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Burkholderia cenocepacia is an important opportunistic pathogen causing serious chronic infections in
patients with cystic fibrosis (CF). Adaptation of B. cenocepacia to the CF airways may play an important role
in the persistence of the infection. We have identified a sensor kinase-response regulator (BCAM0379) named
AtsR in B. cenocepacia K56-2 that shares 19% amino acid identity with RetS from Pseudomonas aeruginosa. atsR
inactivation led to increased biofilm production and a hyperadherent phenotype in both abiotic surfaces and
lung epithelial cells. Also, the atsR mutant overexpressed and hypersecreted an Hcp-like protein known to be
specifically secreted by the type VI secretion system (T6SS) in other gram-negative bacteria. Amoeba plaque
assays demonstrated that the azsR mutant was more resistant to Dictyostelium predation than the wild-type
strain and that this phenomenon was T6SS dependent. Macrophage infection assays also demonstrated that
the atsR mutant induces the formation of actin-mediated protrusions from macrophages that require a
functional Hcp-like protein, suggesting that the T6SS is involved in actin rearrangements. Three B. cenocepacia
transposon mutants that were found in a previous study to be impaired for survival in chronic lung infection
model were mapped to the T6SS gene cluster, indicating that the T6SS is required for infection in vivo.
Together, our data show that AtsR is involved in the regulation of genes required for virulence in B. cenocepacia

K56-2, including genes encoding a T6SS.

The Burkholderia cepacia complex (BCC) is a group of at least
nine closely related gram-negative bacterial species. Ubiquitously
present in the environment (3), BCC bacteria are also important
opportunistic human pathogens that establish chronic lung infec-
tions in patients with chronic granulomatous disease and, most
commonly, with cystic fibrosis (CF) (19). In some cases infection
is further complicated by the “cepacia syndrome,” which is char-
acterized by an often fatal rapid lung deterioration, acute necro-
tizing pneumonia, and septicemia (24). BCC infections are of
great concern to the CF community due to the intrinsic resistance
of these bacteria to most clinically relevant antimicrobial agents
(19) and their ability to be transmitted from person to person (18,
46). In most CF centers worldwide and more particularly in Can-
ada, B. cenocepacia is the most common BCC species recovered
from patients (42, 48) and is frequently associated with the most
severe infections (31).

Adaptation of B. cenocepacia to the environment of the CF
airways probably plays an important role in the establishment
of a chronic infection. Sensing and adaptation to new environ-
mental conditions by bacteria is commonly governed by two-
component regulatory systems leading to modification of gene
expression patterns required for bacterial survival (50). Two-
component systems usually consist of a membrane-associated
sensor (histidine kinase protein) that monitors environmental
signals and a response regulator (receiver) whose function is
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modulated by phosphotransfer from its cognate histidine ki-
nase (2, 55). Sensor histidine kinases respond to a wide range
of signals, including those encountered during infection.

A global virulence regulator, PA4856 (RetS), has recently
been identified in Pseudomonas aeruginosa (16). The retS gene
encodes an unusual two-component regulator, containing a
periplasmic sensor domain linked by a seven-transmembrane-
spanning region to a histidine domain fused with two response
regulator domains. RetS inversely controls the expression of
genes associated with acute and chronic infections (16). Dele-
tion of retS results in overexpression of two exopolysaccharide
biosynthetic gene clusters (pel and psl), leading to a hyperad-
hesive phenotype on eukaryotic cell surfaces and increased
biofilm production. Despite demonstrating strong adherence
to eukaryotic cells, P. aeruginosa retS mutants do not respond
to host cell contact, which normally activates the expression of
genes encoding the type III secretion system (TTSS). Thus,
retS mutants are not cytotoxic for tissue culture cells and are
severely attenuated for virulence in an acute murine pneumo-
nia model (16). Microarray analyses revealed that RetS is also
involved in the downregulation of a virulence locus encoding a
type VI secretion system (T6SS) (34).

