.001 and were incubated with the various indicated concentrations of AlCl3 for 24 h. Absorbance A600 was monitored, and growth ability was 

expressed as a relative value, with the value without AlCl3 addition set at 100%. (D) PmrB motif mutant strains (ExxE/ExxxE alanine substitution strain) and 

various LOS modification gene disruption strains (ΔpmrCΔeptA, ΔnaxD, ΔpmrCΔeptAΔnaxD) were grown in LB broth containing 2 mM AlCl3 for 24 h. A600 of the 

bacteria was measured, and the relative growth inhibition was calculated by subtracting the value from 100%. All experiments were performed in triplicate. 

Mean values and error bars represent standard deviations. Statistical significance is shown as a reference of the WT strain value using Dunnett’s test; ***P < 0.001, 

**P < 0.01, *P < 0.05.
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by employing an altered metal ion-responsive strain with alanine substitutions in the 
ExxE/ExxxE motif and a strain deficient in the pEtN and/or GalN modification genes, both 
of which are regulated by PmrAB. The PmrB 35-AxxA-38 strain, which is not responsive 
to metal ions, exhibited decreased growth under excess Al3+. Furthermore, disruption of 
the pEtN modification genes (ΔpmrCΔeptA) also led to significant growth inhibition (Fig. 
5D). Conversely, the extent of growth inhibition in the strain with only the disruption of 
ΔpmrC, ΔeptA, and the GalN modification gene (ΔnaxD) was similar to that observed for 
the WT strain. These results suggested that PmrB senses excess Al3+ and modifies pEtN in 
LOS to reduce its toxicity.

Phosphoethanolamine modification of lipid A is more important than 
galactosamine modification for colistin and polymyxin B resistance in A. 
baumannii

As described in the previous section, Al3+ stimulation of WT strain resulted in the 
appearance of a pEtN-modified peak at m/z 2033. In Salmonella spp., changes in surface 
charge due to LPS modification are crucial for avoiding metal toxicity and for polymyxin 
B resistance following PmrAB activation (24). Therefore, we investigated which among 
the two—pEtN or GalN—modifications of LOS is more crucial for colistin and polymyxin 
B resistance in PmrAB-active mutants of A. baumannii. Finally, we generated strains with 
various disrupted LOS modification-related genes from the colistin-resistant pmrB-acti
vating mutant strain CM012S (Fig. S6A). We evaluated their survival on Luria-Bertani (LB) 
agar containing colistin and polymyxin B, and analyzed their LOS modifications using 
MALDI-TOF/MS. The results revealed that colistin and polymyxin B resistance was entirely 
lost in strains lacking pEtN modification-related genes (pmrC and eptA). In contrast, 
resistance was not diminished in strains lacking the GalN modification-related gene 
(naxD; Fig. 6A; Fig. S6B). The peak of pEtN modification of lipid A (m/z 2033), observed 
for strain CM012S, was absent for strains ΔpmrA-CM012S, ΔpmrCΔeptA-CM012S, and 
ΔpmrCΔeptAΔnaxD-CM012S. However, this peak was present for strain ΔnaxD-CM012S 
(Fig. 6B; Fig. S5), suggesting that lipid A modification of pEtN, and not that of GalN, plays 
a significant role in colistin/polymyxin B resistance.

There were two genes associated with pEtN modification: pmrC and eptA, each with 
the solely disrupted strains ΔpmrC-CM012S and ΔeptA-CM012S showing a pEtN 
modification peak (Fig. 6B). This suggests that both genes are involved in pEtN modifica-
tion of LOS.

