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A major challenge to clinical therapy of Burkholderia cepacia complex (Bcc) pulmonary infections is their innate resistance to a
broad range of antimicrobials, including polycationic agents such as aminoglycosides, polymyxins, and cationic peptides. To
identify genetic loci associated with this phenotype, a transposon mutant library was constructed in B. multivorans ATCC 17616
and screened for increased susceptibility to polymyxin B. Compared to the parent strain, mutant 26D7 exhibited 8- and 16-fold
increases in susceptibility to polymyxin B and colistin, respectively. Genetic analysis of mutant 26D7 indicated that the trans-
poson inserted into open reading frame (ORF) Bmul_2133, part of a putative hopanoid biosynthesis gene cluster. A strain with a
mutation in another ORF in this cluster, Bmul_2134, was constructed and named RMI19. Mutant RMI19 also had increased
polymyxin susceptibility. Hopanoids are analogues of eukaryotic sterols involved in membrane stability and barrier function.
Strains with mutations in Bmul_2133 and Bmul_2134 showed increased permeability to 1-N-phenylnaphthylamine in the pres-
ence of increasing concentrations of polymyxin, suggesting that the putative hopanoid biosynthesis genes are involved in stabi-
lizing outer membrane permeability, contributing to polymyxin resistance. Results from a dansyl-polymyxin binding assay dem-
onstrated that polymyxin B does not bind well to the parent or mutant strains, suggesting that Bmul_2133 and Bmul_2134
contribute to polymyxin B resistance by a mechanism that is independent of lipopolysaccharide (LPS) binding. Through this
work, we propose a role for hopanoid biosynthesis as part of the multiple antimicrobial resistance phenotype in Bcc bacteria.

Burkholderia multivorans is a member of the B. cepacia complex
(Bcc), a group of 17 closely related Gram-negative species with

extreme genetic capacity and metabolic diversity (11, 26). The
members of the Bcc have emerged as opportunistic pulmonary
pathogens of particular importance to patients with cystic fibrosis
(CF) or chronic granulomatous disease (CGD). Bcc bacteria are
intrinsically resistant to a broad spectrum of antimicrobials, in-
cluding polycationic agents such as polymyxins, impeding treat-
ment efforts in both of these patient populations (32, 35, 45).

Bcc infections in CF patients are associated with enhanced
morbidity and mortality compared to infections caused by the
more common pathogen Pseudomonas aeruginosa (8), and they
have the potential to cause rapid clinical deterioration with septi-
cemia that leads to death (20, 50). Although B. cenocepacia has
widely been considered the most prevalent and virulent Bcc spe-
cies in CF infections, the proportion of B. multivorans infections is
increasing (16), with its incidence in CF patients exceeding that of
B. cenocepacia in the United States and Canada (4, 52). An out-
break of B. multivorans causing severe morbidity and mortality in
CF patients has occurred (48).

Bcc bacteria cause serious invasive infections in patients with
CGD. Neutrophils from CGD patients are unable to elicit an oxi-
dative burst in response to invading microbes and are therefore
dependent on nonoxidative killing mechanisms by cationic pep-
tides. Bcc organisms resist killing in vitro by CGD neutrophils but
not normal neutrophils (43). This correlates with the ability of Bcc
organisms to resist killing in vitro by high concentrations of cat-
ionic peptides and polymyxin B (25).

With the escalating emergence of multidrug-resistant organ-
isms, physicians are increasingly dependent upon polymyxins, es-
pecially inhaled colistin, for therapy of recalcitrant respiratory P.
aeruginosa infections (5). Although cationic peptides and antibi-
otics appear to be unable to kill Bcc organisms, they may enhance
the antimicrobial activity of other antibiotics (37, 38), providing

physicians with a broader spectrum of therapeutic options for Bcc
infections.

Polymyxin B and colistin (polymyxin E) are the two polymyx-
ins used clinically. These are rapid-acting bactericidal agents with
detergent-like properties that accumulate in the bacterial mem-
brane, affecting selective permeability. Polymyxins bind to nega-
tively charged sites in the lipopolysaccharide (LPS) layer of the
membrane to initiate “self-promoted uptake” (31). Constitutive
bacterial mechanisms of resistance to polymyxins are therefore
thought to be based on features of LPS and/or membrane perme-
ability (51).

The intrinsic resistance of Bcc bacteria to polymyxins is due to
unique features of the cytoplasmic membrane, as Bcc spheroplasts
are resistant to lysis by polymyxin B (27). Investigations into the
mechanism of polymyxin resistance in the Bcc have previously
focused on the effects of LPS modifications. Polymyxin B binds
poorly to the LPS layer on intact Bcc cells (29). There is a consti-
tutive presence of 4-amino-4-deoxy-L-arabinose (Ara4N) linked
to the lipid A phosphate groups in the LPS of Bcc bacteria, elimi-
nating the negative charge required for polymyxin binding (9) and
presumably blocking the self-promoted uptake utilized by poly-
cationic antimicrobials (17). The synthesis and composition of the
LPS core oligosaccharide are also involved in resistance to poly-
myxin B in the Bcc bacterium B. cenocepacia (23, 33). Recent work
by Loutet et al. (24) suggests a two-tier model of polymyxin B
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resistance in B. cenocepacia, with primary mechanisms involving
intrinsic features of the cytoplasmic membrane and secondary
mechanisms that confer less dramatic changes in resistance and
are observed when the membrane barrier has been compromised.