The newly described T6SS is conserved in numerous gram-
negative pathogens that interact closely with eukaryotic cells
(8,9, 41) and it has been recognized as an important contrib-
utor to pathogenesis in many bacteria (34, 40, 44, 51, 57). Little
is known about the structure and organization of the T6SS
apparatus, but several proteins specifically secreted by the
T6SS have been identified. One such protein shares sequence
similarity to the hemolysin-coregulated protein (Hcp) from
Vibrio cholerae (56). Hep appears to be secreted by most of the
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TABLE 1. Strains and plasmids

Strain or plasmid

Relevant characteristics®

Source and/or reference

B. cenocepacia strains
K56-2
DFA21
DFA27
DFA28

E. coli strains
DH5a

SY327

K. pneumoniae strain
18

S. aureus strain

ET12 clone related to J2315, CF clinical isolate

K56-2 atsR::pDA27; Tp"
K56-2 Ahcp
K56-2 Ahcp atsR::pDA27; Tp*

F~ ®80dlacZAM15 A(lacZYA-argF)U169 endAl recAl hsdR17(ry~ my ")

supE44 thi-1 AgyrA96 relAl1

BCRRC?; 30
This study
This study
This study

Laboratory stock

araD A(lac pro) argE(Am) recA56 nalA \ pir; Rif" 33

Laboratory stock

RN6390 D. E. Heinrichs
Plasmids
pMEG6000 Oriyppry> Tet', lacZ, mob-* S. Heeb
pMLS7-eGFP orippry, Tp', mob™, Py, 28
pGPQTp Origex, QOTp" cassette, mob™ 14
pGPISce-1 origexs QTP , mob™, containing the ISce-I restriction site 15
pAp2 oriyggri, Cm', mob™, Py, S. Cardona
pRK2013 Orioo, RK2 derivative, Kan', mob™, tra™ 13
pDA12 Cloning vector, oriyggry, Tet', mob™, Py This study
pDA27 pGPQTp; 272-bp internal fragment from atsR This study
pAtsR pDA12; 1.8-kbp atsR fragment This study
pDA42 pDA12; 0.7-kbp eGFP fragment This study
pDA45 pGPISce-I with fragments flanking Acp This study
pHcp pDA12; 0.5-kbp fragment encoding Hep This study
pDAISce-I pDA12 encoding the ISce-I homing endonuclease 15

“Tp'", trimethoprim resistance; Cm", chloramphenicol resistance; Kan', kanamycin resistance; Tet", tetracycline resistance; Rif", rifampin resistance.

> BCRRC, B. cepacia Research and Referral Repository for Canadian CF Clinics.

T6SSs studied to date, and secretion of Hcp is the hallmark of
a functional T6SS in many bacterial species (39). The function
of Hcp-like proteins remains unknown. In Aeromonas hy-
drophila, Hcep is translocated into eukaryotic cells via the T6SS,
and Hcp expression in transfected HeLa cells can induce apop-
tosis (51). In V. cholerae, Hep is not cytotoxic by itself but is
required for the extracellular secretion of three other proteins,
namely, VgrG-1, VgrG-2, and VgrG-3 (40). The function of
these proteins is also unknown, but VgrG-1 shares a subdo-
main with the V. cholerae RtxA toxin that mediates covalent
actin cross-linking (39, 45). Recently, the crystal structure of
the P. aeruginosa Hcpl protein was determined (34). Hepl
forms a hexameric ring with a large internal diameter, and it
was hypothesized that Hcpl may also participate as a structural
scaffold in the secretion of other substrates. Protein structure
search algorithms predicted that VgrG-related proteins likely
assemble into a trimeric complex that is analogous to the
baseplate “tail-spike” of bacteriophage T4 (39), differentiating
the T6SS from other canonical secretion systems.

We report here the identification of AtsR (adherence and
T6SS regulator), a putative sensor kinase hybrid homologous
to RetS that controls the expression of 4cp and biofilm forma-
tion in B. cenocepacia K56-2. Experiments employing amoeba
plaque assays and macrophage infection assays demonstrate
that an atsR mutant of B. cenocepacia K56-2 utilizes the T6SS
to interact with eukaryotic cells. This study describes for the

first time the presence of a functional T6SS in B. cenocepacia
K56-2 and its importance for the virulence of this bacterium.

