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Acinetobacter baumannii is a leading cause of multidrug-resistant infections worldwide. This organism poses a particular chal-
lenge due to its ability to acquire resistance to new antibiotics through adaptation or mutation. This study was undertaken to
determine the mechanisms governing the adaptability of A. baumannii to the antibiotic colistin. Screening of a transposon mu-
tant library identified over 30 genes involved in inducible colistin resistance in A. baumannii. One of the genes identified was
lpsB, which encodes a glycosyltransferase involved in lipopolysaccharide (LPS) synthesis. We demonstrate that loss of LpsB
function results in increased sensitivity to both colistin and cationic antimicrobial peptides of the innate immune system. More-
over, LpsB is critical for pathogenesis in a pulmonary model of infection. Taken together, these data define bacterial processes
required for intrinsic colistin tolerance in A. baumannii and underscore the importance of outer membrane structure in both
antibiotic resistance and the pathogenesis of A. baumannii.

Acinetobacter baumannii is a significant cause of nosocomial
infections, accounting for up to 20% of infections in intensive

care units worldwide (1). The burden of A. baumannii disease is
particularly pronounced in the developing world, where this or-
ganism is among the top three causes of nosocomial pneumonia
and bloodstream infections (2). With these infections, mortality
rates can reach up to 100% in certain clinical settings (3, 4). Com-
pounding these problems is the growing burden of A. baumannii
disease caused by multidrug-resistant (MDR) strains. Worldwide
surveillance data place rates of multidrug resistance in A. baumannii
isolates at 48 to 85%, with the highest rates in Asia and Eastern Europe
(3, 5–7). Although currently rare, pan-drug resistance has been re-
ported for A. baumannii (8–12). The emergence of bacteria resistant
to all clinically available antibiotics is a sentinel event signaling the
dawn of a postantibiotic era.

Increasing rates of resistance to conventional antibiotics has
necessitated the reintroduction of older drugs that were discon-
tinued due to potential side effects. One example is colistin, or
polymyxin E, a cationic peptide antibiotic that is increasingly used
to treat MDR infections. In many cases, colistin is the only re-
maining antibiotic effective in treating MDR A. baumannii. Al-
though uncommon in A. baumannii, heteroresistance and com-
plete resistance to colistin have been reported clinically (7, 13–15).
It is feared that increasing use of colistin coupled with the clonal
spread of colistin-resistant isolates will lead to widespread resis-
tance to this drug. As evidence of this possibility, in South Korea,
rates of colistin resistance as high as 27.9% have been noted (15).
These facts underscore the need to define the mechanisms medi-
ating colistin resistance in A. baumannii. Colistin acts through
disruption of the outer membrane, and this action requires bind-
ing to the lipid A portion of lipopolysaccharide (LPS). As a result,
most mutations associated with colistin resistance disrupt the
drug’s interaction with LPS. For example, resistance can arise
through mutations in the two-component system PmrAB, whose
downstream target, PmrC, catalyzes phosphoethanolamine mod-
ification of lipid A (16–20). This modification reduces the net
negative charge of the outer membrane, thus reducing the affinity
of colistin for this subcellular target. Mutations or insertions in the

genes encoding the lipid A biosynthesis machinery also mediate
resistance by abolishing LPS production and thus eliminating
colistin’s target (13, 21, 22). Notably, the resistance mechanisms
highlighted above are mediated by adaptive and occasionally re-
versible mutations rather than by acquisition of resistance deter-
minants (16, 17). Moreover, evolution of resistant isolates
through adaptive mutations during antibiotic therapy in human
patients is well documented in A. baumannii (14, 23). Taken to-
gether, these facts highlight the adaptability of this organism and
suggest that A. baumannii possesses intrinsic mechanisms to resist
the initial onslaught of antibiotic therapy until adaptive mutations
or resistance determinants can be acquired. The molecular basis
for these intrinsic resistance mechanisms in A. baumannii is
largely unknown.

We have previously demonstrated that A. baumannii displays
increased tolerance to colistin in response to physiologic concen-
trations of monovalent cations (24). Here we describe the identi-
fication of over 30 genes involved in this inducible colistin toler-
ance in A. baumannii. A majority of these genes converge on
pathways and systems involved in osmotolerance, including those
involved in compatible solute and cell envelope biosynthesis as
well as in protein folding. We further characterize one of these
genes, lpsB, and define the role for LpsB in cationic antimicrobial
peptide (AMP) resistance and pathogenesis in the lung.

MATERIALS AND METHODS
Bacterial strains and reagents. A. baumannii strain ATCC 17978
(Ab17978) was obtained from the American Type Culture Collection
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and was used for all experiments unless otherwise noted. Primers and
plasmids used in this study are listed in Table 1. Colistin sulfate was
obtained from Sigma-Aldrich (St. Louis, MO). LL-37 was purchased
from Phoenix Pharmaceuticals.

