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Chronic respiratory infections by Burkholderia cenocepacia in cystic fibrosis patients are associated with
increased morbidity and mortality, but virulence factors determining the persistence of the infection in the
airways are not well characterized. Using a chronic pulmonary infection model, we previously identified an
attenuated mutant with an insertion in a gene encoding an RpoN activator protein, suggesting that RpoN
and/or components of the RpoN regulon play a role in B. cenocepacia virulence. In this study, we demonstrate
that a functional rpoN gene is required for bacterial motility and biofilm formation in B. cenocepacia K56-2.
Unlike other bacteria, RpoN does not control flagellar biosynthesis, as evidenced by the presence of flagella in
the rpoN mutant. We also demonstrate that, in macrophages, the rpoN mutant is rapidly trafficked to lysosomes
while intracellular wild-type B. cenocepacia localizes in bacterium-containing vacuoles that exhibit a pro-
nounced delay in phagolysosomal fusion. Rapid trafficking to the lysosomes is also associated with the release
of red fluorescent protein into the vacuolar lumen, indicating loss of bacterial cell envelope integrity. Although
a role for RpoN in motility and biofilm formation has been previously established, this study is the first
demonstration that the RpoN regulon in B. cenocepacia is involved in delaying phagolysosomal fusion, thereby
prolonging bacterial intracellular survival within macrophages.

Burkholderia cenocepacia belongs to a group of closely re-
lated gram-negative bacterial species known as the Burkhold-
eria cepacia complex (Bcc) (6). Bcc members are opportunistic
pathogens causing severe infections in immunocompromised
individuals and in patients with cystic fibrosis (CF) (15, 34).
Bcce species can be isolated from many sources, including soil,
water, the rhizosphere, and humans, suggesting that they can
adapt to and survive in many different niches. Survival under
extreme and changing conditions requires adaptive modulation
of gene expression in response to environmental cues. These
gene expression changes are often controlled by alternative
sigma factors (23), which regulate not only effector genes but
also other sigma factors and transcriptional regulators (11).
Thus, alternative sigma factors play critical roles in the ability
of bacteria to adapt to diverse environmental conditions.

Alternative sigma factors also play an important role in the
virulence of pathogenic bacteria (23). For example, in Salmo-
nella enterica serovar Typhimurium, RpoE regulates genes that
provide resistance to oxidative stress and bacterial survival
within macrophages (18). In Vibrio fischeri, RpoN controls
motility and biofilm formation and is essential for establishing
a symbiotic colonization of the host (52), and in Pseudomonas
aeruginosa, RpoN controls the synthesis of alginate, pili, and
flagella, which are well-documented virulence factors (14, 47).

RpoN (o) is unique among the alternative sigma factors
because of its absolute requirement for an additional transcrip-
tional activator to initiate RpoN-dependent gene transcription
(37, 41). This transcriptional activator is often a response reg-
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ulator of a two-component system that becomes transiently
phosphorylated in response to environmental signals (45). In
Escherichia coli, about half of the RpoN-dependent genes are
implicated in nitrogen assimilation and metabolism. RpoN also
regulates a wide range of processes that are usually not essen-
tial for cell survival and growth under favorable conditions
(40), including the regulation of genes involved in the utiliza-
tion of unusual carbon sources (26), flagellar motility (21, 22,
28, 47), O-antigen expression (4), alginate production (14),
symbiotic colonization and biofilm formation (52), and the
expression of other sigma factors (11).

In a previous study using signature-tagged mutagenesis, we
identified several B. cenocepacia genes required for in vivo
survival in a rat chronic lung infection model that mimics the
CF airways defect (19). One of the attenuated mutants, K56-2
34A1, carried a transposon insertion in an open reading frame
encoding an RpoN-specific transcriptional activator, suggest-
ing that RpoN and/or components of the RpoN regulon in this
bacterium control the expression of virulence-related factors.
In this study, we demonstrate that, indeed, functional RpoN is
required for motility and biofilm formation in vitro and, most
importantly, for the intracellular trafficking and survival of a
clinical isolate of B. cenocepacia within infected macrophages.

MATERIALS AND METHODS

Bacterial strains, plasmids, media, and growth conditions. The bacteria and
plasmids used in this study are listed in Table 1. Bacteria were grown in Luria-
Bertani (LB) medium (Difco) at 37°C. Trimethoprim, chloramphenicol, and
tetracycline were used at final concentrations of 50, 30, and 20 wg/ml for E. coli
and 100, 100, and 150 pg/ml for B. cenocepacia, respectively. Kanamycin (final
concentration, 40 wg/ml) was used to maintain helper plasmid pRK2013. Gen-
tamicin (final concentration, 50 pg/ml) was used during triparental mating to
select against the E. coli donor and helper strains. Growth curves were deter-
mined with a Bioscreen C automated microbiology growth curve analysis system
(MTX Lab Systems, Inc., Vienna, VA). For these experiments, fresh LB medium
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TABLE 1. Strains and plasmids used in this study