DISCUSSION

In this study, we aimed to elucidate the PmrAB regulon in A. baumannii. The analyses 
identified 18 upregulated genes (Fig. 1) that encode LOS modification and polysacchar
ide poly-β-1,6-N-acetyl-D-glucosamine-related enzymes. Strains with disrupted LOS 
modification genes were created and analyzed in this study, but there is a possibility that 
the extracellular polysaccharide synthase genes also change the bacterial surface layer 
(43). These findings align with those of previous studies that used colistin-resistant 
clinical isolates from diverse genetic backgrounds and suggest that the regulons 
identified here are broadly represented across A. baumannii strains (31, 32). Furthermore, 
KAMO5_07940, which encodes an NRPS, was upregulated in PmrAB-activated mutants. 
Although the crystal structure of this protein has been determined, its function remains 
unknown (44). NRPSs typically comprise an operon and synthesize a single compound 
via multiple NRPSs (45). However, the locus of KAMO5_07940 does not comprise an 
operon, which suggests that it may function independently. Future studies should 

TABLE 1 Colistin MIC of various mutant strains in the presence of Al3+

Colistin (μg/mL) WT ΔpmrA ΔpmrB ΔpmrC ΔeptA ΔnaxD ΔpmrC ΔeptA ΔpmrC ΔeptA ΔnaxD

0 µM Al3+ 2 2 2 2 2 2 2 2
500 µM Al3+ 8 2 2 2 4 8 2 2
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elucidate the biological significance of this NRPS, which is upregulated by PmrAB. 
Additionally, a DNA consensus sequence was found upstream of these upregulated 
genes, excluding those forming an operon. This sequence correlates with the 

FIG 6 Effect of phosphoethanolamine and galactosamine modifications on colistin and polymyxin B resistance in A. baumannii. (A) Resistance to colistin and 

polymyxin B was evaluated for ATCC 19606 and CM012S (PmrB P233S-activating mutant strain) strains following the disruption of various LOS modification 

genes (pmrC, eptA, naxD), and in CM012S strain following the disruption of pmrA. The strains were cultured to reach a steady state, washed with PBS, and 

prepared in PBS to achieve an OD600 of 0.2. Subsequently, a 10-fold serial dilution (from 10−1 to 10−5) of the bacterial suspension was prepared. This diluted 

suspension was then plated onto LB agar medium containing 10 µg/mL colistin and 10 µg/mL polymyxin B, which was incubated for 24 h at 37°C. Experiments 

were performed independently in triplicate, and representative agar plates are shown. (B) Lipid A was extracted from each strain, and MALDI-TOF/MS was used 

to analyze its structure. The predicted structures of lipid A and their corresponding peak mass-to-charge ratios are displayed at the top.
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DNA-binding sequence predicted based on the PmrA protein structure (46), and PmrA is 
thought to bind to this motif sequence. Conversely, 12 genes were observed to be 
downregulated upon PmrAB activation (Fig. S7). Notably, this downregulation was not 
evident for the ATCC BAA-1605 strain (Fig. S8), indicating that the genetic background of 
individual strains influences the expression of these genes. The downregulated genes in 
the ATCC 19606 strain are predominantly involved in regulating intracellular iron 
concentrations. In contrast, the ATCC BAA-1605 strain exhibited decreased expression for 
a range of pili-related genes, suggesting that genes that are downregulated vary from 
strain to strain. Therefore, it cannot be discounted that genes downregulated by PmrAB 
activation may also play roles in modulating colistin resistance and virulence in A. 
baumannii (47, 48).

In this study, we found that the response of PmrB to iron ions is species dependent. 
Although Salmonella PmrB selectively recognizes Fe3+ (27), PmrB of A. baumannii is 
activated by Fe3+ under low pH conditions but not by Fe3+ alone (28). This suggests that 
because Fe3+ efficiently reduces to Fe2+ under acidic solutions, it is the reduced Fe2+ that 
activates PmrB. Unlike Salmonella PmrB, which does not recognize Zn2+, E. coli PmrB does, 
and A. baumannii PmrB recognizes Zn2+ as well (27, 41). We identified regions in PmrB 
motif sequences essential for responsiveness to metal ions and pH. The results revealed 
the importance of the A. baumannii PmrB-specific ExxxE sequence, in addition to the 
previously considered ExxE motif, for eliciting responses to pH and Zn2+. In future studies, 
it remains to be elucidated in detail whether these differences in metal selectivity are 
due to differences in amino acid sequences in and around the motif sequence or in the 
number of amino acid residues in the periplasmic region.