Transposon library screen and mutant identification. A transposon
library was generated in Ab17978 using the EZ-Tn5 �R6K�ori-KAN-2�
transposome system (Epicentre) as described previously (25). A total of
8,000 mutants were screened for loss of NaCl-induced colistin resistance
by challenging them with 1.5 to 2 mg/liter colistin in Mueller-Hinton
broth (MHB) with or without supplementation with 154 mM NaCl. Mu-
tants that demonstrated no growth after 24 h in NaCl-supplemented me-
dia were selected for further analysis. Phenotypes were confirmed by
growth curve analysis in MHB with or without NaCl, with or without
colistin, as described previously (24). With selected mutants, MICs of
colistin and LL-37 were determined by broth microdilution in MHB using
established methods (24). Briefly, bacteria were cultured overnight in
MHB, normalized, and then subcultured into MHB with or without NaCl,
with or without colistin, in 96-well plates. The plates were incubated at
37°C with shaking at 180 rpm for approximately 24 h. For growth curve
analyses, the optical densities of the cultures were determined at regular
intervals throughout the incubation. In all cases, MICs and culture den-
sities were determined after 20 to 24 h of growth. Data are graphed as
averages of results from at least three biological replicates, and error bars
represent the standard deviations (SDs) from the means. In some cases,
error bars may be obscured by the symbols.

The locations of transposon insertions were determined by rescue
cloning as described previously (26). Functional predictions for the dis-
rupted genes were based on annotations in the NCBI database and the
SEED (27). The SEED viewer was used to analyze genomic contexts sur-
rounding the transposon integration sites. Predicted operons are based on
proximity and orientations of predicted open reading frames as well as
conservation of the genetic organization in multiple species.

Metabolic pathway analysis. Metabolic pathway analysis was carried
out using the Kyoto Encyclopedia of Genes and Genomes (KEGG) path-
way program (http://www.genome.jp/kegg/). The database was filtered
for genes and pathways predicted to be present in Ab17978 based on gene

annotations in the NCBI database, since there are limited experimental
data available on this organism.

LPS analysis. Bacteria were swabbed from LB agar plates into 154 mM
NaCl, normalized to an optical density at 600 nm (OD600) of 1.5, pelleted,
and resuspended in lysing buffer (2% SDS, 4% 2-mercaptoethanol, 10%
glycerol, 0.1 M Tris-HCl, pH 6.8). Samples were then boiled for 10 min,
cooled to 60°C, and treated with proteinase K for 1 h. These samples were
electrophoresed through a 15% acrylamide gel using standard methods
and stained with Pro-Q Emerald 300 LPS stain according to the manufac-
turer’s recommendations (Invitrogen) (28).

Complementation of the LPS synthesis defect and colistin sensitiv-
ity of A. baumannii 5A7. A 1,400-bp fragment including lpsB and 350 bp
of flanking sequence was amplified from wild-type genomic DNA using
primers X430F and X430R. The product was digested with EcoRI and
EcoRV and cloned into pMU125, a derivative of pWH1266, which had
been modified to remove green fluorescent protein (GFP). The resulting
vector, plpsB, was introduced into 5A7 by electroporation as previously
described (25). The empty vector, pWH1266, was used as a control. LPS
from the resulting strains was analyzed as described above. The colistin
sensitivity of 5A7 was compared to that of 5A7::plpsB with or without
NaCl by kill curve analysis as described above.

Site-directed insertional mutagenesis of lpsB. In order to assess the
contribution of LpsB to pathogenesis in vivo, we first generated a strain in
which the gene encoding LpsB was inactivated by allelic replacement.
Approximately 1,000 bp of DNA sequence on each side of lpsB was am-
plified using primers lpsbKO1 and lpsbKO2 (lpsB-up) or lpsbKO3 and
lpsbKO4 (lpsB-down). The flanking sequences were cloned separately
into pCR2.1 (Invitrogen). lpsB-down was excised by digestion with NdeI
and XhoI and cloned into the cognate sites of pCR2.1-lpsB-up. The com-
bined flanking regions were then excised by digestion with EcoRV and
cloned into SmaI-digested pEX100T, to yield pKO-lpsB-UD. The kana-
mycin resistance gene, aph, was amplified from pKAN-2 (Epicentre), di-
gested with NdeI, and cloned into the NdeI sites of pKO-lpsB-UD. The
resulting vector, pKO-lpsB, was introduced into Ab17978 by electropora-
tion, and integration of the plasmid was selected for by plating the strain
on LB agar supplemented with 40 �g/ml kanamycin. Kanamycin-resis-
tant colonies were counterselected on LB agar supplemented with 40
�g/ml kanamycin and 2%, wt/vol, sucrose. Loss of the plasmid backbone
was confirmed based on positive growth on sucrose-containing plates and
failure to grow on LB agar supplemented with 500 �g/ml ampicillin. In-
tegration of aph into lpsB was confirmed by PCR using primers that anneal
outside the region contained in pKO-lpsB (lpsbKO6 and lpsbKO7). Dis-
ruption of lpsB function was confirmed by SDS-PAGE analysis of LPS
from the �lpsB mutant.