Strain or plasmid

Relevant characteristics®

Source or reference

B. cenocepacia strains

K56-2 ET12 clone related to J2315, CF clinical isolate BCRRC?; 32
MSS13 K56-2 rpoN::pRW3 Tp* This study
MSS25 K56-2 fliC::pSM62 Tp" This study
MSS26 K56-2 ArpoN This study
MSS27 K56-2 ArpoN fliC::pSM62 Tp* This study
MSS28 K56-2 AmotA This study

E. coli strains

DH5« F~ 80 lacZAM15 (AlacZYA-argF) U169 endAI recAl hsdR17(ry~ myg™") Laboratory stock
supE44 thi-1 AgyrA96 relAl1
SY327 araD A(lac pro) argE(Am) recA56 rif” nalA \ pir 12
Plasmids

pAP20 ori,ppry Cm" mob™ P, S. Cardona
pGPQTp origex QTp" cassette mob™ 13

pRedQ)Cm ort:pBBRl Tp" QC.mr Pnyy mRFP1 R. S. Flannagan
pRK2013 origo iz RK2 derivative Kn* mob™ tra™ 12

pRF141 origex QTp* mob™, including a homing endonuclease site Flannagan et al.
pRF142 Oripppry Tet' mob™ P, expressing a homing restriction endonuclease Flannagan et al.
pRW3 pGPQOTp, 341-bp internal fragment from rpoN This study
pSM62 pGPQTp, 323-bp internal fragment from fliC This study
pSM72 B. cenocepacia rpoN in pAP20 under control of P, Cm" This study
pSM63 pRF141 with fragments flanking rpoN This study
pSMo64 pRF141 with fragments flanking motA4 This study

“Tp', trimethoprim resistance; Cm", chloramphenicol resistance; Kn", kanamycin resistance; Tet, tetracycline resistance.

? BCRRGC, B. cepacia Research and Referral Repository for Canadian CF Clinics.

was inoculated with aliquots of overnight cultures to give a starting optical
density at 600 nm (ODg) of 0.05. All chemicals were purchased from Sigma
Chemical Co., St. Louis, MO, unless otherwise indicated.

General molecular techniques. DNA manipulations were performed as de-
scribed previously (43). Restriction enzymes, T4 DNA ligase, and alkaline phos-
phatase were obtained from Roche Diagnostics (Laval, Quebec, Canada). DNA
transformations of E. coli DH5«a and E. coli SY327 were performed by the
calcium chloride method (7). Conjugations were performed by triparental mating
(8) with the pRK2013 helper plasmid (12). DNA amplifications by PCR were
done with the PTC-0200 or PTC-221 DNA engine (MJ Research, Incline Village,
NV) with either Tag DNA polymerase or Pwo polymerase (Roche Diagnostics).
DNA sequences were determined by the DNA Sequencing Facility, Robarts
Research Institute, London, Ontario, Canada. The computer program BLAST
was used to analyze the sequenced genome of B. cenocepacia strain J2315
(http://www.sanger.ac.uk/Projects/B_cenocepacia/).

Quantification of biofilm mass. The biofilm-forming capacities of wild-type
and mutant strains were compared by a crystal violet staining assay. Polystyrene
tubes (12 by 75 mm; Falcon) containing 500 pl of LB medium were inoculated
in triplicate with the individual strains suspended at an ODg, of 0.005 and
incubated at 37°C under static conditions for 24 h. Planktonic bacteria were
discarded, and the tubes were gently rinsed with 1 ml of water to remove residual
nonadherent bacteria. An 800-wl1 volume of 1% (wt/vol) crystal violet was added,
and the mixture was incubated at room temperature for 1 min. The tubes were
rinsed three times with water, and the dye was dissolved with 1 ml of 100%
methanol. The absorbance of the solubilized crystal violet was determined at 540
nm with a Beckman DU 530 spectrophotometer. Each experiment was repeated
at least three times.

Motility assays. Bacterial motility was analyzed with soft agar plates (1%
[wt/vol] Bacto tryptone, 0.3% [wt/vol] agar) inoculated with 2 ul of culture at an
ODgyo of 2 and incubated at 37°C. The diameter of the motility zone was
measured after 24 h.

Disk diffusion assays. A disk diffusion assay was used to test the susceptibility
of B. cenocepacia strains to oxidative stress. Stationary-phase cells were spread
on agar plates with a sterile cotton swab and briefly dried, and 6-mm sterile paper
disks were deposited on the agar surface. Filter disks were embedded with 8-pl
aliquots of a solution ranging from 0 to 300 mM hydrogen peroxide or 0 to 500
mM methyl viologen. The plates were incubated overnight at 37°C, and the zones
of inhibition were measured. Experiments were performed three times with
triplicate repeats each time.