In this study, we identified a B. multivorans transposon mutant
with 8- and 16-fold increases in susceptibility to polymyxin B and
colistin, respectively, independent of polymyxin B binding. In this
mutant, the transposon was found to insert into a gene in the
putative hopanoid biosynthesis cluster. Hopanoids are pentacy-
clic triterpenoid lipids that are sterol analogues in prokaryotic
membranes and are presumed to be involved in membrane stabil-
ity and barrier function (21). Not all bacteria produce hopanoids,
yet those that do occupy diverse environmental niches (39). While
details on the structure and chemical diversity of bacterial ho-
panoids produced have been described, little is known about their
biosynthesis and function in the bacterial membrane (21, 39). We
suggest a role for hopanoids in membrane stability that contrib-
utes to constitutive antibiotic resistance of bacteria of the Bcc.

MATERIALS AND METHODS
Bacterial strains, plasmids, and growth conditions. The bacterial strains
and plasmids used in this study are listed in Table 1. All strains were stored
at �70°C in Mueller-Hinton (MH) broth with 8.0% (vol/vol) dimethyl
sulfoxide (DMSO). For routine bacterial growth, Luria-Bertani (LB)
broth was used. Unless otherwise stated, bacteria were incubated at 37°C,
and liquid cultures were grown with aeration. Bacteriological medium

components were purchased from Becton Dickinson and Company
(Sparks, MD), and all chemicals were purchased from Sigma-Aldrich
Canada Ltd. (Oakville, Ontario, Canada), unless stated otherwise. Mini-
mal salts medium supplemented with 2.0% Casamino Acids and 5.0%
mannitol was used to screen the transposon library for polymyxin suscep-
tibility, as it reduced the background growth of spontaneously resistant
clones of B. multivorans. MH broth without cation supplementation was
used for MIC, dansyl-polymyxin (DPX) binding, and membrane perme-
ability assays. The following media were used for growth experiments: LB
broth, YP (0.3% yeast extract, 0.3% peptone), MH broth, LB broth with
2.5 to 10% ethanol, MH broth with 0.16 to 2.5% sodium dodecyl sulfate
(SDS), MH broth with 0.5 to 5% sodium chloride, YP with 0.87 to 10%
bile salts (Oxoid Ltd., England), and acid broth (1) buffered to pH 5, 6, 7,
and 8. Plasmids were maintained by growth in the presence of the appro-
priate antibiotic. All antibiotics were purchased from Sigma-Aldrich Can-
ada Ltd. The antibiotics used were as follows: for Escherichia coli, tetracy-
cline at 15 �g/ml, kanamycin at 50 �g/ml, gentamicin at 50 �g/ml,
ampicillin at 100 �g/ml, and trimethoprim at 750 �g/ml; and for B. mul-
tivorans, tetracycline at 75 �g/ml and trimethoprim at 100 �g/ml.

Determination of MICs. The MICs for all antibiotics were deter-
mined by the standard microtiter broth dilution method following the
protocols outlined by The Clinical and Laboratory Standards Institute
(http://www.clsi.org). MICs for polycationic antimicrobials were deter-
mined in polypropylene 96-well plates (Corning Inc., Corning, NY).

Molecular techniques. DNA manipulations were executed using
standard techniques as described by Ausubel et al. (3). General molecular
biology techniques were preformed according to the methods of Sam-

TABLE 1 Bacterial strains and plasmids used in this study

Strain or plasmid Descriptiona Source or reference

Strains
B. multivorans strains

ATCC 17616 Type strain ATCC
26D7 Polymyxin B-susceptible derivative of ATCC 17616 with Tn5-751S disrupting Bmul_2133; TMPr This study
RMI17 �Bmul_2134 derivative of ATCC 17616; TETs This study
RMI18 �Bmul_2134 derivative of ATCC 17616; TETs This study
RMI19 �Bmul_2134 derivative of ATCC 17616; TETr This study

P. aeruginosa strains
ATCC 27853 MIC quality control strain ATCC
M2 Mouse intestinal isolate susceptible to neutrophil killing 44

E. coli strains
DH5� F� �80dlacZ�M15 �(lacZYA-argF)U169 deoR recA1 endA1 hsdR17(rK

� mK
�) phoA supE44 �� thi-1

gyrA96 relA1
Invitrogen

HB101 supE44 hsdS20(rB mB) recA13 ara-14 proA2 lacY1 galK2 rpsL20 xyl-5 mtl-1 40
XL1-Blue MR Cosmid library host strain Agilent Technologies

Plasmids
pBluescript II SK(�) Cloning vector; AMCr Agilent Technologies
Super Cos 1 Cosmid cloning vector; AMCr NEMr Agilent Technologies
pCR-BluntII-TOPO Cloning vector; KANr ZEOr Invitrogen
pTGL166 Broad-host-range temperature-sensitive IncP1 plasmid containing Tn5-751S; KANr TMPr TETr PENr 7
pRK2013 ColE1 Tra (RK2)� KANr 14
pEX18Tc Suicide vector; TETr 18
pUCP26 Broad-host-range vector; TETr 47
pUCP28T Broad-host-range vector; TMPr 42
pBS1 pBluescript II KS(�) containing Tn5-751 and flanking DNA from mutant 26D7; AMPr KANr This study
pBS4 pBluescript II KS(�) carrying a 4.0-kb BamHI fragment containing Bmul_2134; AMCr This study
pRM301 pEX18Tc carrying the 4.0-kb BamHI fragment from pBS4 containing Bmul_2134; TETr This study
pRM302 pRM301 with a 718-bp NotI fragment deletion in Bmul_2134; TETr This study
pRM305 pUCP28T with a 1.6-kb AfeI/ApaI fragment from pBS4 blunt ligated into SmaI with Bmul_2134; TMPr This study
pRM306 pCR-BluntII-TOPO with a 1.6-kb Bmul_2133 PCR fragment; TETr This study
pRM308 pUCP26 with a 1.6-kb XbaI/HindIII fragment from pRM306 containing Bmul_2133; TETr This study