We found that PmrAB protects against excess Al3+ by changing the LOS in response 
to Al3+, which is widely distributed in the environment and is mainly found in soil and 
rivers after acid rain (49). PmrAB senses excess Al3+ in the environment and upregulates 
the expression of the regulon’s pEtN modification genes. This modification of LOS 
counteracts the negative charge on the bacterial surface and suppresses the effects 
of cations like Al3+ and colistin. Metal ion-induced PmrAB activation further induces LPS 
modification in Salmonella spp. (27). Although both pEtN and 4-amino-4-deoxy-L-arabi
nose (L-Ara4N) glycosylation modifications of LPS have been reported for Salmonella 
spp. and E. coli, L-Ara4N modification is more crucial for polymyxin B resistance than 
pEtN modification (24, 50). A. baumannii does not possess the L-Ara4N modification 
genes (such as aminoarabinose transferase arnT gene); however, it possesses a similar 
glycosylation (GalN) modification gene—the naxD. NaxD is a deacetylase and is unlikely 
to perform GalN modification alone. Activated PmrAB also enhanced the expression of 
three genes (KAMO5_08210, KAMO5_08220, and KAMO5_08230) downstream of the 
naxD gene (KAMO5_08240), named the naxD operon, suggesting that these genes are 
responsible for GalN modification in a coordinated manner. The mRNA levels of the 
naxD operon increased during Al3+ stimulation (Fig. S9A). We thus concluded that, for 
colistin and polymyxin B resistance and the avoidance of Al3+ toxicity in A. baumannii, 
pEtN modification is more critical than GalN modification by the naxD operon. These 
differences could be attributed to structural differences in the LPS of Salmonella spp. 
and E. coli and that of A. baumannii, such as the presence or absence of the O antigen 
(51–53), or differences in the number of acyl groups (12, 54, 55). A recent study on lipid 
A structure analysis of polymyxin B-resistant A. baumannii clinical strains reported the 
presence of pEtN modification but not that of GalN modification (56), which aligns with 
our results on PmrAB mutant strains (Fig. 6; Fig. S7). Although a small GalN modification 
peak (m/z 2071 and 2055) was observed for the pEtN modification gene disruption 
strains (ΔpmrC-CM012S, ΔeptA-CM012S, ΔpmrCΔeptA-CM012S; Fig. 6B), the involvement 
of the naxD gene in LOS modification cannot be completely excluded. Because a GalN 
modification peak was observed in a strain in which the pEtN modification genes were 
disrupted, pEtN and GalN modification may competitively compete for the phosphate 
group, which is the modification site of lipid A. Therefore, the naxD operon, regulated by 
PmrAB, may have roles in LOS modification and other functions.
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The eptA gene is activated following insertion into its promoter region by the 
insertion sequence ISAba1, a process associated with the acquisition of resistance to 
colistin and polymyxin B (57, 58). The expression of eptA may be regulated by PmrAB, but 
this was not experimentally demonstrated. Increased eptA expression in PmrAB-activat
ing mutants and Al3+-stimulated WT strain (Fig. 1; Fig. S9B) and the presence of a putative 
PmrA-binding sequence in the eptA promoter region was confirmed (Fig. 2B). Moreover, 
a pEtN modification peak of lipid A was observed when only ΔpmrC or ΔeptA was 
disrupted, but this modification peak disappeared in the strain with double disruption of 
ΔpmrCΔeptA (Fig. 6B). This suggests that both pmrC and eptA are genes involved in the 
pEtN modification of lipid A. However, based on differences in the growth of pmrC and 
eptA mutants in colistin and polymyxin B agar, pmrC may contribute more to resistance 
to those antimicrobials (Fig. 6A). The reason may be due to differences in the expression 
levels of both genes, whereby pmrC is more highly expressed in PmrAB-active mutants 
than eptA (Fig. 1C). In the A. baumannii reference strain ATCC 19606, both the pmrC and 
eptA genes are present on the chromosome, but ATCC BAA-1605 does not have an eptA 
gene. Conversely, some clinical isolates possess multiple eptA genes (57, 58). The detailed 
relationship between pmrC and eptA and the impact of eptA copy number on colistin 
resistance are topics for future research.