Polymyxin B sensitivity assay. Overnight cultures were diluted to an ODy, of
0.01, and 50-ul aliquots were added to 5 ml of fresh LB medium. A 500-ul
volume of this bacterial suspension was aliquoted into Microfuge tubes and
mixed with polymyxin B in 0.2% bovine serum albumin—0.01% acetic acid to give
final concentrations ranging from 0 to 500 pg/ml. Bacteria were incubated at
37°C for 22 h with constant rotation with a Barnstead Thermolyne LABQUAKE
(Barnstead International, Dubuque, IA), and the ODg, was determined.

Transmission electron microscopy. To visualize flagella, bacterial suspensions
were negatively stained with 1% (wt/vol) uranyl acetate and examined in a Philips
CM10 transmission electron microscope.

Mutagenesis of B. ia K56-2. Insertional inactivation of B. cenocepacia
K56-2 genes was performed with pGPQTp (13). A 341-bp internal fragment of
rpoN (BCALO0813) was amplified by PCR with primers 1791 (5'-CGTCTAGAG
GATCGCTGATCGCGCAGAC-3' [Xbal site underlined]) and 1792 (5'-CTG
AGAATTCCGTCGTCGTCGAGCGATTCG-3' [EcoRI site underlined]). The
PCR product was digested with Xbal and EcoRI and cloned into suicide vector
pGPQTp, which was similarly digested, resulting in plasmid pRW3 (Table 1). A
323-bp internal fragment of fliC (BCAL0114) was PCR amplified with primers
2812 (5'-CGTCTAGATTGCACAGCAGAACCTCAAC-3') and 2813 (5'-CTG
AGAATTCGATCTGCTGCGAAACTTCCT-3") and cloned into pGPQTp as
indicated previously, giving rise to plasmid pSM62 (Table 1). Mutagenesis plas-
mids pRW3 and pSM62 were introduced into B. cenocepacia K56-2 by triparental
mating, generating mutants MSS13 (rpoN::pWR3) and MSS25 (fliC::pSM62),
respectively. The correct insertion of the integrated plasmid in the K56-2 genome
was verified by PCR with chromosome-specific primers for rpoN (5'-CTGAGA
ATTCGCGCCCCGCTTTGCATCCACG-3') and fliC (5'-CTGAGAATTCGC
TTTCGGCTTATACAGGAG-3') and a plasmid-specific primer (5'-TAACGG
TTGTGGACAACAAGCCAGGG-3') and also by Southern blot hybridization.

Deletions of rpoN (BCAL0813) and motA (BCAL0126) were performed with
a homing endonuclease system that will be described in detail elsewhere (R. S.
Flannagan et al., submitted for publication). Briefly, this system allows for the
creation of nonpolar and unmarked mutations and comprises two plasmids. One
plasmid, pRF141, serves to clone the regions flanking the gene to be deleted and
contains a restriction site for a homing endonuclease. Once introduced by con-
jugation, the mutagenic plasmid is integrated into the B. cenocepacia K56-2
chromosome, giving rise to trimethoprim-resistant mutants. A second plasmid,
pRF142 (encoding the homing endonuclease), is introduced by conjugation.
Homing endonucleases catalyze site-specific double-strand breaks in the chro-
mosome at the recognition site. As DNA double-strand breaks are lethal, only
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mutants undergoing second homologous recombination events, including those
with a deletion of the gene of interest, can be recovered. PCR amplifications of
the 5’ and 3’ regions flanking rpoN and motA were performed with primer pairs
3205 (5'-GCTCTAGACCTCGTGGCTGGCTGCAC-3" [Xbal site under-
lined])-3211  (5'-TTTTATCGATCCATCGCGACTTCCTGCTG-3'[Clal site
underlined]) and 3212 (5'-TTTTATCGATCATCCGAGCCCTCATCAAG-3’
[Clal site underlined])-3206 (5'-GCTTCTCCAAGCGAGTGGCCAC-3") for
rpoN and primer pairs 3210 (5'-GCTCTAGACGAATCGTCTGCGCATTG-3’
[Xbal site underlined])-3207 (5'-TTTTATCGATGTCGGCAGCACGCGCA
G-3' [Clal site underlined]) and 3209 (5'-TTTTATCGATCACACGATGGCC
TCGGC-3' [Clal site underlined])-3208 (5'-CGCTCCGCGTCACTTCGCC-3")
for motA. The 5' amplicons were digested with restriction enzymes Xbal-Clal,
and the 3’ amplicons were digested with Clal. The DNA fragments were ligated
together into pRF141 digested with Clal and Smal, giving rise to pSM63 (rpoN
mutagenesis plasmid, Table 1) and pSM64 (motA mutagenesis plasmid, Table 1).
Mutants MSS26 (ArpoN, Table 1) and MSS28 (AmotA, Table 1) were confirmed
by PCR and Southern blot hybridization. Strain MSS27 (ArpoN fliC::pSM62,
Table 1) was constructed by insertional inactivation of ffiC in strain MSS26 as
described before.