a AMC, ampicillin; KAN, kanamycin; NEM, neomycin; PEN, penicillin; TET, tetracycline; TMP, trimethoprim; ZEO, zeocin.
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brook et al. (40). Plasmid DNA was extracted with QIAprep Spin mini-
prep kits (Qiagen Inc., Mississauga, Ontario, Canada). Restriction en-
donucleases, DNA polymerases, T4 DNA polymerase, and T4 DNA
ligase were purchased from New England BioLabs (Mississauga, On-
tario, Canada) and used according to the manufacturer’s instructions.
DNA fragments used in cloning procedures were purified with a
QIAquick gel extraction kit (Qiagen Inc.). Oligonucleotide primers
were purchased from Integrated DNA Technologies (San Diego, CA)
or the Nucleic Acid-Protein Service Unit at the University of British
Columbia (Vancouver, British Columbia, Canada). Radiolabeled
probes for Southern hybridizations were labeled with [�-32P]dGTP
(American Radiolabeled Chemicals Inc., St. Louis, MO) by random
priming using the Klenow fragment of DNA polymerase I (Invitrogen
Canada Inc., Burlington, Ontario, Canada) per the manufacturer’s
instructions. DNA sequencing was performed with the assistance of
the Nucleic Acid-Protein Service Unit at the University of British Co-
lumbia (Vancouver, British Columbia, Canada) or the Center for Mo-
lecular Medicine and Therapeutics (Vancouver, British Columbia,
Canada). Sequences and contigs were assembled using Lasergene for
Windows (DNAStar Inc., Madison, WI). The nucleotide sequence data
for the hopanoid biosynthesis locus were provided by the B. multiv-
orans ATCC sequencing project at the U.S. Department of Energy Joint
Genome Institute (JGI) (http://genome.jgi-psf.org/burmu/burmu
.home.html). Sequence analysis with the provided sequence was per-
formed using DNAMAN sequence analysis software (Lynnon Biosoft,
Vaudreuil, Quebec, Canada). Additional in silico promoter and termi-
nator predictions were performed with BPROM and FindTerm (Soft-
berry, Inc., Mount Kisco, NY). Sequence similarity searches were per-
formed using the National Center for Biotechnology Information
Basic Local Alignment Search Tool (NCBI BLAST) (2).

Isolation of a polymyxin B-susceptible mutant of B. multivorans
ATCC 17616 by random transposon mutagenesis. The transposon-
carrying vector pTGL166 (7) was transferred into B. multivorans ATCC
17616 by conjugation with pRK2013 as the mobilizing vector (14).
Tetracycline- and trimethoprim-resistant colonies, containing pTGL166,
were grown for 60 h at 47°C in LB broth to encourage loss of the vector.
Resulting trimethoprim-resistant clones, carrying Tn5-751S incorporated
into the B. multivorans genome, were screened for susceptibility to tetra-
cycline to ensure that they had lost the vector DNA.

Six thousand trimethoprim-resistant, tetracycline-susceptible colo-
nies were picked into 96-well plates. These Tn5-751S insertion mutants
were screened by replica plating onto supplemented minimal salts me-
dium without antibiotic or containing either 600 or 1,200 units of poly-
myxin B. This screen resulted in 12 putative mutants that did not grow on
either concentration of polymyxin B. To ensure that only one transposon
insertion occurred in the putative mutants, Southern hybridizations were
performed on SalI-digested genomic DNA, using a transposon-specific
probe. The probe was a 32P-labeled PCR product amplified from
pTGL166 by using primers N727-3 (5=-ATCGACAAGACCGGCTTCCA
TCCGA-3=) and N725-5 (5=-TCAGCGCAGGGGCGCCCGGTTCTTT-
3=). Each of the 12 mutants had only one insertion. The probe bound to
genomic fragments of different sizes, indicating that the transposon in-
serted at different locations in the genome.