Microarray analysis. Bacterial cultures were grown overnight in LB
medium supplemented with the appropriate antibiotic, diluted in fresh
medium, and grown at 37°C with shaking at 180 rpm for 3.5 h. Cultures
were then mixed with an equal volume of ice-cold ethanol-acetone (1:1)
and stored at �80°C for RNA processing. For RNA extraction, samples
were thawed on ice and total bacterial RNA was released by mechanical
disruption and purified using Qiagen RNeasy columns (Qiagen, Valencia,
CA), as previously described (24). For microarray analysis, 10 �g of each
RNA sample was reverse transcribed, fragmented, and 3=-end biotinylated
as previously reported (29). The resulting labeled cDNA (1.5 �g) was
hybridized to a custom-made A. baumannii GeneChip (catalog no. PM-
DACBA1) according to the manufacturer’s recommendations for anti-
sense prokaryotic arrays (Affymetrix, Inc., Santa Clara, CA). Data from
three independent biological replicates for each strain were analyzed as
described previously (24). RNA species that exhibited a �2-fold change in
expression, with titers above background, as determined by Affymetrix
algorithms with the �lpsB mutant, and that were found to be statistically
differentially expressed (t test; P � 0.05) were reported. The data were
filtered against microarray data from transposon mutant 5A7 and an un-
related mutant grown under identical conditions (data not shown) in

TABLE 1 Primers and plasmids used in this work

Primer or
plasmid Sequence or description

Primers
lpsbKO1 CCCGGATATCGTGATGCAATTTGGTATAGTCC
lpsbKO2 CCCGCATATGACTGATGACCTTGTGCAACC
lpsbKO3 CCCGCATATGCCTCAGCACAGTGGTTTAACC
lpsbKO4 CCCGGATATCTAACGCGCTTGCTGTACTTG
lpsbKO6 TTACCAATGCACAAGCTCAAG
lpsbKO7 TAACCTTGACGGTTCTACGC
X430F GCCCGAATTCGCTTCGTATCGCACCAACTC
X430R CCCGGATATCTCAATTCAATACACTTTGATATAGCTC
16SF CTGTAGCGGGTCTGAGAGGAT
16SR CCATAAGGCCTTCTTCACAC
0807F CGCAGCTATTTTAGTTCTTCATCTTC
0807R CCCGACCACCAAATGC
1008F CTAAGTATACAGCTGCGATTATGC
1008R GCGATGAAACCATGCCAG
3130F GCATTTAGCGGAAGTGATTAGC
3130R ACGAATCGAAATTGCAACCTTG

Plasmids
pKOlpsB lpsB inactivation vector in pEX100T (this work)
plpsB lpsB complementation vector (this work)
pMU125 Derivative of pWH1266 containing gfp (40)
pEX100T sacB-conjugative plasmid for gene replacement (26)
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order to select gene expression changes common to both lpsB mutants and
eliminate changes resulting from antibiotic treatment.

qRT-PCR analysis of WT bacteria exposed to a subinhibitory con-
centration of colistin. WT A. baumannii was grown in LB or LB supple-
mented with 1 mg/liter colistin for approximately 6 h at 37°C with shaking
at 180 rpm. RNA was isolated as described above. Reverse transcription
was carried out on 2 �g total RNA using Moloney murine leukemia virus
(M-MLV) reverse transcriptase and 1 �g random hexamers according to
the manufacturer’s protocol (Promega, Madison, WI). Quantitative PCR
(qPCR) was performed using 10 ng of the cDNA template (0.01 ng of the
template for 16S rRNA). Sequences for the primers used in these analyses
are shown in Table 1. Data were analyzed from three biological replicates
after normalization to data for 16S rRNA. Data from colistin-treated sam-
ples are presented as levels of induction (n-fold) relative to those of un-
treated samples.