Construction of an rpoN-compl ting pl id. The rpoN gene was PCR
amplified from B. cenocepacia K56-2 chromosomal DNA with primers 1793
(5'-CTGAGAATTCGCGCCCCGCTTTGCATCCACG-3" [EcoRI site under-
lined]) and 1794 (5'-CGTCTAGAGTGGCCGGGACACGCCTGC-3" [Xbal
site underlined]). The PCR product was digested with EcoRI and Xbal and
ligated into pAP20, which was similarly digested, creating plasmid pSM72 (Table
1). The correct insert DNA was verified by DNA sequencing and introduced into
the mutant strains by triparental mating.

Macrophage infection assays. Murine macrophage cell line RAW264.7
(ATCC TIB-71; American Type Culture Collection, Manassas, VA) was main-
tained in Dulbecco’s modified Eagle medium (DMEM) with 10% fetal bovine
serum (FBS) at 37°C in a 95% humidified atmosphere and 5% carbon dioxide.
Overnight bacterial cultures were washed and resuspended in DMEM-10%
FBS. Bacterial suspensions were added to RAW264.7 cells grown on glass cov-
erslips at a multiplicity of infection (MOI) of 50, centrifuged for 1 min at 300 X g,
and incubated for 4 h at 37°C under 5% carbon dioxide. Infected macrophages
were washed three times with phosphate-buffered saline (PBS) and incubated
with 0.5 pM LysoTracker Red DND-99 for 1 min prior to visualization with an
Axioscope 2 (Carl Zeiss) microscope with a 100X oil immersion objective.
Lysosome labeling was performed by incubating macrophages in the presence of
250 pg/ml of tetramethyl rhodamine (TMR)-dextran for 2 h. External TMR-
dextran was removed by serial washes with PBS and chased for 1 h in DMEM
with 10% FBS before infection. Infections were carried out as described before.
Fluorescence and phase-contrast images were acquired with a Qimaging
(Burnaby, British Columbia, Canada) cooled charged-coupled device camera on
an Axioscope 2 (Carl Zeiss, Thornwood, NY) microscope with a X100/1.3 nu-
merical aperture Plan-Neofluor objective and a 50-W mercury arc lamp. Images
were digitally processed with the Northern Eclipse version 6.0 imaging analysis
software (Empix Imaging, Mississauga, Ontario, Canada). DMEM, PBS, and
FBS were purchased from Wisent Inc. (St. Bruno, Quebec, Canada). Lyso-
Tracker Red DND-99 and TMR-dextran were from Invitrogen (Eugene, OR).
Each experiment was independently repeated at least three times.

RESULTS

Identification of the rpoN gene in the B. cenocepacia J2315
genome. The B. cenocepacia rpoN gene was identified by BLAST
search analysis of the B. cenocepacia J2315 translated genome
sequence (http://www.sanger.ac.uk/Projects/B_cenocepacia/) with P.
aeruginosa PAO1 RpoN (AAG(7850.1) as a query. A putative
rpoN gene (BCALO0813) was found on chromosome 1 spanning
bp 882587 to 884089. Analysis of this genomic region showed
a gene encoding the ATPase subunit of an ABC transporter
(BCALO0812) terminating 175 bp upstream of rpoN and a gene
encoding an RpoN modulation protein (BCAL(0814) starting
158 bp downstream of the rpoN termination codon (Fig. 1).
This genetic configuration of the rpoN region in B. cenocepacia
is widely conserved in many different bacterial genera, includ-
ing Burkholderia, Ralstonia, Pseudomonas, Salmonella, and
Escherichia, among others. Therefore, the bioinformatic anal-
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FIG. 1. Genetic organization of the rpoN gene and flanking regions
of chromosome 1 of B. cenocepacia strains J2315 and K56-2. The rpoN
gene is represented by a white arrow, and the insertion site of mu-
tagenesis plasmid pRW3 is indicated by a triangle. Flanking genes
BCALO0812 and BCAL(814 are indicated in black, and they encode an
RpoN modulation protein and an ABC transporter ATP-binding pro-
tein, respectively.

ysis strongly supports the assignment of BCAL0813 as rpoN. In
other bacteria, rpoN is a monocistronic gene whose transcrip-
tion initiates within the intervening segment between rpoN and
the gene encoding the ABC transporter (Fig. 1). The conser-
vation in the gene organization of the rpoN region strongly
suggests that rpoN is also a monocistronic gene in B. cenoce-
pacia (see below).

Since B. cenocepacia J2315 is difficult to manipulate genet-
ically, we conducted our research on strain K56-2, which is
clonally related to J2315, as demonstrated by macrorestriction
and randomly amplified polymorphic DNA methods (32), but
much more amenable to genetic analyses. The rpoN gene of B.
cenocepacia K56-2 was identical to that of strain J2315, as
determined by DNA sequencing (data not shown).