Identification of the genomic region disrupted by Tn5-751S in the
polymyxin B-susceptible mutant 26D7. To identify the genes responsible
for the phenotype of mutant strain 26D7, the genomic region around the
transposon was cloned and sequenced. A SalI minilibrary of 26D7
genomic DNA was constructed in pBluescript II SK(�) (Agilent Technol-
ogies, Mississauga, Ontario, Canada) and transformed into E. coli DH5�
by electroporation. A kanamycin-resistant clone containing Tn5-751S
was isolated and named pBS1. The nucleotide sequence of the genomic
region surrounding the transposon on pBS1 was obtained using primers
T3 (5=-ATTAACCCTCACTAAAGGGA-3=) and TN5-1 (5=-GAGGTCAC
ATGGAAGTCAG-3=). The B. multivorans ATCC 17616 sequence data
were not available for the majority of this study, and the genomic region
disrupted by the transposon was initially characterized by traditional mo-
lecular biology techniques. Briefly, the sequence obtained from pBS1 was
used to design the primers Seq1R (5=-GCGCTTCTTATGCTCGAT-3=)
and Seq1L (5=-ACTAGCTCGCCGACGATT-3=) to amplify a 1.2-kb
product specific for the sequence adjacent to the transposon insertion site.
This product was used as a probe to screen a B. multivorans ATCC 17616
cosmid library by colony hybridization (49). The cosmid library was con-
structed from partially digested Sau3AI fragments ranging in size from 30
to 40 kb in a SuperCos I cosmid according to the manufacturer’s instruc-
tions (Agilent Technologies). The insert sequence-specific probe bound
to five cosmids. These cosmids contained the desired genomic region. The
cosmid DNA was isolated and digested with various restriction enzymes.
A 4.0-kb BamHI fragment was identified and subcloned into pBluescript
II KS(�) (Agilent Technologies), resulting in vector pBS4. Sequence anal-
ysis of the genomic sequence in these vectors was carried out by random
primer walking. Once the B. multivorans ATCC 17616 genome sequence
became available (http://genome.jgi-psf.org/burmu/burmu.home.html),
the initial sequence obtained from pBS1 was used as a query to confirm the
location of the disrupted locus.

Construction of mutant RMI19 in B. multivorans ATCC 17616. A
Bmul_2134 allelic exchange vector, pRM302, was constructed by first sub-
cloning the 4.0-kb BamHI fragment containing Bmul_2134 from pBS4
into pEX18Tc (18), resulting in pRM301. The open reading frame (ORF)
was disrupted by deletion of an internal 718-bp NotI fragment and reli-
gation of the vector (Fig. 1). Vector pRM302 was introduced into B. mul-
tivorans ATCC 17616 by triparental mating using pRK2013 as the mobi-
lization vector (14). Transconjugants were plated onto LB agar with
gentamicin (to inhibit growth of the E. coli strains) and tetracycline.
Tetracycline-resistant single-crossover mutants were confirmed by a PCR
using primers HpnIF (5=-CGGCTTTGCGGGAATC-3=) and HpnIR (5=-
TGCCCGCTACTCCGTGA-3=). Selected single-crossover mutants were
grown in liquid libraries and plated onto LB agar to encourage loss of the
vector sequence. Screening for tetracycline sensitivity identified the
double-crossover �Bmul_2134 mutant, designated RMI19, and the mu-
tant genotype was confirmed by PCR with the HpnIF and HpnIR primers.
Later, after the majority of the analysis with this mutant was completed,
MIC experiments indicated that the mutant was tetracycline resistant.
PCR with primers M13F (5=-GTAAAACGACGGCCAGT-3=) and M13R
(5=-CAGGAAACAGCTATGACC-3=) to amplify a fragment from
pEX18Tc indicated that at least a portion of the vector sequence was
present in this strain. Genotyping of the mutant was repeated with the

FIG 1 Map of the B. multivorans ATCC 17616 locus affected by Tn5-751S in mutant 26D7. The region from base pairs 2344808 to 2350836 of the B. multivorans
ATCC 17616 genome sequence (http://genome.jgi-psf.org/burmu/burmu.home.html) is shown in the published orientation with ORFs Bmul_2132,
Bmul_2133, and Bmul_2134. The locations of the transposon insertion in the 26D7 mutant and key restriction sites are marked. The DNA fragments used for
complementation experiments are indicated by the black bars above the sequence. The region of Bmul_2134 deleted in the RMI19 mutant construct is indicated
by the black bar in the ORF. A, AfeI; Ap, ApaI; B, BamHI; N, NotI; S, SalI; P, PstI.
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HpnIF and HpnIR primers, and only a mutated copy of Bmul_2134 was
amplified. Two additional �Bmul_2134 mutant colonies, RMI17 and
RMI18, isolated during the same round of allelic exchange as RMI19 but
not containing the vector sequence, were screened for acquired tetracy-
cline resistance by MIC analysis. These mutant isolates yielded identical
PCR products with the HpnIF and HpnIR primers to those amplified
from RMI19, yet they were tetracycline sensitive.

Cloning of Bmul_2133 and Bmul_2134 for complementation of mu-
tants 26D7 and RMI19 in trans. A 1.6-kb AfeI/ApaI fragment from pBS4,
containing Bmul_2134 and the predicted promoter region (Fig. 1), was
blunt end ligated into the SmaI site of pUCP28T (42) to construct
pRM305. To construct the Bmul_2133 complementation vector,
pRM308, a 1,661-bp PCR fragment containing the Bmul_2133 ORF and
predicted promoter region (Fig. 1) was amplified using primers hpnJF
(5=-GCCGACGGAATACGG-3=) and hpnJR (5=-ACCGCCGCATTCAC
A-3=) and initially cloned into pCR-Blunt II-TOPO (Invitrogen), yielding
pRM306. A 1.6-kb XbaI/HindIII fragment from pRM306 was subcloned
into pUCP26 (47), yielding pRM308. The pUCP28T-based vectors were
conjugated into the parent and the RMI19 mutant by triparental mating
using pRK2013 (14) as the mobilization strain, and the pUCP26-based
vectors were transferred into the parent and the 26D7 mutant by electro-
poration (12).