MATERIALS AND METHODS

Bacterial strains, plasmids, and culture media. Bacterial strains and plasmids
used in this study are listed in Table 1. Bacteria were cultured in Luria broth
(LB) (Difco) at 37°C with shaking. Escherichia coli cultures were supplemented
as required with the following antibiotics (final concentrations): tetracycline (30
pg ml~ 1), kanamycin (30 pg ml~"), trimethoprim (50 pg ml™'), and gentamicin
(50 pg ml™ ). B. cenocepacia cultures were supplemented as required with
trimethoprim (100 wg ml™"), tetracycline (100 pg ml™'), and gentamicin (50 g
ml~1). To assess the growth rates of parental and mutant strains of B. cenoce-
pacia K56-2, overnight cultures were inoculated into fresh medium with a start-
ing optical density at 600 nm (ODg) of 0.05. Growth rates were determined in
100-well microtiter plates by use of a Bioscreen C automated microbiology
growth curve analysis system (MTX Lab Systems, Inc., Vienna, VA) under
high-amplitude shaking conditions.

General molecular techniques. DNA manipulations were performed as de-
scribed previously (43). T4 polynucleotide kinase and T4 DNA ligase (Roche
Diagnostics, Laval, Quebec, Canada) were used as recommended by the manu-
facturers. Transformation of E. coli DH5a was done by the calcium chloride
protocol (4). E. coli SY327 carrying the helper plasmid pRK2013 (13) was
transformed by electroporation (11), and the transformants were used as donors
for conjugation into B. cenocepacia K56-2. DNA amplification by PCR was
performed using a PTC-221 DNA engine (MJ Research, Incline Village, NV)
with either Tag DNA polymerase or proof start polymerase (Qiagen Inc., Mis-
sissauga, Ontario, Canada). DNA sequencing was performed by the Robarts
Research Institute DNA sequencing facility at the University of Western On-
tario, London, Canada.
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TABLE 2. Oligonucleotide primers
Primer no. 5'-3' primer sequence” Restriction enzyme”
1548 GAGCTCATCGATTTCGTTCCACTGA Clal
1549 TCATCGATCTGCACTTGAACGTGTGGCC Clal
2143 AGTCGAAGGCATATGTTACACATGCACTTGCAG Ndel
2165 TAATCGATGGCTCTGCTGTAGTGAGTGG Clal
2166 CGATCGATGCGAAGAAGTTGTCCATATTG Clal
2478 TTTTTCTAGAGTCAACGAGGGCGTGCTC Xbal
2479 CCGTCATGAATTCGCCCAGCGC EcoRI
2558 TTTTCATATGCCGCTCGGCGAAGCCAAGT Ndel
2559 GTTTTCTAGATCAGGCGAGCAGTGTCTCGA Xbal
2780 GTGTTCTAGACCGTCGAATACGCGAAGTG Xbal
2781 GCGGCTCGAGCAAACTGCAAGTGCAT Xhol
2782 TTTTCTCGAGACGACAAGACCTACG Xhol
2783 GGTGAATTCGGGGTAGTCGTC EcoRI
2798 GCAGCCAGTATTGGGACACT N/A
2799 TGCATCGACGAATACACGTT N/A
2805 GACGTGACGATCGTATGCTG N/A
2806 ATGGCTACATCCTCGACTGG N/A
2943 ATGATCTAGATTAGACCGCGTAGGTCTTGTCGT Xbal
3143 AGCTGGCAGTACACGGAAAG N/A
3136 GCACGACCATCACGATCTC N/A
3315 ACGTTCTCGCTGAAGTACGC N/A
3318 CGCGTAGGTCTTGTCGTTCT N/A

“ Restriction endonuclease sites incorporated in the oligonucleotide sequences are underlined.

> N/A indicates the absence of restriction site.