RpoN regulates B. cenocepacia K56-2 motility. To investigate
the role of RpoN in B. cenocepacia K56-2, we constructed
isogenic mutant strain MSS13 carrying an insertionally inacti-
vated rpoN gene (see Materials and Methods). The insertion
was targeted to the 5’ region of the rpoN coding sequence (Fig.
1). We have previously demonstrated that targeted gene inac-
tivation in B. cenocepacia is possible by the use of suicide
vector pGPQTp (13). This system allows the insertion by ho-
mologous recombination of a nonreplicating plasmid carrying
strong transcriptional terminators. These terminators prevent
readthrough transcription from sequences within the plasmid,
as well as from sequences within the targeted gene, thus cre-
ating a strong polar effect. Since 7poN is a predicted monocis-
tronic gene, the use of this mutagenesis system was appropriate
as we expected the targeted insertion would not compromise
transcription of the flaking genes. Considering that RpoN con-
trols the expression of flagellar genes in other bacterial species,
including P. aeruginosa, Vibrio cholerae, Legionella pneumo-
phila, and Campylobacter jejuni (21, 22, 28, 47), and that fla-
gellum-mediated motility plays a role in the pathogenesis of B.
cenocepacia (46), we examined the motility of mutant strain
MSS13 (rpoN::pRW3). Figure 2A shows that MSS13 had re-
duced motility on soft agar plates compared to that of parental
strain K56-2. The motility of MSS13 was restored by comple-
mentation with plasmid pSM72, which carries the parental
rpoN gene (Fig. 2A). This experiment confirms that the motil-
ity defect was due to the inactivation of the rpoN gene. Exam-
ination of MSS13 cells by transmission electron microscopy
revealed that inactivation of the rpoN gene did not affect the
expression of flagella, as MSS13 cells had multiple polar fla-
gella that were indistinguishable from the parental isolate (Fig.
2B). Together, these results suggest that, in contrast to other
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i MSS13  MSS13(pSM72)

(rpoN)  (rpoN/rpoN+)
K56-2 MSS13 (rpoN)

FIG. 2. RpoN controls motility but not flagellar synthesis in B.
cenocepacia K56-2. (A) Effect of rpoN insertional inactivation on the
motility of B. cenocepacia K56-2. Each panel shows an image of the
bacteria grown at 37°C for 24 h on medium solidified with 0.3% agar.

(B) Electron micrograph of wild-type and rpoN mutant cells. Bars
correspond to 0.5 pwm.

bacteria, B. cenocepacia RpoN does not control the synthesis
of polar flagella but is still required for motility.

Motility is required for B. cenocepacia biofilm formation.
Motility is a well-characterized property associated with bio-
film formation (38, 39). Loss of motility perturbs bacterial
attachment to abiotic surfaces, affecting the initial stages of
biofilm formation (39). Motility is also required for growth and
spread of biofilms (39). Thus, we examined the ability of the
rpoN mutant and its parental strain to produce biofilm. As
shown in Fig. 3, inactivation of rpoN reduced biofilm biomass
by approximately 40%, a phenotype that was restored to pa-
rental levels after complementation with pSM72 (rpoN™). Re-
duced biofilm formation by MSS13 was not due to a slower
growth rate, since the growth rates of the mutant and parental
strains were identical (data not shown). Also, since inactivation
of the rpoN gene did not completely abolish biofilm expression,
we concluded that additional factors contribute to biofilm pro-
duction in B. cenocepacia.

The nonmotile rpoN mutant has intact flagella (Fig. 2B). It
has been proposed that flagella are involved in biofilm forma-
tion by one of two mechanisms, i.e., (i) by providing motility to
enable bacteria to initially reach a surface (39) or (ii) by serving
as surface adhesins. To distinguish between these two possi-
bilities, we constructed mutant strains MSS25, carrying a
fliC::pSM62 insertion, and MSS27, carrying an rpoN deletion
and the fliC::pSM62 insertion (see Materials and Methods).
Both mutants were nonmotile and did not produce flagella as
detected by transmission electron microscopy (Fig. 4A and B).
We compared the abilities of MSS25, MSS27, and the parental
strain to produce biofilms. Absence of flagella in MSS25 and
MSS27 reduced biofilm biomass by approximately 40% (Fig.
4C), as found with the nonmotile, flagellated rpoN mutant
MSS13, demonstrating that the presence of flagella per se has
no apparent role in biofilm formation. Moreover, we con-
structed the mutant MSS28, carrying a motA4 gene deletion,
which is nonmotile but produces intact flagella (Fig. 4A and
B), since motA encodes the motor torque generator for flagel-
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Absorbance 540 nm

K56-2

MSs13
(rpoN)

FIG. 3. RpoN controls biofilm production by B. cenocepacia K56-2.
(A) Image of crystal violet-stained biofilms formed by K56-2, MSS13,
and MSS13(pSM72). Cells were grown in LB medium for 24 h at 37°C
under static conditions before crystal violet staining. (B) Quantitative
comparison of biofilm formation by B. cenocepacia K56-2, MSS13, and
MSS13(pSM72). Each experiment was performed at least three times
in triplicate. Error bars represent the standard error of the mean.