A. baumannii pneumonia model. All animal experiments were ap-
proved by the Vanderbilt Institutional Animal Care and Use Committee.
We have previously established a murine Acinetobacter pneumonia model
in our laboratory (25). Briefly, bacteria were harvested from log-phase
cultures of Ab17978 or the �lpsB mutant, washed, and resuspended in
phosphate-buffered saline (PBS) at 1 � 107 CFU/�l. Six- to 8-week-old,
female C57BL/6 mice were anesthetized and infected intranasally with 30
�l of bacterial suspension. Mice were euthanized at 36 h postinfection
(hpi), and lungs were aseptically removed, weighed, and homogenized in
1 ml sterile PBS. Serial dilutions were plated on LB agar and/or LB agar
containing kanamycin (40 �g/ml). Data from two independent experi-
ments with at least five mice per group in each experiment are included.

Nucleotide sequence accession number. Data were deposited into the
NCBI database with accession number GSE40771.

RESULTS
Identification of genes involved in NaCl-induced colistin toler-
ance. Based on our previous studies demonstrating that NaCl in-
duces increased resistance to colistin (24), we designed a trans-
poson mutant screen to identify genes involved in mediating this
resistance. In the primary screen, approximately 8,000 mutants
were tested for loss of NaCl-induced colistin resistance by chal-
lenging them with 1.5 to 2 mg/liter colistin in the presence or
absence of 150 mM NaCl. Approximately 300 mutants that failed
to grow in the presence of NaCl were identified, and their colistin
sensitivities were reassessed by growth curve analyses. We deter-
mined the transposon integration sites for all of the mutants that
consistently demonstrated increased sensitivity to colistin despite
NaCl supplementation of media (Fig. 1a to e; Table 2). In addi-
tion, the integration sites were determined for several mutants
that demonstrated increased resistance to colistin compared to
that of the wild type (Fig. 1b to c and e; Table 2). The genomic loci
were compared with data from the SEED to assess whether the
disrupted genes were found within predicted operons, and puta-
tive functions were assigned based on annotations in the NCBI
database and the SEED (Table 2). These analyses resulted in the
identification of 23 mutants with altered NaCl-induced colistin
resistance.

Overall, the predicted functions fell into several broad catego-
ries (Table 2). In particular, genes encoding proteins involved in
amino acid transport and metabolism, protein folding, phosphate
metabolism, and cell envelope biogenesis were overrepresented.
Interestingly, those with predicted roles in amino acid biosynthe-
sis cluster into two interconnected pathways (Fig. 2). These path-
ways lead to production of osmolytes that mediate osmotic toler-
ance through membrane and protein stabilization (30–32). These
genes include those involved in proline biosynthesis from gluta-

mate and in aspartate metabolism. We also identified genes in-
volved in the tricarboxylic acid (TCA) cycle which can mediate
interconversion of aspartate and glutamate. Taken together, these
analyses highlight critical contributions to the intrinsic colistin
resistance of genes encoding proteins involved directly in the
maintenance of membrane integrity and protein folding as well as
those indirectly involved in these processes through compatible
solute synthesis.

LpsB contributes to colistin resistance. Given that the subcel-
lular target of colistin is LPS, we focused our attention on mutant
5A7, in which the transposon disrupts lpsB (Fig. 1f). In A. bau-
mannii strain AB307, lpsB encodes a glycosyltransferase involved
in the synthesis of the LPS core (33). SDS-PAGE analyses of LPS
from the wild type and 5A7 confirmed that in Ab17978, disrup-
tion of lpsB results in production of a truncated LPS, which is
complemented by providing a wild-type copy of lpsB in trans (Fig.
3a and b) (33). We also observed some differences in the higher-
molecular-weight banding patterns, but these were not consis-
tently observed (data not shown). There are conflicting data in the
literature regarding the expression of O antigen in A. baumannii.
It is possible that some of the higher-molecular-weight bands that
we have observed were actually exopolysaccharide. It is also pos-
sible that these bands represented glycosylated proteins (34). The
core region of LPS is important for maintaining the structure and
integrity of the outer membrane (35). We therefore hypothesized
that, unlike other mutations affecting LPS, loss of LpsB function
increases susceptibility to colistin through destabilization of the
outer membrane. To confirm the role of A. baumannii LPS core in
mediating resistance to colistin, we performed kill curve analyses
in the presence of increasing concentrations of colistin with or
without NaCl. These analyses demonstrate that 5A7 is more sus-
ceptible to colistin than the wild type and that 5A7 lacks NaCl-
induced colistin resistance (Fig. 3c). Moreover, providing lpsB in
trans rescues the sensitivity of 5A7 to colistin and partially restores
NaCl-induced resistance to colistin (Fig. 3d and e).