RT-PCR and quantitative RT-PCR reactions. Reverse transcriptase PCR
(RT-PCR) was performed as described previously (36) to investigate the tran-
scriptional organization of atsR (BCAMO0379) and the neighboring genes
BCAMO0380 and BCAMO0381. Total RNA was isolated from B. cenocepacia
K56-2 by use of the RNeasy mini kit (Qiagen) following the manufacturer’s
protocol and treated with DNase (Qiagen) for 30 min at 37°C and at 75°C for 15
min. Reverse-transcribed cDNAs were amplified using primers 2798 and 2805
(Table 2). Each reverse transcription reaction was performed with RT and
without RT (negative control). PCR amplifications with primer pairs 2798-2799
and 2805-2806 were performed using the cDNAs and B. cenocepacia K56-2
genomic DNA (positive control) as the template to amplify the intergenic re-
gions of atsR-BCAMO0380 and BCAM0380-BCAMO0381, respectively.

Quantitative real-time PCR experiments were performed as follows. Over-
night cultures grown at 37°C for 16 h were diluted to an ODy, of 0.05 in 30 ml
of prewarmed LB. Diluted cultures of B. cenocepacia K56-2 and the K56-2
atsR::pDA27 mutant, DFA21, were grown at 37°C until exponential phase, har-
vested, and used for RNA extraction. Total RNA was isolated using a RiboPure-
Bacteria kit (Ambion, Austin, TX), according to the manufacturer’s instructions.
RNA samples were treated with 8 U of DNasel, which was inactivated using
DNase inactivation reagent (Ambion, Austin, TX). The concentration of RNA
samples was measured using a NanoDrop ND-1000 spectrophotometer (Thermo
Fisher Scientific, Wilmington, DE). The histidinol dehydrogenase gene hisD
(BCALO0312), which is involved in histidine biosynthesis, was used as a reference
standard. The cDNAs from hisD and hcp were generated using the reverse
gene-specific primers 3136 and 3318, respectively (Table 2). Reverse transcrip-
tion reactions were performed in 20-pl mixtures (1X RT buffer, 2 pM hisD
reverse primer [3136], 2 uM hcp reverse primer [3318], deoxynucleoside triphos-
phate at a concentration of 1 mM, 1 U/ul RNase inhibitor, 1 ug of total RNA
template). The reverse transcription reactions were performed with 0.75 U/l of
RT and without RT (negative control). To construct standard curves for quan-
tification, PCR products corresponding to internal fragments of hisD and hcp
were amplified using primers 3143-3136 and 3315-3318, respectively (Table 2).
The PCR products were purified and the concentration was measured using a
NanoDrop ND-1000 spectrophotometer. The number of copies per microliter of
each product was calculated and dilutions were performed to obtain solutions
with a final concentration of 5.10° copies/ul. Then, 10-fold dilutions were per-
formed up to a concentration of 5 copies/pl. Two microliters of each dilution or
c¢DNA was subjected to real-time PCR using iQ SYBR green supermix (Bio-
Rad) along with the primer pair 3143-3136 for hisD and the primer pair 3315-
3318 for hcp. mRNA expression levels of hisD and hcp in the B. cenocepacia
K56-2 and DFAZ21 strains were quantified on a Rotor-Gene 6000 quantitative
multiplex PCR instrument (Corbett, Sydney, Australia) with the following pa-

rameters: 95°C for 3 min, followed by 40 PCR cycles consisting of 95°C for 10 s,
55°C for 15 s, and 72°C for 30 s. The concentrations of zcp mRNA in samples
were normalized to concentrations of 4isD mRNA. The experiment was repeated
three times.

Construction of pDA12 and pDA42. The plasmid pDA12 is a derivative of
pAP2 (a pMLBAD derivative [28] containing the dhfi promoter and a cat gene;
from S. Cardona, unpublished) in which the chloramphenicol resistance cassette
has been replaced by a tetracycline resistance cassette as follows. The tet4 and
tetR genes were PCR amplified from pME6000 by use of the primers 2165 and
2166, which contain a Clal restriction site at their 5’ ends (Table 2). The
backbone of the pAP2 plasmid was PCR amplified using the Expand high-fidelity
PCR system (Roche Diagnostics) and the primer pair 1548 and 1549, which also
contained a Clal restriction site. The resulting amplicons were digested with Clal
and ligated, giving rise to pDA12 (Table 1). The gene encoding the enhanced
green fluorescent protein (¢GFP) was excised from pMLS7-eGFP and subcloned
into pDA12 by use of the restriction enzymes HindIIT and EcoRI (Table 1). The
resulting plasmid, pDA42, was introduced into B. cenocepacia K56-2 and DFA21
by conjugation, and expression of the eGFP was confirmed by fluorescence
microscopy.