MSS13(pSM72)
(rpoN/rpoN+)

lar movement (5). The ability of this mutant to produce biofilm
was also reduced to the same levels as those found with non-
motile, nonflagellated mutants MSS25 and MSS27 (Fig. 4C).
Reduced biofilm formation by mutants MSS25, MSS27, and
MSS28 was not due to differences in the growth rate since all
of the strains had similar growth rates (data not shown). To-
gether, these experiments demonstrate that flagellum-medi-
ated motility is important for biofilm formation by B. cenoce-
pacia and that the role of RpoN in biofilm formation is
restricted to the regulation of motility but not flagellar biogen-
esis.

RpoN is required for intracellular trafficking and survival of
K56-2 in macrophages. Previous work in our laboratory dem-
onstrated that B. cenocepacia survives intracellularly within
vacuoles in both amoebae and murine macrophages (30, 36,
42). We also established that, in macrophages, B. cenocepacia-
containing vacuoles display a maturation delay that tempo-
rarily blocks fusion with lysosomes (29). In contrast, B. ceno-
cepacia mutants failing to survive in macrophages behave as
heat-killed bacteria, rapidly reaching the lysosome (25, 35).
Lack of intracellular bacterial replication and the failure to kill
extracellular bacteria prevent us from obtaining viable counts
in macrophage infection experiments (29, 42). Therefore, to
examine whether disruption of rpoN affects the intracellular
behavior of B. cenocepacia, we infected RAW264.7 mouse
macrophages with either K56-2 or MSS13 and assessed the
colocalization of the bacterium-containing vacuoles with Lyso-
Tracker Red by single-cell analysis. LysoTracker Red is an
acidotropic dye that preferentially accumulates in the most
acidic cell organelles, predominantly lysosomes (1, 51). We
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(ﬂ/C (rpoN fliC) (motA)
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(fliC) (rpoN fliC)
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Absorbance 540 nm

0.0-
K56-2
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MSS25 MSS27 MSS28

(fliC)~ (rpoN fliC) (motA)

FIG. 4. Flagellum-mediated motility and B. cenocepacia biofilm formation. (A) Each panel shows an image of a bacterial colony grown at 37°C
for 24 h on medium solidified with 0.3% agar. (B) Electron micrograph of the fliC, ArpoN fliC, and AmotA mutants. Representative bacterial cells
are shown. Bars correspond to 0.5 wm. (C) Quantitative comparison of biofilms formed by wild-type strain K56-2 and the fliC, ArpoN fliC, and
AmotA mutants under static conditions. Each experiment was performed at least three times in triplicate. Error bars represent the standard error

of the mean.

previously demonstrated that live wild-type B. cenocepacia
cells do not colocalize with LysoTracker Red-containing vacu-
oles for at least 4 h postinfection, while heat-killed bacteria
reach an acidic compartment rapidly after internalization (29).

At 4 h postinfection, vacuoles containing MSS13 bacterial
cells colocalized with LysoTracker (Fig. SA) while most of the
vacuoles containing the parental K56-2 bacteria did not colo-
calize with the fluorescent probe (Fig. 5A). Quantitative anal-
ysis shows that 69% = 3.5% of the MSS13-containing vacuoles
colocalized with LysoTracker (Fig. 5C). In contrast, only
22.1% = 4.2% of the vacuoles containing K56-2 colocalized
with LysoTracker (P < 0.0001) (Fig. 5C). Introducing plasmid
pSM?72, which encodes parental RpoN, into MSS13 restored
this phenotype. The percentage of LysoTracker colocalization
with vacuoles containing MSS13(pSM72) was similar to that of
K56-2 (29.3% * 2.5% and 22.1% = 4.2%, respectively; Fig.
5C). These results demonstrate that inactivation of rpoN in the
K56-2 background causes a significant increase in the number

of vacuoles containing bacteria that colocalize with Lyso-
Tracker Red.

To confirm that the rpoN mutant was trafficked to the lyso-
somes, we used TMR-dextran, which is internalized via fluid-
phase endocytosis. Prior to bacterial infection, we incubated
macrophages with 250 pg/ml of TMR-dextran for 2 h, followed
by a 1-h chase in dye-free medium to ensure that the probe is
fully delivered from early and recycling endosomes to lyso-
somes. As reported in the literature, pulse-chase protocols with
TMR-dextran are extensively used to label lysosomes (10, 16,
17, 24, 29). We observed that at 4 h postinfection with B.
cenocepacia K56-2, the majority of the bacterium-containing
vacuoles did not fuse with TMR-dextran-labeled lysosomes
(Fig. 5B). In contrast, most of the bacterium-containing vacu-
oles colocalized with TMR-dextran when the infection was
carried out with the MSS13 strain (Fig. 5B). Quantitative anal-
ysis shows that only 35.3% = 2.3% of the K56-2-containing
vacuoles colocalized with TMR-dextran, while 69.6% =+ 7.1%
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FIG. 5. RpoN is required for intracellular survival of B. cenocepacia K56-2. Images of RAW 264.7 macrophage cells infected for 4 h with B.
cenocepacia K56-2 or MSS13 at an MOI of 50 by fluorescence and phase-contrast microscopy. (A) Macrophages were incubated with 0.5 pM
LysoTracker Red prior to visualization. K56-2 bacteria are within membrane-bound vacuoles that do not colocalize with LysoTracker Red
(arrows). (B) Macrophages were incubated with 250 pg/ml of TMR-dextran prior to infection. K56-2 bacteria are within membrane-bound vacuoles
that do not colocalize with TMR-dextran (arrows). (C) Percentage of bacterium-containing vacuoles colocalizing with LysoTracker Red. The
values correspond to the average and standard error of three experiments in which 21 fields were examined. (D) Percentage of bacterium-
containing vacuoles colocalizing with TMR-dextran. The values correspond to the average and standard error of three experiments in which 21

fields were examined. DIC, differential interference contrast.

