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Infections caused by multidrug-resistant (MDR) Gram-negative bacteria represent a major global health
problem. Polymyxin antibiotics such as colistin have resurfaced as effective last-resort antimicrobials for use
against MDR Gram-negative pathogens, including Acinetobacter baumannii. Here we show that A. baumannii
can rapidly develop resistance to polymyxin antibiotics by complete loss of the initial binding target, the lipid
A component of lipopolysaccharide (LPS), which has long been considered to be essential for the viability of
Gram-negative bacteria. We characterized 13 independent colistin-resistant derivatives of A. baumannii type
strain ATCC 19606 and showed that all contained mutations within one of the first three genes of the lipid A
biosynthesis pathway: IpxA, IpxC, and IpxD. All of these mutations resulted in the complete loss of LPS
production. Furthermore, we showed that loss of LPS occurs in a colistin-resistant clinical isolate of A4.
baumannii. This is the first report of a spontaneously occurring, lipopolysaccharide-deficient, Gram-negative

bacterium.

Acinetobacter baumannii is an emerging, opportunistic,
Gram-negative bacterial pathogen (19). It is associated with a
range of nosocomial infections, including bacteremia, pneumo-
nia, meningitis, and urinary tract infections. Outbreaks, espe-
cially in intensive care unit settings, have been identified in
numerous countries around the world (23). The treatment of
these infections is hampered by the rapid rise in prevalence of
A. baumannii strains that are resistant to almost all available
antibiotics, including B-lactams, fluoroquinolones, tetracy-
clines, and aminoglycosides (23). In these multidrug-resistant
(MDR) strains, colistin (also known as polymyxin E) is often
the only remaining treatment (15), although colistin-resistant
clinical isolates have already been reported (7, 10, 21). Intrigu-
ingly, some A. baumannii isolates have been shown to display
heteroresistance to colistin, where an apparently colistin-sus-
ceptible strain (based upon the MIC) harbors a small propor-
tion of colistin-resistant cells (9, 16). Under selective pressure
both in vitro (33) and in vivo (10), heteroresistant A. baumannii
strains can rapidly give rise to strains with high-level colistin
resistance.

Colistin is a cationic polypeptide antibiotic that is composed
of a cyclic decapeptide linked by an a-amide linkage to a fatty
acyl chain (15). Its structure differs from that of polymyxin B by
only a single amino acid; the two antibiotics demonstrate com-
parable activities against a range of Gram-negative bacteria
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(6). Polymyxins are proposed to exert their antibacterial effect
on Gram-negative bacteria via a two-step mechanism compris-
ing initial binding to and permeabilization of the outer mem-
brane, followed by destabilization of the cytoplasmic mem-
brane (37). While the exact mechanism of bacterial killing is
not clearly defined, a critical first step in the action of poly-
myxins is the electrostatic interaction between the positively
charged peptide and the negatively charged lipid A, the endo-
toxic component of lipopolysaccharide (LPS) (3). It has been
proposed that because polymyxins target the bacterial outer
membrane lipid bilayer, resistance against these antimicrobial
peptides is rare (3). However, polymyxin-resistant bacteria
have been identified, and the characterized mechanisms of
resistance generally involve modifications to lipid A that re-
duce or abolish this initial charge-based interaction with poly-
myxins. In many Gram-negative bacteria, modifications of lipid
A by addition of 4-amino-4-deoxy-L-arabinose (L-Ara4N)
and/or phosphoethanolamine (PEtn) act to reduce the net LPS
negative charge, thereby increasing resistance to polymyxins.
The expression of the L-Ara4N and PEtn transferases in Esch-
erichia coli and Salmonella enterica is regulated by the two-
component regulatory system PmrA/PmrB, which responds to
pH, Fe** and Mg?" concentrations, as well as the presence of
polymyxins (26). While the mechanism(s) of polymyxin resis-
tance in A. baumannii is currently unknown, recent work has
indicated that mutations in pmrA and pmrB may be linked to
colistin resistance (1). Here we show that in A. baumannii type
strain ATCC 19606, colistin-resistant variants contain muta-
tions within genes essential for lipid A biosynthesis (either
IpxA, IpxC, or IpxD) and that these strains have lost the ability
to produce lipid A and therefore LPS. Furthermore, we show
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TABLE 1. Strains, plasmids, and primers used in this study