Permeabilization of whole cells of B. multivorans with NPN. Mem-
brane permeability in the presence of polymyxin B was assayed using the
hydrophobic fluorescent probe 1-N-phenylnaphthylamine (NPN) simi-
larly to the manner previously described (22, 24). Overnight seed cultures
were subcultured 1/100 and grown to mid-log phase (optical density at
600 nm [OD600], between 0.4 and 0.6). Bacteria were collected and
washed twice in 5 mM HEPES buffer (pH 7.4) with 10 mM sodium azide
and then resuspended to an OD600 of 0.5. The assay was carried out in a
100-�l total volume with 90 �l of bacterial suspension in a transparent
96-well plate (Corning, Inc.). NPN was added to a final concentration of
10 �M. Polymyxin B was subsequently added in increasing final concen-
trations from 0 to 200 �g/ml. Excitation and emission wavelengths were
set at 350 and 420 nm, respectively, and fluorescence was measured using
a Tecan Infinite M200 spectrophotometer (Tecan, Durham, NC).

DPX binding assay. The binding of DPX to the parent and mutant
strains was examined as previously described (28, 33), with the following
modifications. The fluorescent dansyl derivative of polymyxin B was pur-
chased from Invitrogen. The assay was read in clear-welled 96-well plates
(Corning Inc.) with a Tecan Infinite M200 spectrophotometer (Tecan),
using an excitation wavelength of 340 nm and an emission wavelength of
485 nm.

Bacterial growth. The growth of the parent and mutant strains was
monitored over time by measuring the OD600 with a Bioscreen C spectro-
photometer (Oy Growth Curves Ab Ltd., Finland). Overnight seed cul-
tures were normalized to an initial OD600 of 0.1 in fresh medium. A 1/50
subculture in 100 �l of medium for each condition was prepared in a
96-well Bioscreen plate. Each condition was tested in triplicate for each
culture. The cultures were grown for 18 h at 37°C with continuous shak-
ing, and OD600 measurements were taken every 15 min.

Neutrophil killing assay. The CGD neutrophil killing assay was per-
formed as previously described (43). Complement component five-
deficient serum was used because B. multivorans is susceptible to
complement-mediated lysis.

RESULTS
Description of the genomic region flanking Tn5-751S in the
polymyxin B-susceptible transposon mutant 26D7. To identify a
mutant of B. multivorans rendered susceptible to polymyxin B, a
random transposon insertion library of the B. multivorans strain
ATCC 17616 was constructed using the transposon Tn5-751S on
the temperature-susceptible plasmid pTGL166 (7). A library of
6,000 mutants was screened for increased susceptibility to poly-
myxin B. Of the 12 susceptible mutants that were isolated, mutant

26D7 had the greatest increase in susceptibility (data not shown)
and was selected for further characterization. The DNA sequences
immediately flanking Tn5-751 in 26D7 were obtained by shotgun
cloning of the mutant genomic DNA into pBluescript II SK(�).
The captured DNA in the resulting plasmid, pBS1, was sequenced
and was compared to the B. multivorans ATCC 17616 genome
sequence to identify the disrupted locus. The transposon inserted
into ORF Bmul_2133 (Fig. 1). This ORF has been annotated as
hpnJ, encoding a putative hopanoid biosynthesis-associated radi-
cal S-adenosylmethionine (SAM) protein. ORF Bmul_2133 is part
of a predicted hopanoid biosynthesis gene cluster with
Bmul_2134 (annotated as hpnI), encoding a putative hopanoid
biosynthesis-associated glycosyltransferase, located directly up-
stream, and Bmul_2132 (annotated as hpnK), encoding a putative
hopanoid biosynthesis protein, located directly downstream (Fig.
1). In silico promoter prediction indicated a promoter upstream of
each ORF, and a transcriptional terminator was identified in the
intergenic region between Bmul_2133 and Bmul_2134 (data not
shown), suggesting that these genes are not cotranscribed.

Confirming a role for Bmul_2133 and Bmul_2134 in B. mul-
tivorans polymyxin B resistance. Mutant 26D7 was determined
to be 8-fold more susceptible to polymyxin B than the parental
strain, B. multivorans ATCC 17616 (Table 2). In order to confirm
the role of Bmul_2133 in polymyxin B resistance, the predicted
Bmul_2133 promoter region and ORF were added back to mutant
26D7 in trans. The addition of vector pRM308 increased the poly-
myxin B resistance phenotype to within 2-fold that of the parent
strain (Table 2). To further associate the ORFs in the predicted
hopanoid biosynthesis gene cluster with polymyxin susceptibility,
a Bmul_2134 allelic exchange mutant, RMI19, was constructed in
B. multivorans ATCC 17616. The RMI19 mutant had a 4-fold
increase in polymyxin B susceptibility compared to the parent,
and the original phenotype was restored upon complementation
with Bmul_2134 in trans on vector pRM305 (Table 2).