In this study, we comprehensively analyzed the PmrAB regulon and its responses 
in A. baumannii (Fig. 7). We revealed that PmrAB, previously considered to be solely 
involved in the drug resistance mechanism, also exhibits biological functions in response 
to various environmental factors, such as metal ions, in addition to colistin resistance. The 
biological functions of PmrAB, as revealed in this study, are essential for understanding 
drug resistance, environmental adaptation, and infection in bacteria, which contributes 
to a more comprehensive understanding of A. baumannii.

MATERIALS AND METHODS

Bacterial strains and growth conditions

The type strain of A. baumannii ATCC 19606 and drug-resistant clinical isolate ATCC 
BAA-1605 were acquired from ATCC (Manassas, VA, USA). The bacteria were incubated in 
LB broth (BD Biosciences, San Diego, CA, USA) at 37°C for 18 h with shaking at 135 rpm. 
Colistin-resistant strains of A. baumannii were established in a previous study (33).

Plasmid construction

The pSBKT3 (kanamycin resistance gene; counter-selection gene: sacB) and pSBKT5v2 
(kanamycin resistance gene; counter-selection gene: tdk) plasmids were used for 
homologous recombination. The reporter assay also used the pProZ-Pnrps plasmid 
(kanamycin resistance gene; reporter marker: lacZ). Each target gene of A. baumannii was 
subcloned into these plasmids using In-Fusion cloning (Takara Bio, Shiga, Japan). The 
primers used for this process are listed in Table S1 and S2. These plasmids were then 
transformed either into A. baumannii by electroporation or into S17-1 λpir by heat shock.

Generation of A. baumannii mutant strains by two-step homologous recom
bination

Genetic mutants were created using a two-step homologous recombination method. 
S17-1 λpir harboring plasmids pSBKT3 or pSBKT5v2 and A. baumannii were conjugated 
on LB agar for 3–6 h. Subsequently, the bacteria were harvested and selected for A. 
baumannii on M9 agar (Sigma-Aldrich, St. Louis, MO, USA) containing 0.3% citric acid as 
the carbon source and 50 µg/mL kanamycin (both from Fujifilm Wako Pure Chemical, 
Osaka, Japan). The colonies formed were collected by blue-white selection on X-gal agar 
(Shimadzu Diagnostics, Tokyo, Japan) containing 50 µg/mL kanamycin. For pSBKT3, the 
counter-selection was conducted by growing the recombinant A. baumannii on LB agar 
containing 20% sucrose (Fujifilm Wako Pure Chemical) and incubating for 18–20 h at 
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37°C. Strains with pSBKT5v2 were counter-selected after induction by isopropyl β-D-1-
thiogalactopyranoside (IPTG) for tdk. For strains that completed the first recombination 
using pSBKT5v2, A. baumannii was inoculated into LB broth containing 50 µg/mL 
kanamycin and was cultured at 37°C for 18–20 h with shaking at 135 rpm. This bacterial 

FIG 7 Schematic diagram of phosphoethanolamine modification of lipopolysaccharide by PmrAB of A. baumannii in response to metal ions. (A) PmrAB of A. 