of the vacuoles containing MSS13 colocalized with the probe
(P = 0.0002) (Fig. 5D). This phenotype was restored after
complementation with the parental rpoN gene. The percentage
of colocalization with TMR-dextran of the vacuoles containing
MSS13(pSM72) was similar to that of K56-2 (28% = 10% and
353% = 2.3%, respectively; Fig. 5D). Together, these results
strongly support the notion that the rpoN mutant lost the
ability to delay phagolysosomal fusion.

With B. cenocepacia cells expressing monomeric red fluores-
cent protein 1 (mRFP1), we have previously demonstrated that
intracellular B. cenocepacia that traffics into lysosomes rapidly
loses cell envelope integrity and is most likely destroyed in this
cellular compartment (29). Indeed, while live bacteria retain
the fluorescence within the bacterial cytoplasm, heat-killed
bacteria, which retained the fluorescence if they were kept in
buffer, leaked fluorescence to the vacuolar space once they
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FIG. 6. RpoN is required for cell envelope integrity of B. cenocepacia within murine macrophages. (A) Images of RAW 264.7 macrophage cells
infected for 4 h with B. cenocepacia K56-2(pRedQ2Cm) or MSS13(pRedQ2Cm) at an MOI of 50 by fluorescence and phase-contrast microscopy.
The rpoN mutant bacteria had compromised cell envelope permeability, as shown by the release of mRFP1 into the vacuolar lumen, while the
parental bacteria retained mRFP1 within the cytoplasm. The arrows indicate bacterium-containing vacuoles. (B) Average percentages of B.
cenocepacia-containing vacuoles (BcCV) containing released mRFP1 from three independent experiments. Error bars represent the standard error

of the mean. DIC, differential interference contrast.

were phagocytized (29, 35). Thus, dispersal of the fluorescent
protein throughout the phagosomal lumen serves as an indi-
cation of bacterial cell disruption. We used a similar strategy to
assess the viability within RAW264.7 macrophages of the
MSS13 mutant containing pRed(dm, which encodes mRFP1
(Table 1). As shown in Fig. 6A, after 4 h postinfection, the
majority of the phagosomes containing MSS13(pRed(2Cm)
bacteria were fluorescently labeled, suggesting that soluble
mRFP1 had leaked from the bacterial cytoplasm into the
phagosomal lumen. In contrast, K56-2(pRed{)Cm) retained
the fluorophore within the bacteria cytoplasm (Fig. 6A). Also,
in contrast to the apparently normal bacterial morphology of
intracellular B. cenocepacia K56-2(pRedQCm), internalized
MSS13(pRed(2Cm) exhibited a variety of abnormal morphol-
ogies such as rounding and a highly dense cytoplasm (Fig. 6A
and data not shown), further suggesting compromise of the
cellular envelope. Quantitative analyses demonstrated that af-
ter infection with MSS13(pRedQQCm), 84.8% = 5.1% of the
bacterium-containing vacuoles were uniformly fluorescent
while only 9.3% * 4.5% of the vacuoles containing K56-2
where fluorescent (P < 0.0001) (Fig. 6B). Together, the exper-
iments with macrophages infected with the rpoN mutant
MSS13, indicating that the majority of the bacterium-contain-

ing vacuoles become rapidly acidified, colocalize with a dex-
tran-rich compartment, and accumulate mRFP1 as a result of
loss of bacterial envelope integrity, support the notion that
RpoN controls the expression of critical factors likely required
for the survival of B. cenocepacia K56-2 within macrophages.
As an attempt to identify possible factors required for intra-
cellular survival of B. cenocepacia that could be altered in the
rpoN mutant, we assessed the ability of MSS13 to resist killing
by hydrogen peroxide, superoxide ion, and the antimicrobial
peptide polymyxin B (see Materials and Methods). No differ-
ences were found compared to the wild-type K56-2 strain (data
not shown). To investigate if the defect in intracellular traf-
ficking and survival of the rpoN mutant was due to the loss of
flagellar motility, we infected RAW264.7 macrophages with
either MSS25 (fliC::pSM62) or MSS28 (AmotA) and deter-
mined the percentage of colocalization of the vacuole-contain-
ing bacteria with LysoTracker Red. As shown in Fig. 5C, quan-
titative analysis of these experiments demonstrated that a
nonflagellated B. cenocepacia strain (MSS25) or one with ap-
parently intact but paralyzed flagella (MSS28) did not have any
detectable defect in intracellular trafficking compared with the
wild-type strain. Indeed, only 23% = 4.9% of the vacuoles
containing MSS25 and 20.3% = 1.5% of the vacuoles contain-
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ing MSS28 colocalized with LysoTracker Red. These values
were similar to the 22.1% = 4.2% colocalization obtained
when the infection was carried out with B. cenocepacia K56-2
(Fig. 5C). These results demonstrate that the defect in intra-
cellular trafficking of the rpoN mutant is not due to the RpoN-
mediated loss of flagellar motility.