Strain, plasmid,

Relevant description

Source or reference

or primer
Strains
ATCC 19606  A. baumannii type strain American Type
Culture Collection
19606R Colistin-resistant derivative of ATCC 19606 This study
19606R +ipxA  19606R containing pAL840 This study
19606R+V 19606R containing pWH1266 This study
FADDIO008 A. baumannii colistin-heteroresistant clinical isolate 16
FADDIOOSR Colistin-resistant derivative of FADDI008 This study
B0707-070 A. baumannii colistin-resistant clinical isolate 22
Plasmids
pWHI1266 Acinetobacter-E. coli shuttle vector, Amp" Tet" 11
pALS40 IpxA cloned into the pWH1266 tetracycline resistance gene, Amp* This study
Primers
BAP6205 ACGCCAGGATCCGGTTCATTATTCCTGTTTGCT; forward primer for amplification of IpxA4, This study
contains a BamHI site for cloning
BAP6206 ATTCAAGGATCCCACCTCGAGCATTGTACCA; reverse primer for amplification of /pxA4, This study
contains a BamHI site for cloning
BAP6098 TGAAGCATTAGCTCAAGTTT; forward primer for amplification and sequencing of lpxA This study
BAP6099 GTCAGCAAATCAATACAAGA; reverse primer for amplification and sequencing of /pxA This study
BAP6197 CAAAGTATGAATACAACTTTTGAG; forward primer for amplification and sequencing of [pxD  This study
BAP6198 GTCAATGGCACATCTGCTAAT; reverse primer for amplification and sequencing of [pxD This study
BAP6402 TGAAGATGACGTTCCTGCAA; forward primer for amplification and sequencing of lpxC This study
BAP6403 TGGTGAAAATCAGGCAATGA,; reverse primer for amplification and sequencing of lpxC This study

that loss of lipid A leading to colistin resistance is observed in
other A. baumannii strains, including a colistin-resistant clini-
cal isolate.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture conditions. A. baumannii type strain
ATCC 19606 was obtained from the American Type Culture Collection, while
strain FADDIO08 was obtained from the bronchoalveolar lavage fluid of an
intensive care unit patient at the Alfred Hospital, Melbourne, Victoria, Austra-
lia. Colistin-resistant variants of ATCC 19606 (designated 19606R) and
FADDI008 (designated FADDIOOSR) were isolated by direct plating of these
parent strains onto Mueller-Hinton agar (Oxoid) containing 10 pg/ml of colistin
sulfate (Sigma); colistin-resistant colonies were identified (at a frequency of
between 1 in 10% and 1 in 10°) following a single round of selection. Colistin-
resistant clinical isolate B0707-070 was obtained from Kwan Soo Ko, Depart-
ment of Molecular Cell Biology, Sungkyunkwan University School of Medicine,
South Korea. All A. baumannii strains were maintained on Mueller-Hinton agar
or cultured in cation-adjusted Mueller-Hinton broth (CAMHB; Oxoid) at 37°C,
with the addition of 10 pg/ml of colistin sulfate where appropriate. Plasmid
pWH1266 was obtained from the American Type Culture Collection.

Isolation and manipulation of DNA. A. baumannii genomic DNA was pre-
pared using a Genomic DNA extraction minikit (blood/bacterial; RBC Bio-
science), according to the manufacturer’s instructions. Plasmid DNA was iso-
lated using QIAprep spin miniprep columns (Qiagen), according to the
manufacturer’s instructions. Standard methods were used for the digestion, li-
gation, and analysis of plasmid and genomic DNA and PCR products (28). All
enzymes used were obtained from Roche or New England Biolabs and were used
according to the manufacturer’s instructions.

Analysis of LPS by PAGE. LPS was purified from overnight cultures of A.
baumannii using the previously described method of Westphal and Jann (35).
LPS preparations (derived from approximately 3 X 107 cells) and proteinase
K-treated whole-cell lysates (equivalent to approximately 3 X 10° cells) were
separated on a Bio-Rad mini-protean gel apparatus using polyacrylamide gel
electrophoresis (PAGE), as described previously (13). To visualize LPS, 12.5%
polyacrylamide gels were fixed in a 30% ethanol-10% acetic acid solution,
followed by oxidation in a 0.3% periodic acid-30% ethanol-10% acetic acid
solution. The gels were then stained using a SilverSNAP stain kit (Pierce Bio-
technology), according to the manufacturer’s instructions.