The antibiotic susceptibility phenotype of the mutant strains
is specific to polymyxins. To determine the spectrum of antimi-
crobial resistance conferred by the identified hopanoid biosynthe-
sis gene cluster, MICs of both close and distant families of antibi-
otics were determined (Table 2 and data not shown). Sixteen- and
8-fold increases in susceptibility to colistin (polymyxin E) were

TABLE 2 Polymyxin B and colistin MICs for the parent strain B.
multivorans ATCC 17616 and mutants 26D7 and RMI19a

Strain
ORF provided in
trans

MIC (�g/ml)

Polymyxin B Colistin

B. multivorans strains
ATCC 17616 256 512
ATCC 17616(pUCP26) 256 512
�TCC 17616(pUCP28T) 256 512
26D7 32 32
26D7(pUCP26) 32 32
26D7(pRM308) Bmul_2133 128 256
RMI19 64 64
RMI19(pUCP28T) 64 64
RMI19(pRM305) Bmul_2134 256 512

P. aeruginosa strain
ATCC 27853 1 1

a Data represent the modes for at least four replicate experiments after 48 h of growth.
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observed for the 26D7 and RMI19 mutants, respectively, com-
pared to the MIC of the parent strain (B. multivorans ATCC
17616) (Table 2). The parental level of the colistin MIC was re-
stored (within 2-fold) when the respective wild-type genes were
added in trans (Table 2). There was no significant (i.e., �2-fold)
decrease in MIC between the parent and mutant strains for the
aminoglycoside gentamicin, indicating that the mutated genes are
not involved in resistance to all polycationic antimicrobials (data
not shown). No differences in resistance to antimicrobials of other
classes were observed (data not shown). The tetracycline MIC of
26D7 was not significantly different from that of the parent strain.
The RMI19 mutant developed tetracycline resistance; however,
two additional �Bmul_2134 mutant isolates, RMI17 and RMI18,
did not. Therefore, this phenotype cannot be attributed to the
mutation in Bmul_2134. MIC values for erythromycin, cipro-
floxacin, ceftazidime, and ampicillin were the same between the
parent and mutant strains. These data suggest that Bmul_2133
and Bmul_2134 confer resistance specifically to polymyxins in B.
multivorans.

Mutations in Bmul_2133 and Bmul_2134 affect membrane
permeability. Hopanoids are thought to be involved in maintain-
ing membrane fluidity and permeability (21, 39). To investigate
the role of the putative hopanoid biosynthesis genes Bmul_2133
and Bmul_2134 in membrane permeability in the presence of
polymyxin B, NPN uptake assays were performed. NPN is a hy-
drophobic compound that fluoresces weakly in a hydrophilic en-
vironment but strongly in a hydrophobic environment, as in the
periplasm of Gram-negative bacteria. An increase in membrane
permeability and uptake of NPN is measured as an increase in
fluorescence (22). Using this method, it has been shown that Burk-
holderia spp. are resistant to membrane permeabilization by poly-
myxin B and other polycations (30). The putative hopanoid bio-
synthesis mutants and the parent strain were exposed to
increasing concentrations of polymyxin B in the presence of NPN.
Both mutants 26D7 and RMI19 showed significant increases in
permeability to NPN in the presence of 0.78 �g/ml to 200 �g/ml
polymyxin B compared to the parental strain (P � 0.02; t test)
(Fig. 2A). Mutant strains 26D7 and RMI19 transformed with their
respective empty vectors remained significantly more permeable
to NPN at 100 �g/ml polymyxin B than the parent strain trans-
formed with the same vector (P � 0.05; analysis of variance
[ANOVA]) (Fig. 2B). Adding Bmul_2133 back to mutant 26D7
on vector pRM308 decreased the permeability of the strain to
NPN in the presence of 100 �g/ml polymyxin, but not entirely to
the level of the parent (Fig. 2B). The effect of the deletion mutation
in Bmul_2134 on outer membrane permeability was restored to
parental levels when Bmul_2134 was provided in trans on
pRM305 (Fig. 2B). These results suggest that mutations in the
predicted hopanoid biosynthesis genes result in an increase in
outer membrane permeability, presumably due to abrogation of
hopanoid biosynthesis, with enhancement of polymyxin B and
colistin susceptibility.

Enhanced susceptibility to polymyxin B is independent of
LPS binding. To determine if the increase in polymyxin B suscep-
tibility observed in the mutants was due to an increase in binding
of the antibiotic, the level of polymyxin B binding was evaluated in
the parent and mutant strains. Interaction of the fluorescent com-
pound DPX with LPS enhances the fluorescence of DPX. Whole
cells of Bcc strains bind DPX poorly (30). There was no difference
in fluorescence when whole cells of the parent strain (ATCC

17616) and polymyxin B-susceptible mutants were exposed to
DPX (Fig. 3). P. aeruginosa ATCC 27853 was used as a positive
control for DPX binding. These data suggest that mutating the
putative hopanoid biosynthesis genes leads to increased suscepti-
bility to polymyxin B by a mechanism that is independent of LPS
binding.

There are no differences in growth under stress conditions in
putative hopanoid biosynthesis mutants. There were no appar-
ent defects in growth of the 26D7 or RMI19 mutant under