Adaptation to chronic membrane instability. Disruption of
LPS core biosynthesis in A. baumannii leads to increased sensitiv-
ity to human serum and detergents, which suggests that inactiva-
tion of lpsB compromises outer membrane integrity (33). Given
that colistin acts through disruption of the bacterial membrane,
an lpsB mutant can serve as a tool to probe the adaptations that
allow A. baumannii to survive in the presence of chronic mem-
brane perturbation. In order to determine how A. baumannii re-
sponds to the chronic membrane instability resulting from loss of
LpsB function, we first generated a targeted deletion of lpsB in
Ab17978 (�lpsB mutant) and confirmed that this mutant pro-
duces a truncated LPS molecule similar to that of 5A7 (Fig. 1f and
4a). We next performed microarray analyses comparing wild-type
Ab17978 with the �lpsB mutant during exponential growth.

A significant proportion of the genes whose expression is al-
tered in the �lpsB mutant are involved in metabolic processes and
energy generation within the cell (see Table S1 in the supplemental
material). For example, we observed downregulation of genes en-
coding enzymes involved in lipid transport and metabolism as
well as downregulation of genes involved in the transport and
metabolism of numerous amino acids. We also observed upregu-
lation of a number of genes involved in energy generation and the
TCA cycle. Overall, these changes suggest a decrease in anabolic
processes and an overall increase in catabolism and energy gener-
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ation. These data demonstrate that disruption of lpsB profoundly
impacts critical cellular processes.

Notably, a number of the pathways altered in the �lpsB mutant
either overlap or connect with those identified in the transposon
library screen. These findings support the hypothesis that mem-
brane perturbation through colistin treatment has an effect on the
cell similar to that of membrane perturbation through disruption
of LPS core biosynthesis. To further validate this comparison, we
selected three genes whose expression was either induced or re-
pressed in the �lpsB mutant compared to that in the WT. The
expression of these genes was determined in WT bacteria exposed
to subinhibitory concentrations of colistin using qPCR analyses.
In the �lpsB mutant, the gene encoding isocitrate lyase (locus tag
A1S_1008 from the A. baumannii 17978 reference genome; NCBI

reference sequence NC_009085) was significantly upregulated
compared to its expression in WT bacteria (2.2-fold). Colistin
treatment likewise induced a similar magnitude of upregulation in
wild-type bacteria (Fig. 4b). In contrast, A1S_3130 was down-
regulated in the �lpsB mutant compared to in WT bacteria, yet
this gene was upregulated approximately 10-fold in WT bacteria
treated with colistin (Fig. 4b). The fact that colistin alters the ex-
pression of A1S_3130 suggests that this gene has a role in the
response to colistin. Whether this response is adaptive or detri-
mental to the bacterium is not yet clear. Interestingly, A1S_0807,
which encodes a gene necessary for biotin biosynthesis, was down-
regulated 3-fold in the �lpsB mutant, while this gene was upregu-
lated over 150-fold in WT bacteria treated with colistin (Fig. 4b).
In addition, disruption of this gene by transposon mutagenesis

FIG 1 (a to e) Schematic overview and results of the transposon library screen to identify genes involved in NaCl-induced colistin resistance. Representative
growth analyses of mutants identified in the transposon screen. Bacteria were challenged with 2 mg/liter colistin in Mueller-Hinton broth (MHB) with or without
154 mM NaCl, and growth was measured after 20 to 24 h. Mutants are grouped according to the annotations of the disrupted genes, which can be found in Table
2. Data represent the averages of results of three biological replicates, and error bars indicate the SDs from the means. Statistical significance was determined by
one-way analysis of variance (ANOVA), and only mutants whose growth differed significantly from that of the wild type are shown. (f) Schematic overview of the
A1S_0430 genomic locus in the transposon mutant 5A7 and the targeted deletion mutant, the �lpsB strain.
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results in increased resistance to colistin (Fig. 1 and Table 2). Bi-
otin is a cofactor required by a number of enzymes, including
acetyl coenzyme A (acetyl-CoA) carboxylase (ACCase) and pro-
pionyl-CoA carboxylase, both of which are involved in lipid me-
tabolism. The results of the transposon screen, microarray analy-

sis, and qPCR analysis all suggest that biotin plays a key role in the
response to membrane perturbation, perhaps through its role in
lipid metabolism. Taken together, these data suggest that inacti-
vation of lpsB and treatment with colistin have similar yet distinct
effects on gene expression in A. baumannii.