Complementation of strain 19606R. The full-length /px4 gene was amplified
by PCR from parent strain ATCC 19606 using primers BAP6205 and BAP6206
(Table 1), both of which contained BamHI sites. The amplified 1,176-bp frag-
ment was cloned into the unique BamHI site located within the tetracycline
resistance gene of the E. coli/Acinetobacter shuttle vector pWH1266 (11), gen-
erating plasmid pAL840 (Table 1). Complementing plasmid pAL840 and the
vector only, pWHI1266, were separately introduced into the colistin-resistant
derivative of A. baumannii ATCC 19606 (19606R) by electroporation, as de-
scribed previously (5). Transformants were selected by overnight incubation at
37°C on Mueller-Hinton agar supplemented with 100 pg/ml of ampicillin
(Sigma). A. baumannii transformants containing either pAL840 (designated
19606R +IpxA) or vector only (designated 19606R+V) were confirmed by re-
striction digest and nucleotide sequencing of the isolated plasmid.

LAL assay. Limulus amebocyte lysate (LAL) assays were performed on trip-
licate biological samples using an E-Toxate kit (Sigma), according to the man-
ufacturer’s instructions. For sample preparation, overnight cultures of the A.
baumannii strains were washed once in sterile CAMHB and serially diluted in
sterile, pyrogen-free water.

Structural analysis of LPS. O-deacylated LPS was prepared from purified LPS
as described previously (2). Sugars were determined as their alditol acetate
derivatives by gas-liquid chromatography mass spectrometry (GC-MS) as de-
scribed previously (32). Capillary electrophoresis electrospray mass spectrometry
(CE-ES-MS) experiments were performed as described previously (32). For the
determination of fatty acids, 1 ml of methanol was added to 1 mg of purified LPS,
and the mixture was cooled in dry ice, followed by the addition of 0.1 ml of acetyl
chloride. Samples were then incubated for 3 h at 120°C in Teflon-lined screw-cap
vials, air dried, and extracted with 2 ml of dichloromethane. The extracted
samples were dried and then acetylated with 0.5 ml acetic anhydride and 0.5 ml
pyridine for 30 min at 100°C. Samples were then dried and analyzed by GC-MS
on a DB17 column together with the appropriate standards.

Determination of antibiotic MICs. MICs were determined by broth microdi-
lution in CAMHB, according to the Clinical and Laboratory Standards Institute
protocol (4).

Thin section transmission electron microscopy. Overnight cultures of parent
strain ATCC 19606 and colistin-resistant, LPS-deficient strain 19606R, grown in
CAMHB at 37°C with agitation, were used to inoculate (1/50) 5 ml of fresh
CAMHB medium. Colistin-resistant strain 19606R was consistently grown in the
presence of 10 wg/ml colistin. Cells were grown to an optical density at 600 nm
(ODgqp) of 0.6, and 1 ml of each culture was harvested by centrifugation at
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TABLE 2. Antibiotic sensitivity profiles of A. baumannii strains

MIC (pug/ml)
Strain
Colistin Polymyxin B Cefepime Teicoplanin Azithromycin
ATCC 19606 1 0.5 16 >128 64
parent
19606R >128 >128 0.125 0.5 2
19606R +IpxA 1 0.5 16 >128 64
19606R+V >128 >128 0.125 1 2

4,000 X g for 10 min at room temperature. Cell pellets were resuspended in 2.5%
glutaraldehyde in NaCl and incubated for 2 h at room temperature. Suspensions
were submitted to Monash Micro Imaging (Monash University, Clayton, Victo-
ria, Australia) for agarose embedding and thin section preparation. Sections
were placed on Formvar carbon-coated grids and viewed in a Hitachi H7500
120-kV transmission electron microscope.

Genome sequencing. The genome sequences of strains ATCC 19606 and
19606R were determined using 36-bp paired-end sequencing chemistry on an
Tllumina Genome Analyzer IT apparatus (Illumina) at the Micromon Sequencing
Facility (Monash University). Raw sequence data from both strains were inde-
pendently aligned to the published strain ACICU genome sequence (12) using
the SHRIMP program (27) (average read depth, ~110), as described previously
(31). The raw read data were also assembled de novo using Velvet software (39)
and a CLC genomics workbench (CLCbio, Denmark) to confirm the mutation.

Amplification of lipid A biosynthesis genes. Lipid A biosynthesis genes lpxA,
IpxC, and IpxD were amplified from A. baumannii genomic DNA by PCR using
the primers listed in Table 1. The nucleotide sequences of the amplified frag-
ments were determined using an ABI BigDye Terminator mixture, and the
products were separated on an ABI 3730S genetic analyzer.