FIG 2 Effect of increasing concentrations of polymyxin B on the outer mem-
brane permeability of B. multivorans ATCC 17616 compared to mutants 26D7
and RMI19. Polymyxin B was titrated into suspensions of whole bacteria at an
OD600 of 0.5 and 10 �M NPN. An increase in fluorescence corresponded to an
increase in membrane permeability and uptake of NPN into the hydrophobic
periplasm. Data were calculated as the fluorescence with polymyxin B minus
the fluorescence without it and represent means for three biological repli-
cates � standard errors of the means. (A) Mutants 26D7 and RM�19 were each
significantly more permeable to NPN than the parent strain in 0.78 to 200
�g/ml of polymyxin B (P � 0.02; t test). �, B. multivorans ATCC 17616; □, B.
multivorans 26D7; �;, B. multivorans RMI19; ‘, P. aeruginosa ATCC 27853.
(B) Outer membrane permeability of mutant strains in the presence of 100
mg/ml polymyxin B is restored when the mutations are complemented in
trans. P. aeruginosa ATCC 27853 was used as a positive control. B. multivorans
26D7(pUCP26) and B. multivorans RMI19(pUCP28T) were significantly
more permeable to NPN at 100 mg/ml polymyxin B than the B. multivorans
ATCC 17616 parent strain with the respective empty vector (P � 0.05;
ANOVA). B. multivorans 26D7(pRM308) was not significantly different from
the parent or mutant strain with pUCP26. The permeability of B. multiv-
orans RMI19(pRM305) to NPN was significantly less than that of
RMI19(pUCP28T) at 100 mg/ml of polymyxin B (P � 0.05; ANOVA).
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nutrient-rich conditions (data not shown). Hopanoids have been
shown to be involved in resistance to bile salts and low pH (46), in
ethanol tolerance (19), and in membrane stability during growth
at a high temperature (41). There was no significant difference in
growth between the parent and mutant strains with increasing
concentrations of ethanol, SDS, bile salts, or sodium chloride, at
either acidic or basic pH, or at 20°C, 37°C, or 42°C (data not
shown).

Mutant 26D7 remains resistant to nonoxidative killing by
neutrophils. The possibility that the increase in polymyxin sus-
ceptibility exhibited by the Bmul_2133 and Bmul_2134 mutants
could translate into the strains being susceptible to cationic pep-
tides during nonoxidative killing by neutrophils was investigated
by neutrophil killing assays. For these experiments, only the more
susceptible mutant, 26D7, was used, as primary human CGD neu-
trophils are infrequently available. CGD neutrophils are unable to
kill bacteria via reactive oxygen species and rely exclusively on
nonoxidative bactericidal mechanisms (43). CGD neutrophils
were challenged at a neutrophil-to-bacterium ratio of 1:1. Both
the parent and 26D7 mutant strains grew in the presence of CGD
neutrophils (Fig. 4), as did B. multivorans JTC, a clinical CGD
isolate. The susceptible control strain of P. aeruginosa exhibited a
marked decrease in survival over the course of the 2-h challenge.
All four bacterial strains were susceptible to killing by normal
neutrophils (data not shown).

DISCUSSION

The intrinsic resistance of Bcc species to polycationic antimicro-
bials is due to features of their LPS and outer membrane structure
(23, 25, 30, 33). This study suggests a role for membrane ho-
panoids in modulating B. multivorans membrane permeability
that contributes to high levels of polymyxin B and colistin resis-
tance in an LPS-independent manner. LPS-independent mecha-
nisms of polymyxin resistance present in other organisms include
the K. pneumoniae capsule (6) and the outer membrane porin
OmpU in Vibrio cholerae. The isoprenoid biosynthesis gene
BCAL2710ispH (also called lytB) in both B. pseudomallei and B.
cenocepacia contributes to polymyxin resistance (5, 24). In E. coli,
LytB converts (E)-4-hydroxy-3-methyl-but-2-enyl pyrophos-

phate (HMB-PP) to isopentenyl pyrophosphate (IPP) as part of
the mevalonate biosynthesis pathway (13). Interestingly, IPP is a
key precursor of hopanoid biosynthesis (21). With the two pre-
dicted B. multivorans hopanoid biosynthesis genes identified in
this study and two reports of the upstream isoprenoid precursor
involved in polymyxin B resistance in Burkholderia spp. (5, 24),
hopanoids can now be included as part of the Burkholderia innate
polymyxin B resistance repertoire.

The key hopanoid biosynthesis enzyme is the squalene-hopene
cyclase (shc), which converts a squalene precursor into the cyclic
form of hopene (34). The hopanoid gene cluster characterized in
this study does not contain all of the genes identified in other
hopanoid biosynthesis gene clusters (36, 46) and does not contain
the key shc gene. In the current annotation of B. multivorans
ATCC 17616, one of the squalene-hopane cyclase genes is desig-
nated Bmul_3175 and is located on the second chromosome. Di-
rectly upstream of Bmul_3175 are a putative squalene synthase
(Bmul_3173) and a putative squalene-associated FAD-dependent
desaturase (Bmul_3174). These three genes are homologs of hpnF,
hpnD, and hpnE of the characterized hopanoid biosynthesis gene
clusters of Zymomonas mobilis and Bradyrhizobium japonicum
(36). There is an additional squalene-hopene cyclase homologue
in the annotated genome: Bmul_5992. Hopanoid biosynthesis is
thought to be under tight control and is expressed in response to
stress conditions (21, 39). The fragmented organization of these
genes suggests that a complex regulatory network is likely involved
in B. multivorans hopanoid biosynthesis. We are currently con-
ducting bacterial genetic experiments to elucidate the regulatory
network orchestrating the hopanoid biosynthesis pathway as well
as biochemical experiments to characterize the roles of the pre-
dicted hopanoid biosynthesis genes that lead to the production of
membrane hopanoids.