baumannii is a two-component system that governs responses to Fe2+, Zn2+, and Al3+. The 35-ExxE and 131-ExxxE motif sequences located in the periplasmic 

region of PmrB, a sensor kinase, are critical to these responses. (B) Among the genes activated by PmrAB are those responsible for LOS modification, which 

include pmrC and eptA genes for pEtN modification and naxD operon for GalN modification. (C) The pEtN modification of LOS is crucial for reducing Al3+ toxicity 

and for resistance to colistin. In A. baumannii, PmrAB is activated in response to metal ions, which leads to an upregulation of pEtN modification genes. This 

upregulation contributes to colistin and Al3+ toxicity avoidance by facilitating the modification of LOS with pEtN.
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culture was further cultivated in LB broth without antibiotics until the OD600 reached 
0.5–0.8, at which point IPTG (Fujifilm Wako Pure Chemical) was added to a final concen
tration of 1 mM and was cultured for 3 h. Counter-selection was then performed using LB 
agar coated with 100 µL of 200 µg/mL azidothymidine (Tokyo Chemical Industry, Tokyo, 
Japan).

Whole-genome sequencing

Genomic DNA was extracted from bacteria incubated for 18 h at 37°C using the DNeasy 
Blood and Tissue Kit (Qiagen, Hilden, Germany) and Genomic-tip (Qiagen). Sequencing 
libraries were prepared by Azenta (Chelmsford, MA, USA) or Genome-Lead (Kagawa, 
Japan). The library was prepared using the NEBNext Ultra II FS DNA Library Prepara
tion Kit for Illumina (New England BioLabs, Ipswich, MA, USA) or Illumina DNA Prep 
Tagmentation (Illumina, San Diego, CA, USA), following the manufacturer’s instructions. 
Sequencing was conducted on an Illumina HiSeq X Ten or NovaSeq 6000 sequencer 
(Illumina) using the 2 × 150 bp sequencing format.

To obtain the complete reference genome sequence of ATCC BAA-1605, long-read 
sequencing analysis was conducted using Oxford Nanopore sequencing technology 
(Oxford Nanopore Technologies, Oxford, UK). After preparing barcoded libraries with the 
Rapid Barcoding Kit (Oxford Nanopore Technologies), sequence analysis was performed 
on the MinION Mk1B (Oxford Nanopore Technologies), with base calls generated using 
Guppy v6.4.6 (Oxford Nanopore Technologies) (59). Whole-genome sequences were 
assembled using Unicycler v0.5.0 (60). Open reading frames and RNA regions were 
annotated using Prokka v1.14.5 (61) with GCA_025995075.1 as the primary database.

For mutation analysis, fastq data were quality checked and trimmed using TrimGalore 
v0.6.10. The sequences were then annotated using the ATCC 19606 genome sequence 
(GenBank accession number: AP025740.1) and the ATCC BAA-1605 genome sequence 
(GenBank accession number: AP029033.1-AP029034.1) as references. Mutation analysis 
was performed using breseq v0.36.0 (62).

RNA sequencing

Total RNA from A. baumannii showing logarithmic growth was extracted using Nucle
oSpin RNA (Macherey-Nagel) according to the manufacturer’s instructions (three 
biological replicates). The library for sequencing was prepared by the Genome-Lead 
using the MGIEasy Adapters-96 kit (MGI, Shenzhen, China), and 2 × 150 bp sequences 
were obtained using the DNBSEQ T7 sequencer (MGI).

Fastq files were quality assessed, and adapters were removed using TrimGalore 
v0.6.10. These trimmed reads were then mapped to the reference genomes of A. 
baumannii ATCC 19606 (GenBank accession number: AP025740.1) and ATCC BAA-1605 
(GenBank accession number: AP029033.1-AP029034.1) using HISAT2 v2.2.1 (63). The 
mapping data were sorted with SAMtools v1.17 (64), and aligned reads in the open 
reading frames of the genome were counted using the Subread package featureCounts 
v2.0.1 (65). Differences in gene expression were analyzed using the DESeq2 v1.34.0 
package (Bioconductor) (66). Genes with an adjusted P value < 0.05 and |log2 (fold 
change)| ≥ 2 were considered differentially expressed genes.