Outer membrane integrity assay. Overnight cultures of each strain, grown in
CAMHB at 37°C with agitation (100 rpm), were used to inoculate (1/100) 10 ml
of fresh medium for each experiment. The ATCC 19606 parent strain was grown
in plain CAMHB, while the other strains were grown in CAMHB with the
following antibiotic additions: 19606R, 10 wg/ml colistin; 19606R+V, 10 pg/ml
colistin and 100 wg/ml ampicillin; and 19606R +/pxA, ampicillin 100 wg/ml. To
maintain selective pressure, overnight cultures of colistin-resistant strains were
grown in the presence of colistin, but no antibiotic selection was used during
subculture immediately prior to the assays. Cells were grown to an ODg, of 0.5
and harvested by centrifugation at 1,000 X g for 10 min at room temperature,
washed once in buffer 1 (5 mM HEPES containing 5 mM sodium azide, pH 7.4),
and resuspended in buffer 1 to an ODg, of 0.5. Fluorescence was measured
using a Cary Eclipse fluorescence spectrophotometer (Varian Inc.). A 1-ml
aliquot of cell suspension was placed in a quartz cuvette (Sigma), and the
baseline fluorescence was measured using excitation and emission wavelengths of
350 nm and 420 nm, respectively. Following a stable baseline reading of 30 s, 10
M (final concentration) 1-N-phenylnaphthylamine (NPN) was added and mon-
itoring was continued until the fluorescence stabilized for a minimum of 30 s. The
change in fluorescence was calculated as the average stable fluorescence reading
after addition of NPN less the average initial reading.

RESULTS AND DISCUSSION

Colistin resistance can result from mutation of lpx4. To
elucidate the mechanism(s) of colistin resistance in 4. bauman-
nii, we isolated a colistin-resistant derivative from type strain
ATCC 19606 by direct selection on colistin-containing medium
(10 pg/ml). The colistin-resistant variant was designated
19606R and displayed a colistin MIC of >128 wg/ml, whereas
the colistin MIC was 1 pg/ml for the parent strain (Table 2).
The growth rate in broth of colistin-resistant strain 19606R was
indistinguishable from that of the parent strain (doubling time
for ATCC 19606 = 48 min * 5.5 min, doubling time for
19606R = 55.2 min = 8.1 min; n = 3). However, it displayed
a smaller colony morphology on Mueller-Hinton agar. To de-
termine whether resistance to colistin in 19606R was due to a
mutation, we determined the entire genome sequence of par-
ent strain ATCC 19606 and its colistin-resistant variant,
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19606R, using Illumina short-read sequencing (average read
depth, >110X). Reference assemblies were generated sepa-
rately for both strains using the published A. baumannii
ACICU genome sequence as a scaffold (12), and these assem-
blies were used to identify nucleotide changes unique to
19606R. Comparison of the genome sequences of ATCC
19606 and 19606R revealed no mutations in either pmrA or
pmrB; this finding was confirmed by directed Sanger sequenc-
ing. Indeed, their genome sequences were identical except for
a single mutation, a deletion of nucleotide 90 within IpxA4,
which would result in premature termination of LpxA transla-
tion at amino acid 34. LpxA is predicted to encode the UDP-
N-acetylglucosamine acyltransferase that catalyzes the first
step in the biosynthesis of lipid A. There are nine lipid A
biosynthetic genes, including lpxA4, that are considered to be
essential for the growth of most species of Gram-negative
bacteria (25). Stable directed mutations of /px4 have been
constructed in only two species, Neisseria meningitidis (30)
and Moraxella catarrhalis (24), but this is the first report of a
spontaneously occurring /px4 mutant.

To confirm that inactivation of [px4 was responsible for the
observed resistance to colistin, the full-length intact [px4 gene
from parent strain ATCC 19606 was amplified by PCR using
primers BAP6205 and BAP6206 (Table 1) and cloned into
Acinetobacter-E. coli shuttle vector pWH1266 (11) to generate
pALS840 (Table 1). The complementing plasmid, pAL840, and
the empty vector, pWH1266, were introduced separately into
colistin-resistant [Jpx4 mutant strain 19606R to generate strains
19606R +/pxA and 19606R+V, respectively. Strain 19606R
complemented with intact [px4 (19606R+IpxA) was returned
to colistin sensitivity, with the MIC (1 pg/ml) being identical to
that of the parent strain (Table 2). Strain 19606R harboring
the vector only (19606R+V) remained highly resistant to colis-
tin (MIC > 128 pg/ml; Table 2). Therefore, mutation of /pxA
is directly responsible for the colistin resistance observed in
strain 19606R.