Cholesterol in eukaryotic membranes protects the host cell
from damage caused by polymyxin and antimicrobial peptide
therapies (15). Thus, it is not surprising that the analogous ho-
panoids are involved in polymyxin resistance in prokaryotes. The
observations presented in this study suggest that the mutations in
Bmul_2133 and Bmul_2134 influenced membrane permeabiliza-

FIG 3 Binding of DPX to whole parent and mutant cells. Bacterial cells were
treated with increasing concentrations of DPX, and fluorescence was deter-
mined by emission at 485 nm upon excitation at 340 nm. �, B. multivorans
ATCC 17616; □, B. multivorans 26D7; �, B. multivorans RMI19; ‘, P. aerugi-
nosa ATCC 27853. The background fluorescence of DPX with buffer alone was
subtracted at each concentration. The data represent the means for three bio-
logical replicates � standard errors of the means.

FIG 4 Neutrophil bacterial killing by cells from a patient with CGD. CGD
neutrophils were incubated with bacteria (1:1) at 37°C. Viable bacterial counts
were determined at 0, 30, and 120 min postinfection. Data presented are per-
centages of bacteria relative to the starting inoculum at each time point. �, B.
multivorans ATCC 17616; □, B. multivorans 26D7; �, B. multivorans JTC; ‘,
P. aeruginosa M2 as a susceptible control (43).

Hopanoids in B. multivorans Polymyxin Resistance

January 2012 Volume 56 Number 1 aac.asm.org 469

http://aac.asm.org


tion, yet the effect was specific to polymyxins and was not a general
permeability defect. Testing against the macrolide erythromycin
showed no difference in MIC between the parent and mutant
strains, confirming that permeability to hydrophobic antibiotics
and efflux of these substances were not affected by the mutations.
Testing with other antibiotics, including tetracycline, the penicil-
lin ampicillin, the cephalosporin ceftazidime, and the fluoroquin-
olone ciprofloxacin, also did not show enhanced antimicrobial
activity in the mutants, confirming that the hydrophilic (porin-
mediated) uptake pathway was not affected. The predicted ho-
panoid biosynthesis mutants also did not show enhanced suscep-
tibility to gentamicin. Aminoglycosides and cationic peptides
enter Gram-negative bacterial cells by the same pathway, self-
promoted uptake (17, 31), and have similar modes of action.
Therefore, more than one mechanism must be involved in the
resistance of B. multivorans to different cationic antimicrobial
agents.

Cationic antimicrobial peptides are key elements for nonoxi-
dative bactericidal activity by neutrophils. CGD neutrophils are
dependent on nonoxidative killing mechanisms, and resistance of
B. multivorans and other members of the Bcc to CGD neutrophils
is considered a possible mechanism of pathogenesis. The 26D7
mutant was equally resistant to killing by CGD neutrophils as the
parent strain and the control B. multivorans strain JTC. This sug-
gested that although mutation of the putative hopanoid biosyn-
thesis genes results in reductions in the MICs of polymyxins, it
does not confer susceptibility to killing by CGD neutrophils. MICs
of 32 �g/ml and 64 �g/ml for mutants 26D7 and RMI19, respec-
tively, are still classified as resistant in the clinical sense. The re-
duction in resistance to polymyxins in mutant strain 26D7 is not
enough to translate into susceptibility to nonoxidative killing by
CGD neutrophils. Also, our data show that the increase in suscep-
tibility of the mutants is specific to polymyxin B and colistin and
not to other polycationic agents, such as gentamicin. Nonoxida-
tive killing by neutrophils is mediated by a milieu of proteases,
lysozymes, and antimicrobial peptides, including polycationic an-
timicrobial peptides. The mutations in Bmul_2133 must not con-
fer resistance to these host defenses. Our observations provide
proof of principle that hopanoids contribute to resistance of the
members of the Bcc to cationic antimicrobial activity, but the roles
of other features (such as LPS modifications) are clearly comple-
mentary.

Hopanoid biosynthesis genes are implicated in antibiotic resis-
tance in Rhodopseudomonas palustris, in which a mutation in the
shc gene confers susceptibility to erythromycin and rifampin (46).
However, the effect of hopanoids on antibiotic resistance in clin-
ically relevant organisms beyond Burkholderia spp. has yet to be
characterized. In fact, few bacteria associated with human infec-
tion possess the genetic machinery necessary for the biosynthesis
of hopanoids. A BLAST search (2) with the amino acid sequence
of the squalene-hopane cyclase, Shc (Bmul_3175), did not align
with any of the sequences encoded in the complete genome se-
quences of other known obligate and opportunistic respiratory
pathogens, including Streptococcus pneumoniae, Neisseria menin-
gitidis, Yersinia pestis, Legionella pneumophila, and P. aeruginosa.
Yet the shc gene is distributed throughout the sequenced Bcc spe-
cies and B. pseudomallei. Hopanoids have been isolated from a
variety of Burkholderia species but not from the closely related and
typically polymyxin B-sensitive Pseudomonas and Ralstonia or-
ganisms (10). The extraordinary and predictable resistance of Bcc

bacteria to cationic antimicrobial agents, typically useful in treat-
ing many other human pathogens, may be due in part to the pro-
duction of hopanoids. It is therefore necessary to understand all
aspects of antimicrobial resistance in the Bcc. There are few ther-
apeutic options for Bcc infections; therefore, understanding why
members of the Bcc are additionally resistant to antimicrobials
that are often used to treat P. aeruginosa infections in CF patients
is crucial. Work is ongoing to determine if the presence of ho-
panoids in the Burkholderia membrane confers an advantage for
the organism’s survival and infection of patients with CF or CGD.
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