Venn diagrams, heatmaps, volcano plots, and genome distribution plots 
were generated using Python modules venn, venn2, Biopython, and seaborn, 
and by calculating and drawing custom Venn diagrams (https://bioinformat
ics.psb.ugent.be/webtools/Venn/). Homologs of ATCC 19606 and ATCC BAA-1605 were 
defined in BLASTp with an e-value ≤ 1e-10 and % identity ≥ 90%.

Real-time and endpoint PCR

Total RNA from the indicated A. baumannii strains was extracted using TRI-Reagent 
(Molecular Research Center, Cincinnati, OH, USA). The total RNA was treated with DNase 
I (Nippon Gene, Tokyo, Japan) to remove genomic DNA; reverse transcription from RNA 
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to cDNA was performed using the PrimeScript RT Reagent Kit (Takara Bio); and real-time 
PCR was performed using SYBR Green ExTaq II (Takara Bio) with primers listed in Table 
S3. The amplification and detection of PCR products were carried out on a Thermal Cycler 
Dice Real Time System III (Takara Bio). Endpoint PCR was performed using GoTaq Master 
Mix (Table S4; Promega, Madison, WI, USA) in constant cycles.

Reporter assay

Strains harboring the reporter plasmid were incubated in LB broth containing 50 µg/mL 
kanamycin for 18 h at 37°C with shaking at 135 rpm. The culture was then diluted 
100-fold in LB broth containing 50 µg/mL kanamycin and was incubated at 37°C with 
shaking at 135 rpm to reach an OD600 of 0.1–0.5. Subsequently, the strains were exposed 
to specific stresses [500 µM NaCl, KCl, MgCl2, CaCl2, FeSO4, FeCl3, ZnSO4, AlCl3, NiSO4, 
Co(NO3)2, MnCl2, or CuSO4 (Fujifilm Wako Pure Chemical), or pH 5.8] for 60 min at 37°C. 
The bacteria were then lysed using toluene (Fujifilm Wako Pure Chemical; 20-µL toluene 
for 700 µL of suspension), following which the toluene was evaporated by incubation at 
37°C for 60 min. The lysate was mixed with Z buffer (60 mM Na2HPO4, 40 mM NaH2PO4, 
10 mM KCl, 1 mM MgSO4, and 50 mM β-mercaptoethanol; all from Fujifilm Wako Pure 
Chemical). The lysate was then mixed with 20 µL of o-nitrophenyl-β-D-galactopyranoside 
solution (4 mg/mL o-nitrophenyl-β-galactoside [Fujifilm Wako Pure Chemical] in 100-mM 
sodium phosphate buffer, pH 7.0), following which 100 µL of the solution was added to 
a 96-well plate for 15–60 min at 28°C. The reaction was stopped by adding 50 µL of 1 M 
Na2CO3 (Fujifilm Wako Pure Chemical). Absorbance A420 and A600 were measured using 
Varioskan (Thermo Fisher Scientific, Waltham, MA, USA), and β-galactosidase activity was 
calculated in Miller Units and then expressed as a relative value. The reaction equation 
used is as follows: Miller Units = 1,000 × [A420(x min) − A420(0 min)] / [reaction time (x 
min) × reaction vol (mL) × A600].

Short-term polymyxin bactericidal assay

The resistance of bacteria to short-term exposure to polymyxins was evaluated by 
exposing the bacteria to an antimicrobial agent for 2 h and subsequently detecting 
the bacteria that survived this exposure. Induction with Al3+ was performed by shaking at 
135 rpm for 2 h, with or without the addition of 500 µM AlCl3. The bacteria were washed 
twice with phosphate-buffered saline (PBS) and were adjusted to an OD600 of 0.2. This 
solution was then incubated with 10 µg/mL colistin and 7 µg/mL polymyxin B for 2 h. 
After sterilization, a 10-fold dilution series of the bacterial solution was prepared, and 10 
µL of each dilution was plated onto LB agar plates without any antimicrobial agents. The 
plates were incubated for 18–20 h at 37°C. The number of colonies on the plates was 
counted to evaluate the effectiveness of the sterilization process.