Mutation of IpxA results in complete loss of lipopolysaccha-
ride. The IpxA4 gene is essential for the biosynthesis of lipid A
and therefore LPS (26). To assess the ability of the A. bau-
mannii wild-type, IpxA mutant, and complemented /px4 mu-
tant strains to produce LPS, we purified carbohydrate from
each strain using the hot phenol LPS extraction method of
Westphal and Jann (36) and analyzed the purified material
using PAGE, followed by carbohydrate-specific silver staining
(Fig. 1A). Both ATCC 19606 and 19606R-+IpxA produced
observable amounts of LPS, with the strong bands visible be-
tween 6 and 10 kDa likely corresponding to lipid A plus core
oligosaccharide. However, no observable LPS was produced by
either the /px4 mutant strain (19606R) or the /px4 mutant
strain containing the empty vector (19606R+V) (Fig. 1A). To
refute the possibility that there had been a loss of LPS during
the purification process, we analyzed the carbohydrates pro-
duced by each strain by PAGE of proteinase K-treated whole-
cell lysates. While a range of carbohydrates was produced by
all strains (Fig. 1B), only the ATCC 19606 parent strain and
strain 19606R complemented with px4 (19606R+I/pxA4) pro-
duced a carbohydrate that migrated at a molecular mass of
between 6 and 10 kDa, consistent with the hypothesis that only
the colistin-susceptible strains produce LPS. Finally, carbohy-
drate structural analyses were performed on LPS preparations
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FIG. 1. Colistin-resistant A. baumannii strains do not produce LPS.
PAGE separation and carbohydrate-specific silver staining of purified
LPS (A) and proteinase K-treated whole-cell lysates (B) of colistin-
susceptible parent strain ATCC 19606, colistin-resistant variant
19606R, 19606R complemented with ipxA (19606R +IpxA), or 19606R
containing vector only (19606R +V) were performed. The positions of
standard molecular mass markers are shown on the left.

isolated from each strain. MS analyses on O-deacylated LPS
revealed the expected 4 Hex, 2 HexN, HexNAcA, and 3-deoxy-
D-manno-octulosonic acid glycoform for parent strain ATCC
19606, consistent with the known LPS structure (35), whereas
no interpretable spectra were obtained for the colistin-resis-
tant /pxA mutant (19606R) or the /px4 mutant containing
empty vector. A spectrum consistent with the wild-type glyco-
form was observed for the strain complemented with /pxA4
(19606R +IpxA). Fatty acid analysis of the products obtained
from the parent and mutant strains showed that the parent
strain contained 3-OH-C,,, 3-OH-C,,, C,,, and C,g acids,
characteristic for LPS, whereas no identifiable fatty acids were
found in the material isolated from the [px4 mutant or vector-
only strain. Taken together, these data show unequivocally that
colistin-resistant /px4 mutant strains 19606R and 19606R+V
do not produce LPS.

To confirm that no lipid A was produced by the [px4 mutant
strains, we analyzed intact cells of each strain using the LAL
assay, which directly detects lipid A (endotoxin). Parent strain
ATCC 19606 and strain 19606R complemented with /pxA4 pro-
duced significant endotoxin (6 X 10° endotoxin units [EU]/ml;
n = 3). In contrast, colistin-resistant strains 19606R and
19606R+V produced levels of endotoxin identical to the level
measured in growth medium alone (0.06 EU/ml; n = 3).
Therefore, the lack of any measurable LPS or lipid A in
19606R followed by the restoration of lipid A production and
colistin sensitivity when IpxA is provided in trans demonstrates
that the colistin resistance in this strain results from mutation
of IpxA, which in turn leads to complete loss of lipid A (endo-
toxin) and LPS production. To our knowledge, this is the first
example of polymyxin resistance due to loss of LPS, the initial
binding target of colistin.