TABLE 2 Transposon mutants with reduced NaCl-induced colistin resistance

Function(s) and strain
Insertion
site Locus tagb Gene annotation

Phosphate metabolism
2F12 Intergenic A1S_2445 High-affinity phosphate transport protein (PstB)
2F12 Intergenic A1S_2444 Putative periplasmic protease
19H7 Gene A1S_3030 Phosphate-inducible protein, PhoH-like
22F11 Gene A1S_0462 Putative phosphatase

Envelope biogenesis
6D2 Gene A1S_2982 YidD
11E4 Gene A1S_2250 Zn-dependent protease with chaperone function
20A5 Intergenic A1S_3424 Putative lipoprotein-34 precursor (NlpB)
5A7 Gene A1S_0430 Putative glycosyltransferase (LpsB)
23E5 Gene A1S_1030 DNA-binding ATP-dependent protease La
19C4 Gene A1S_0499 Putative Fe-S cluster redox enzyme (rRNA large-subunit methyltransferase N)

RNA synthesis, processing, modification,
and degradation

20A5 Intergenic A1S_3425 Phosphoribosylaminoimidazole-succinocarboxamide
18G3a Intergenic A1S_0531 Putative GTPase
18G3a Intergenic A1S_0532 Oligoribonuclease
19C4 Gene A1S_0499 Putative Fe-S cluster redox enzyme (rRNA large-subunit methyltransferase N)
6D2 Gene A1S_2982 YidD

Amino acid transport and metabolism
(glutamate, aspartate, alanine), urea
cycle

22E8 Gene A1S_3185 Glutamate synthase subunit alpha
17H6 Intergenic A1S_1142 Aspartate kinase
17H6 Intergenic A1S_1143 Hypothetical protein
20B10 Gene A1S_2793 Putative amino acid transport protein
41C12a Gene A1S_2454 Diaminobutyrate-2-oxoglutarate transaminase
20A2 Intergenic A1S_2023 Hypothetical protein
20A2 Intergenic A1S_2024 Glutamate 5-kinase
20A1 Gene A1S_3025 Malate dehydrogenase

TCA cycle
31A2 Gene A1S_2710 Citrate synthase

Cofactor biosynthesis
14G3a Gene A1S_0807 8-Amino-7-oxononanoate synthase

Multidrug efflux system
18D2 Gene A1S_0909 Multidrug resistance protein B
20A11 Intergenic A1S_1231 Major facilitator superfamily transporter
20A11 Intergenic A1S_1232 EsvB

Lipid metabolism
3H3 Intergenic A1S_2842 Putative acetyl-CoA acetyltransferase
20B2a Intergenic A1S_3159 Lipase chaperone
20B2a Intergenic A1S_3160 Lipase

Phage
37A5a Intergenic A1S_1585 Putative replicative DNA helicase
37A5a Intergenic A1S_1586 EsvKI

a Mutant that is more resistant to colistin.
b Locus tags refer to the NCBI reference sequence NC_009085.
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Involvement of LpsB in the pathogenesis of pneumonia.
Colistin shares a mechanism of action similar to that of antimi-
crobial peptides of the innate immune system. We therefore hy-
pothesized that the mechanisms involved in colistin resistance
likewise confer resistance to antimicrobial peptides and contrib-
ute to virulence. As expected, the �lpsB mutant exhibits an in-
crease in sensitivity to colistin similar to that of 5A7 (Fig. 4c).
Likewise, kill curve analyses revealed a reduction in the MIC of the
human antimicrobial peptide LL-37 for the �lpsB mutant com-
pared to that for the wild type (Fig. 4d). These data establish that
LpsB contributes to protection against cationic AMPs of the in-
nate immune system.

Cationic AMPs are known to be important mediators of host
defense at mucosal surfaces. A. baumannii LPS stimulates the re-
lease of AMPs from respiratory epithelial cells in vitro, suggesting
that AMPs may be an important component of host defenses that
A. baumannii must overcome during infection of the lung (36).
Given the role for LpsB in resistance to AMPs, we hypothesized
that loss of LpsB function reduces A. baumannii pathogenesis
within the lung. Furthermore, our microarray analyses demon-
strate that disruption of lpsB significantly alters critical cellular
processes, which may also impact A. baumannii growth within the
host. To elucidate the contribution of LpsB to pulmonary infec-
tion, we intranasally infected mice with either the wild-type strain
or the �lpsB mutant and allowed the infection to proceed for 36 h.
Quantification of bacteria in lungs revealed a nearly 4-log reduc-
tion in bacterial burden in �lpsB mutant-infected mice compared
to wild-type-infected mice (Fig. 4c). These data establish that LpsB

plays a critical role in the pathogenesis of A. baumannii pulmo-
nary infections.

DISCUSSION

A. baumannii is emblematic of the looming public health crisis
threatening nearly all facets of medical practice. Specifically, A. bau-
mannii represents the growing burden of infections caused by organ-
isms resistant to most, if not all, conventional antibiotics. This organ-
ism has proven particularly challenging due to its ability to persist in
the hospital environment, its resistance to both antibiotics and com-
mon disinfectants, and its propensity to acquire resistance to new
antimicrobial agents. The last fact underscores the adaptability of this
organism to the hospital environment and suggests that A. bauman-
nii possesses intrinsic mechanisms to respond and adapt to antibiotic
treatment.