Long-term polymyxin bactericidal assay

The bacterial solution was incubated for 18 h in LB broth at 37°C with shaking at 
135 rpm, washed with PBS, and prepared in PBS to achieve an OD600 of 0.2. A 10-fold 
dilution series of this solution was prepared, and 10 µL of each dilution was plated 
onto LB agar containing 10 µg/mL colistin and 10 µg/mL polymyxin B. These plates 
were incubated for 18–20 h at 37°C. The effectiveness of the bactericidal treatment was 
assessed by counting the number of colonies.

Metal-induced bacterial growth inhibition assay

The bacteria were initially incubated in LB broth for 18 h at 37°C with shaking at 135 rpm. 
Subsequently, these were prepared in LB broth containing varying concentrations of 
AlCl3 (0, 0.5, 1, 1.5, 2, 2.5, or 3 mM) to achieve an OD600 of 0.001. This bacterial suspen
sion was incubated in 96-well plates for 24 h at 37°C. The absorbance at A600 was 
measured using Varioskan, and the relative values of A600 in the presence and absence of 
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metal ions were calculated. This process was conducted to evaluate the bacteria’s growth 
and growth inhibition capabilities.

Analysis of lipid A by MALDI-TOF/MS

Lipid A of LOS was extracted using the ammonium hydroxide/isobutyric acid method 
(67), with some modifications. Briefly, lyophilized bacteria from 3 or 10 mL of culture 
medium that had been incubated for 18 h at 37°C with shaking were resuspended in 
400 µL of isobutyric acid/1 M ammonium hydroxide (5:3, vol/vol; Fujifilm Wako Pure 
Chemical) and were heated for 2 h at 100°C. After cooling, the samples were centrifuged 
at 2,000 × g for 15 min at 4°C. An equal volume of ultrapure water was added to the 
supernatant, which was then lyophilized. The residue was washed twice with 1 mL of 
methanol (Fujifilm Wako Pure Chemical) and was centrifuged at 2,000 × g for 15 min 
at 4°C. The insoluble lipid A was solubilized in 1 mL of chloroform/methanol/water 
(3:1.5:0.25, vol/vol/vol; Fujifilm Wako Pure Chemical) and was centrifuged at 10,000 
× g for 3 min at 4°C, following which the supernatant was collected. The collected 
supernatant was mixed with 1 mL of water and was centrifuged at 400 × g for 30 s at 
4°C, following which the lipid A fraction (lower layer) was collected. The lipid A fraction 
from which the solvent was removed by flushing with N2 gas was dissolved in 100 µL 
of chloroform/methanol (2:1, vol/vol) and was mixed with an equal volume of a matrix 
(10 mg/mL 2,5-dihydroxybenzoic acid in water/methanol [7:3, vol/vol] containing 0.1% 
[wt/vol] trifluoroacetic acid) on a target plate. MALDI-TOF/MS analysis was performed 
using an UltrafleXtreme-DHS2 TOF/TOF (Bruker Daltonics, Billerica, MA, USA) instrument 
in negative-reflective mode. The chemical modifications of lipid A were evaluated based 
on the obtained MALDI-TOF mass spectra.

Determination of colistin MICs

The MICs for colistin were determined using the microdilution method in LB broth (BD 
Biosciences) as previously described (68). Briefly, the bacterial culture was adjusted to an 
OD600 of 0.001 using freshly prepared LB broth, with or without the addition of 500 µM 
Al3+ from overnight cultures. The MICs for colistin were monitored using a twofold 
dilution series starting at 256 µg/mL.

Statistical analysis

Statistical analysis was performed using R software (R Foundation for Statistical 
Computing, Vienna, Austria). Data are expressed as means ± standard deviation and were 
compared using unpaired t-test or the one-way analysis of variance and Dunnett’s test or 
Tukey’s test. Differences with P values of < 0.05 were considered statistically significant.
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