Colistin resistance and loss of LPS from the outer mem-
brane result in a decrease in membrane integrity. LPS forms
the outer leaflet of the outer membrane of Gram-negative
bacteria, creating a permeability barrier that prevents large
molecules and hydrophobic compounds from freely entering
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FIG. 2. A. baumannii elaborates an outer membrane in the absence
of LPS. Transmission electron micrographs of thin sections of colistin-
susceptible parent strain ATCC 19606 (A) and colistin-resistant /pxA4
mutant 19606R (B) are shown. Arrows indicate two distinct mem-
branes present in both the ATCC 19606 and 19606R strains.

the cell (20). To determine whether an outer membrane was
still present in the colistin-resistant A. baumannii strain, we
visualized the ATCC 19606 parent strain and the LPS-deficient
strain, 19606R, by transmission electron microscopy. Both
strains possessed a distinct outer membrane (Fig. 2), indicating
that A. baumannii can elaborate an outer membrane, even in
the absence of LPS. The outer membrane of each strain was
further examined using the hydrophobic fluorescent probe
NPN as a marker for membrane integrity (17) (Fig. 3). NPN
fluoresces more strongly in hydrophobic environments than in
aqueous environments. NPN fluorescence was significantly
higher (P < 0.001) in colistin-resistant, LPS-deficient strains
19606R and 19606R +V than in the colistin-susceptible parent
strain and the complemented /px4A mutant (19606R+IpxA)
(Fig. 3). Therefore, NPN can more readily gain access to the
hydrophobic membrane environment in the colistin-resistant
strain. These data clearly show that there are substantial dif-
ferences in the integrity of the outer membrane between the

700
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FIG. 3. Loss of LPS alters outer membrane integrity. Changes in
fluorescence following the addition of the hydrophobic fluorescent
probe NPN for A. baumannii strains ATCC 19606 parent (n = 14),
19606R (n = 9), 19606R+V (n = 14), and 19606R +ipxA (n = 13) are
shown. Bars show the mean change in fluorescence * 1 standard
deviation. Both 19606R and 19606R+V show increased fluorescence
uptake (*, P < 0.001) compared with the uptake by both the parent
strain (ATCC 19606) and the complemented /px4 mutant strain
(19606R +IpxA), as determined by analysis of variance with the Bon-
ferroni post hoc method.
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colistin-resistant and -susceptible strains and that this is most
likely due to altered permeability of the outer membrane in the
colistin-resistant strains resulting from the absence of LPS.

Loss of LPS from the outer membrane alters the antibiotic
resistance profile. Colistin-resistant A. baumannii strains have
previously been shown to display increased sensitivity to a
range of other antibiotics (14). To determine if this increased
sensitivity was associated with loss of LPS, we determined the
MIC:s of three clinically relevant antibiotics, alongside colistin
and polymyxin B, for the parent, mutant, and complemented
strains (Table 2). While the [px4 mutant strain (19606R) was
highly resistant to both colistin and polymyxin B, it displayed a
significant increase in sensitivity to the three other antibiotics
tested, including teicoplanin, an antibiotic routinely used to
treat Gram-positive bacterial infections (Table 2). The in-
creased sensitivity to nonpolymyxin antibiotics was also ob-
served for the [pxA mutant strain transformed with the vector
only (19606R+V). However, the same strain complemented
with lpxA4 in trans (19606R+/pxA4) showed an antibiotic resis-
tance profile identical to that observed for the parent strain.
One of the major functions of LPS in the outer membrane of
Gram-negative bacteria is to provide a highly selective perme-
ability barrier, in part due to the ability of adjacent LPS mol-
ecules to form strong lateral interactions via the bridging ac-
tion of divalent cations (20). Therefore, we propose that the
increased sensitivity of the colistin-resistant strains to nonpoly-
myxin antibiotics is a direct result of the lack of LPS in the
outer membrane and the concomitant increased permeability
of the outer membrane to the antibiotics. Indeed, directed M.
catarrhalis and temperature-sensitive E. coli [pxA mutants also
demonstrate an increase in sensitivity to a variety of antibiotics
(8, 24). However, M. catarrhalis [pxA mutants showed an ap-
parently increased sensitivity to polymyxin B (24), suggesting
that the mechanism of polymyxin action may be different in
this species.