Colistin resistance in A. baumannii is currently rare and typi-
cally arises through adaptation of a previously susceptible isolate,
often during treatment with colistin in vivo. The fact that colistin
resistance arises without the acquisition of horizontally trans-
ferred resistance determinants suggests that A. baumannii pos-
sesses intrinsic mechanisms to resist colistin (16–18). Further-
more, recent evidence suggests that strains that adapt to colistin
treatment must undergo significant changes in physiologic pro-
cesses in order to maintain the resistance phenotype (14, 21).
Taken together, these facts underscore the need to better under-
stand the inherent mechanisms that contribute to colistin resis-
tance in order to identify possible targets for therapeutic interven-
tion. Toward this end, we have identified over 20 genes involved in

FIG 2 Metabolic pathways disrupted in colistin-sensitive mutants of A. baumannii. Colored boxes indicate enzymes or transporters whose gene or predicted
operon was disrupted in one of the colistin-sensitive transposon mutants. Dashed borders indicate genes that were directly disrupted by the transposon insertion
or the immediate downstream genes if the insertion was intergenic. Boxes of the same color indicate genes in the same predicted operon. Asterisks indicate genes
in a predicted operon upstream of a transposon insertion site. Names of amino acids or compatible solutes that contribute to osmotic protection are indicated
with red lettering.
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this adaptation in A. baumannii. Colistin, like other polymyxins,
acts by disrupting the cell envelope, leading to osmotic lysis of the
bacterium by dysregulating the permeability of the bacterial mem-
brane (37–39). Given the action of colistin, it is not surprising that
many of the genes identified in our screen are involved in pro-
cesses that protect the bacterium from osmotic stress. For exam-
ple, we identified several genes with roles in the synthesis of com-
patible solutes, such as proline (Fig. 2). Importantly, certain
compatible solutes not only act as neutral osmolytes but also exert
protective effects by preventing protein misfolding (30–32). Pro-
line, in particular, is known to protect protein structure at physi-
ologically attainable concentrations. Furthermore, proline syn-
thesis and uptake are induced by NaCl (30). Taken together, the
results of the transposon mutagenesis screen suggest that bacteria
exposed to colistin experience osmotic stress, which can be allevi-
ated through synthesis of compatible solutes and expression of
proteases that presumably degrade misfolded proteins. When
these systems are inactivated, A. baumannii is more susceptible to
colistin and NaCl no longer exerts a protective effect.

Loss of LpsB function leads to significant changes in gene ex-
pression, particularly with regard to genes involved in metabolic
processes within the cell (see Table S1 in the supplemental mate-
rial). Interestingly, some expression changes observed in the �lpsB
mutant are complementary to the presumed effect of gene disrup-
tion in the transposon screen. One pathway where this is particu-

larly notable is in lipid metabolism. Given that colistin acts
through membrane disruption and that the �lpsB mutant is de-
fective in production of the main constituent of the outer mem-
brane, it is not surprising that we would observe significant over-
lap in the effects of colistin and lpsB mutation on lipid
metabolism. As noted above, several genes required for lipid me-
tabolism are downregulated in the �lpsB mutant (A1S_0806-7,
which is involved in biotin cofactor biosynthesis, and the biotin-
dependent enzymes ACCase and propionyl carboxylase, which
are involved directly in the metabolism of fatty acids). These data
suggest that resistance to membrane disruption by colistin or
through loss of LpsB function requires downregulation of lipid
metabolism. Consistent with this idea, disruption of A1S_0807
leads to increased resistance to colistin, presumably by reducing
biotin biosynthesis and therefore reducing the activity of biotin-
dependent enzymes involved in lipid metabolism. Notably,
A1S_0807 is markedly upregulated in WT bacteria exposed to
subinhibitory concentrations of colistin. Although this may seem
contradictory, it is possible that colistin induces A1S_0807 and
that this gene product or downstream metabolite contributes to
colistin toxicity, consistent with the results of the transposon
screen. Since the �lpsB mutant must survive in the presence of
chronic membrane perturbation, A1S_0807 is relatively down-
regulated in order to improve survival. Finally, we have previously
observed that the biotin synthase carboxyl carrier proteins of