DISCUSSION

Little is known about the mechanisms by which Bec species
cause disease, and the specific bacterial factors involved in the
persistence of Bec strains within the respiratory tract are still
unclear. It has been proposed that intracellular survival of Bec
species may explain their persistence in the respiratory systems
of patients with CF (49). Burkholderia species have large ge-
nomes and a wide-range metabolic potential, which probably
explains why these organisms can thrive in many different en-
vironmental niches. Therefore, it is conceivable that metabolic
adaptation could play a major role in the ability of these bac-
teria to survive under different environmental conditions and
adapt to stress. In this study, we demonstrate for the first time
that the alternative sigma factor RpoN plays an important role
in controlling the fate of intracellular B. cenocepacia within
infected macrophages. Inactivation of the rpoN gene results in
a B. cenocepacia mutant unable to delay the maturation of the
phagosome, suggesting that RpoN controls the expression of
bacterial factors required to delay the acidification of the bac-
terium-containing vacuoles. Studies in our laboratory have es-
tablished that a delay in the maturation of bacterium-contain-
ing vacuoles is associated with intracellular survival of B.
cenocepacia in macrophages (29). Conceivably, such a delay is
advantageous for the bacteria, enabling them to activate genes
that could confer resistance to the hostile environment of ly-
sosomes, thus providing Bec strains with an additional survival
advantage that may be critical in the context of immunocom-
promised hosts. This notion is strongly supported by the ob-
servation that mutants that cannot cause a maturation delay of
the phagosome are not only rapidly cleared from macrophages
but also avirulent in the rat agar bead model (19, 35). The role
of RpoN in bacterial intracellular survival has not been well
studied. A Brucella melitensis mutant with a deletion in the
rpoN gene did not show a defect in intracellular survival in vivo
(9), while a P. aeruginosa rpoN mutant was associated with
poor binding and nonopsonic phagocytosis by macrophages
and neutrophils (33). In this work, we show that intracellular
bacteria are not only rapidly trafficked to lysosomes but also
exhibit loss of cell envelope integrity, as demonstrated by the
release of bacterially expressed red fluorescent protein into the
vacuolar space. The intracellular phenotype of the rpoN mu-
tant could not be explained by increased susceptibility to hy-
drogen peroxide, superoxide ion, or the cationic antimicrobial
peptide polymyxin B. Therefore, our results reveal a novel role
for RpoN in controlling the intracellular trafficking of an op-
portunistic pathogen within macrophages. RpoN-dependent
genes are important in Rhizobium strains to establish symbiotic
associations in plants within the root nodules through complex
regulatory networks (2). The Burkholderia genus also contains
several members that can establish either symbiotic or patho-
genic associations with plants and fungi and can also survive in
amoebae and macrophages (3, 20, 48). Therefore, it is possible
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that the requirement of B. cenocepacia RpoN for intracellular
trafficking and, potentially, intracellular survival in macro-
phages may reflect the ability of these microorganisms to in-
teract with eukaryotic cells in several different niches.

We also found that RpoN controls B. cenocepacia motility, a
common feature of RpoN that in many other gram-negative
bacteria occurs through the regulation of flagellar synthesis
(47). However, we show here another unique aspect of Burk-
holderia RpoN by demonstrating that the synthesis of flagella is
not impaired in the B. cenocepacia rpoN mutant, suggesting
that RpoN controls motility by a novel mechanism. Differences
in established paradigms for flagellar gene regulation have also
been reported for other Burkholderia species (27). For exam-
ple, FIhDC, a master regulator of lateral flagellar synthesis in
many bacteria (44), controls polar flagellum gene expression in
the rice pathogen B. glumae (27). This suggests that the mech-
anisms of motility control in Burkholderia species are poten-
tially more complex than those currently described in other
bacteria. Furthermore, our experiments show that in B. ceno-
cepacia, as reported for Listeria monocytogenes (31), motility
itself, and not the presence of the flagella, plays a role in
biofilm formation. Also, loss of motility only results in a 40%
reduction in the ability of the mutant to produce biofilm com-
pared to the wild-type strain.

In summary, the results of this study demonstrate that in B.
cenocepacia RpoN is required to produce biofilms and to adapt
to the intracellular environment within macrophages and pos-
sibly other environments in the infected airways. Further work
to define the B. cenocepacia genes regulated by RpoN, which
are ultimately responsible for the unique phenotypes observed
here, is under way in our laboratory.
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