Colistin resistance in 4. baumannii can result from muta-
tion of IpxA4, IpxC, or IpxD. In E. coli, the biosynthesis of the
lipid A component of LPS involves nine enzymatic steps re-
quiring the enzymes LpxA, LpxC, LpxD, LpxH, LpxB, LpxK,
KdtA, LpxL, and LpxM (25). Recent genome sequences of A4.
baumannii have shown that the arrangement of [pxA4 and IpxD
is similar to that found in E. coli, with IpxA being the final gene
of a putative operon that also contains /pxD and fabZ, a dehy-
dratase involved in fatty acid elongation. Other genes involved
in lipid A biosynthesis are located elsewhere on the A. bau-
mannii genome (12, 29). To further investigate the phenome-
non of heteroresistance and to assess whether colistin resis-
tance in A. baumannii can result from mutation of a lipid A
biosynthesis gene other than /pxA4, we isolated and screened a
further 12 colistin-resistant derivatives of ATCC 19606. All
colistin-resistant strains appeared to be LPS deficient by car-
bohydrate silver staining of their whole-cell lysates (data not
shown). Each of the first three genes in the lipid A biosynthesis
pathway, IpxA4, IpxC, and IpxD, was amplified by PCR (with the
primers listed in Table 1), and the nucleotide sequences of the
fragments were determined. Analysis of the sequences showed
that in each LPS-deficient strain analyzed there was a mutation
in one of the genes, IpxA4, IpxC, or IpxD; the enzymes encoded
by these genes catalyze the first three steps in the lipid A
biosynthesis pathway (Table 3). A number of different muta-
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TABLE 3. Mutations identified in the lipid A biosynthesis genes of
colistin-resistant A. baumannii ATCC 19606 derivatives

Strain  Gene Nucleotide change Effect

ALI833  IpxC
AL1834  IpxC
AL1842  [pxC
ALI1843  [pxC

C — T substitution at nt 89
Single base deletion at nt 135
84-bp deletion at nt 858

C — T substitution at nt 89

Amino acid change P30L
Frameshift after D45
Frameshift after T285
Amino acid change P30L

AL1844 IpxA  C — G substitution at nt 475  Amino acid change H159D
AL1845 IpxA C — T substitution at nt 700  Truncation after D233
AL1846 IpxA G — A substitution at nt 203 Amino acid change G68D
AL1847  IpxA  30-bp deletion at nt 391 Frameshift after D130
AL1848 IpxA  C — A substitution at nt 214 ~ Amino acid change Q72K
AL1849  IpxA  2-bp deletion at nt 76 Frameshift after 125
ALI1851 IpxA  445-bp deletion at nt 364 Frameshift after H121

AL1852  IpxD  Single base deletion at nt 952 Frameshift after K317

tions were observed, ranging from single point mutations to
large deletions (up to 445 nucleotides [nt]; Table 3). The mu-
tations involving single amino acid substitutions identified in
these colistin-resistant derivatives (AL1833, AL1844, AL1846,
and AL1848; Table 3) indicate that P30 in LpxC and H159,
G68, and Q72 in LpxA are critical residues for the function of
LpxC and LpxA, respectively. Indeed, all three mutated LpxA
residues identified here are highly conserved across all bacte-
rial LpxA proteins (34). Furthermore, H160 in the E. coli LpxA
(corresponding to H159 in the A. baumannii LpxA) has been
shown to be critical for enzyme activity, and both H159 and
Q72 are predicted to be adjacent to amino acids involved in
substrate binding (34, 38).

Taken together, these data clearly show that the principal
mechanism of colistin resistance in the ATCC 19606 strain is
loss of LPS due to mutation in one of the first three genes
involved in lipid A biosynthesis and that the phenomenon of
colistin heteroresistance previously described for ATCC 19606
is due to the presence of cells with random mutations in these
key genes.

Colistin resistance due to loss of LPS occurs in clinical
isolates of A. baumannii. While we have shown that the prin-
cipal mechanism of colistin resistance in the ATCC 19606
strain is loss of LPS, we sought to determine if a similar mech-
anism occurred in clinical isolates of A. baumannii. To examine
the potential for clinical isolates to develop colistin resistance
due to loss of LPS, we first selected colistin-resistant deriva-
tives of an A. baumannii strain isolated from a human bron-
choalveolar lavage fluid sample (strain FADDIOO0S, originally
designated isolate 8) (16) by direct selection on Mueller-Hin-
ton agar containing 10 pg/ml of colistin sulfate. A colistin-
resistant colony (MIC > 128 pg/ml) was isolated and desig-
nated FADDIOOSR. PAGE analysis of proteinase K-treated
whole-cell lysates indicated that the parent strain elaborated a
carbohydrate band which migrated at approximately 8 kDa,
but this band was absent in the FADDIOOSR strain (Fig. 4).
LAL assays confirmed that the colistin-susceptible parent,
FADDI008, expressed high levels of endotoxin (6 X 10°> EU/
ml; n = 3) but that the resistant strain, FADDIOOSR, did not
(0.06 EU/ml; n = 3). We amplified the IpxA, [pxC, and IpxD
genes by PCR from both the colistin-susceptible and colistin-
resistant FADDIOOS strains and determined the nucleotide
sequences of each gene from both strains. The colistin-suscep-
tible parent strain encoded an intact JpxA gene, but the IpxA
gene of FADDIOOSR contained a single base deletion at nu-
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FIG. 4. Colistin-resistant clinical isolates of A. baumannii do not
produce LPS. Carbohydrate-specific silver stain of proteinase
K-treated whole-cell lysates of colistin-susceptible clinical isolate
FADDI008, its colistin-resistant derivative (FADDIO08R), and colis-
tin-resistant clinical isolate B0707-070. The positions of standard mo-
lecular mass markers are shown on the left.