FIG 3 Demonstration of the LPS synthesis defect and colistin sensitivity of 5A7. (a) SDS-PAGE analysis of LPS purified from the WT and 5A7. LPS isolated from
E. coli (Ec), WT A. baumannii, and 5A7 was electrophoresed in a 15% polyacrylamide gel and stained with Pro-Q Emerald 300 LPS stain. A higher-molecular-
weight band is present in the WT lane (arrow), but this band is absent in 5A7. (b) Complementation of the LPS synthesis defect by providing lpsB in trans. LPS
samples were electrophoresed and stained as described for panel a. (c to d) Kill curves comparing colistin sensitivities of the WT and 5A7 (c) or of 5A7 and
5A7::plpsB (d) in media with or without NaCl supplementation (150 mM). The data are presented as means � 1 SD from the means of results from at least three
biological replicates. In some cases, error bars may be obscured by the symbols. Curves were generated by nonlinear regression analysis using a least-squares
fitting method. (e) Growth curve comparing the growth of 5A7 with that of 5A7::plpsB in media with colistin (1 mg/liter) and with or without NaCl (150 mM).
The data are presented as means � 1 SD from the means of results from at least three biological replicates.
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ACCase (BCCP) and ACCase genes are significantly downregu-
lated in response to NaCl and that NaCl increases resistance to
colistin (24). Taken together, these data suggest that disrupting
lipid metabolism by decreasing biotin synthesis protects A. bau-
mannii against colistin-mediated membrane damage.

Another response that complements the results of the trans-
poson screen is the observed upregulation of genes involved in
cold shock responses. Although these genes were not identified in
the transposon screen, several genes involved in protection against
osmotic stress were identified. Moreover, we have previously
shown that some genes involved in cold shock responses are up-
regulated in response to NaCl, which induces protection against
colistin treatment (24). Adaptation to cold shock requires protec-
tion of membrane integrity and protein stability, and these adap-
tations are likewise important for resisting osmotic stress. Taking
the results of the transposon screen and the microarray together, it
is possible to identify genes and physiologic processes that are
important both for resistance to acute membrane disruption as
induced by colistin and for chronic membrane perturbation as
experienced by the �lpsB mutant. Moreover, the overlap in phys-
iologic processes observed in the transposon screen and the mi-
croarray suggests that some of the genes involved in adaptation to

the loss of lpsB may also be important in adapting to colistin treat-
ment.

It has been demonstrated previously that an lpsB transposon
mutant of A. baumannii exhibits decreased competitive fitness
during coinfection with wild-type bacteria in a soft tissue model of
infection (33). However, in the soft tissue model, the mutant does
not exhibit a virulence defect in a single-strain infection. This
stands in contrast to our data in which the �lpsB mutant is signif-
icantly attenuated for virulence in the lung. The striking difference
between the phenotypes of the lpsB mutants in pulmonary and
soft tissue models of infection suggests that A. baumannii has dif-
ferent virulence requirements depending on the infection site.
These differences may stem from physical characteristics of the
infection site, variation in innate immune factors, and differing
nutrient availability. It has been established, for example, that A.
baumannii induces production of antimicrobial peptides at mu-
cosal sites like the lung (36). The increased sensitivity of the �lpsB
mutant to these defense peptides likely contributes to this strain’s
reduced virulence in the lung. Moreover, we have defined signif-
icant transcriptional changes in genes involved in nutrient acqui-
sition and metabolism in the �lpsB mutant. It is possible that
nutritional requirements and availability in the lung also restrict

FIG 4 A. baumannii strains lacking LpsB are attenuated for virulence in the lung. (a) SDS-PAGE analysis of LPS from the WT, 5A7, and an lpsB deletion strain
(�lpsB mutant). (b) Expression analysis of the response to colistin treatment on select genes identified in the microarray (1 mg/liter) on WT A. baumannii. The
data are presented as means � 1 SD from the means of results of at least three biological replicates. (c to d) Kill curves comparing the colistin (c) or LL-37 (d)
sensitivities of the WT and the �lpsB mutant. The data are presented as means � 1 SD from the means of results of at least three biological replicates. In some
cases, error bars may be obscured by the symbols. Curves were generated by nonlinear regression analysis using a least-squares fitting method. (e) Bacterial
burdens in lungs of mice infected with the WT or the �lpsB mutant harvested at 36 hpi. Data are combined from two independent experiments, with 4 to 5 mice
per group used in each experiment. Means for each data set are indicated by horizontal bars. Statistical significance was determined by a two-tailed, unpaired
Student t test.
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the growth of the �lpsB mutant, particularly if this strain lacks the
flexibility to adapt to the host environment. The possibility that
nutrient availability impacts both pathogenesis and antibiotic re-
sistance in A. baumannii is particularly intriguing, as further work
in this area may elucidate novel targets for therapeutic interven-
tion.

The rise of extensively drug resistant bacteria that are capable
of causing lethal infections is creating a public health crisis, yet
therapeutic development is not keeping pace. A. baumannii poses
a particular challenge due to the ability of this bacterium to readily
acquire resistance to new antibiotics. This fact underscores the
adaptability of A. baumannii within the hospital and host environ-
ments. Targeting mechanisms that mediate the intrinsic antibiotic
resistance of A. baumannii is therefore a viable strategy for devel-
oping novel inhibitors that could serve as adjuncts to our current
antibiotic armamentarium.
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