cleotide 459, resulting in premature termination of LpxA
translation at amino acid 154. This finding confirmed that
mutation of /pxA4 and loss of LPS in A. baumannii is not limited
to the ATCC 19606 strain and that clinical isolates of A. bau-
mannii have the potential to develop colistin resistance as a
result of loss of LPS.

Next, we analyzed a colistin-resistant clinical isolate, BO707-
070, isolated from a hospital patient in South Korea (22).
Analysis of the whole-cell lysate of this strain by PAGE and
carbohydrate-specific silver staining revealed an apparently
LPS-deficient profile (Fig. 4), which was confirmed by LAL
assay (0.06 EU/ml; n = 3). Sequencing analysis of the IpxA4,
IpxC, and IpxD genes revealed that [pxD was interrupted after
42 nucleotides by a novel 873-bp insertion sequence (IS) ele-
ment, flanked by 12-bp inverted repeats. Sequence comparison
revealed similarity to the IS4 family IS element ISX03 from the
environmental organism Xanthomonas oryzae. Interestingly,
this novel A. baumannii IS element appears to contain two
distinct open reading frames which show significant identity to
the 5’ and 3’ regions, respectively, of a putative transposase
encoded by a Xanthomonas campestris 1S element. It is possible
that these open reading frames are translated independently,
but further analysis of the sequence revealed that there is a
polytract consisting of eight adenosines at the 3" end of the first
open reading frame. This suggests that translational frame-
shifting may occur in this IS element, which would allow full
expression of the transposase and thus transposition. Transla-
tional frameshifting has previously been described for the IS
element ISAbal from A. baumannii, which is involved in resis-
tance to a variety of other antibiotics (18).

Taken together, these data confirm that loss of LPS due to
the mutation of key lipid A biosynthesis genes is a mechanism
of colistin resistance in a range of A. baumannii strains, includ-
ing a recently described clinical isolate.

In conclusion, here we report for the first time spontane-
ously occurring, lipid A-deficient, Gram-negative bacterial mu-
tants. Moreover, we show the first evidence that loss of LPS
can lead to polymyxin resistance. We have shown that loss of
LPS production in A. baumannii can result from inactivation of
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a lipid A biosynthesis gene, IlpxA, [pxC, or IpxD, and that colis-
tin resistance via loss of lipid A can occur in clinical isolates.
Loss of LPS production in each of the strains tested resulted in
high-level colistin resistance, clearly indicating that the inter-
action of colistin with LPS is critical for the bactericidal action
of colistin against 4. baumannii. The clinical significance of
colistin-resistant strains has recently been highlighted with the
report of the emergence of colistin resistance after colistin
treatment of an infection caused by a heteroresistant A. bau-
mannii strain (10). Here, we demonstrate in two independent
strains of A. baumannii that selection of colistin-resistant
strains from within an apparently susceptible population is due
to the selection of lipid A biosynthesis mutants and that these
mutants devoid of LPS are highly resistant to colistin. Further-
more, we show that a colistin-resistant clinical isolate also lacks
lipid A and LPS, and we are currently investigating the in vivo
fitness of these LPS-deficient strains. We predict that these
strains will have altered susceptibility to a range of host de-
fenses, including antimicrobial peptides and, as LPS is a critical
stimulator of innate immunity via Toll-like receptor signaling,
may invoke a very different host response.

Importantly, this study clearly demonstrates that colistin re-
sistance mediated by loss of LPS results in increased sensitivity
to other clinically relevant antibiotics and that this could be
exploited in combination antibiotic treatment regimens com-
prising colistin and a second antibiotic effective against colis-
tin-resistant, LPS-deficient cells. Such a strategy may ulti-
mately prolong the use of colistin as an effective antimicrobial
against MDR A. baumannii.
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