Mutagenesis of B. pacia K56-2. Insertional inactivation of B. cenocepacia
K56-2 genes was performed using pGPQTp, a suicide plasmid encoding resis-
tance to trimethoprim (14). This plasmid is derived from the pGP704 backbone,
which carries the Pir protein-dependent R6K origin of replication (25). The
sensor kinase regulator gene atsR was mutated by first PCR amplifying a 272-bp
internal fragment from B. cenocepacia K56-2 chromosomal DNA by use of the
primer pair 2478 and 2479 (Table 2). The PCR cycling conditions used were as
follows: 95°C for 5 min followed by 30 cycles of 95°C for 45 s, 60°C for 45 s, and
72°C for 30 s, with a final extension at 72°C for 5 min. The resulting amplicon was
digested with the restriction enzymes EcoRI and Xbal and cloned into similarly
digested pGPQTp. The resulting plasmid, pDA27, was introduced into B. ceno-
cepacia K56-2 by conjugation, and the resulting exconjugants were selected for
resistance to trimethoprim. Candidate mutants were identified by PCR and
confirmed by Southern blot hybridization using the internal fragment labeled
with digoxigenin as a probe. The resulting mutant was named B. cenocepacia
DFAZ21 (Table 1).

Deletion of hcp (BCAL0343) encoding an Hep-like protein (B. cenocepacia
K56-2 Ahcp; strain DFA27) was performed using a recently developed system
based on the I-Scel homing endonuclease (15). Briefly, this system allows the
creation of unmarked and nonpolar mutations and comprises two plasmids. One
plasmid, pGPISce-1, serves to clone the regions flanking the gene to be deleted
and contains a restriction site for a homing endonuclease. Once introduced by
conjugation, the mutagenic plasmid integrates into the B. cenocepacia K56-2
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chromosome, giving rise to trimethoprim-resistant mutants. A second plasmid,
pDAISce-I (pDA12 derivative encoding the I-Scel endonuclease), is introduced
by conjugation. Homing endonucleases catalyze site-specific double-strand
breaks in the chromosome at the recognition site. As DNA double-strand breaks
are lethal, only mutants undergoing second homologous recombination events,
including those with a deletion of the gene of interest, can be recovered. PCR
amplifications of regions flanking Ahcp were performed using 2780-2781 and
2782-2783 primer pairs (Table 2). The amplicons were digested with the restric-
tion enzymes Xbal-Xhol and XholI-EcoRI, respectively, and cloned into
pGPISce-I digested with EcoRI and Xbal, giving rise to pDA45. The resulting
mutant was designated DFA27 (Table 1). Deletion of scp was also performed in
combination with atsR inactivation, giving rise to B. cenocepacia DFA28 (the
atsR::pDA27 Ahcp mutant). The deletion of icp was first analyzed by PCR and
then confirmed by Southern blot hybridization.

Complementation experiments. To complement B. cenocepacia DFA21, wild-
type atsR was PCR amplified from B. cenocepacia K56-2 with the primer pair
2558 and 2559 with the following thermal cycling conditions: 95°C for 5 min
followed by 30 cycles of 95°C for 45 s, 60°C for 45 s, and 72°C for 2 min, with a
final extension at 72°C for 10 min. The resulting amplicon was digested with the
restriction enzymes Ndel and Xbal and ligated into similarly digested pDA12.
The resulting plasmid, pAtsR, was introduced into the mutant by conjugation,
and complementation was assessed by the biofilm assay. To complement DFA27
(Ahcp) and DFA28, hcp was PCR amplified using primers 2143 and 2943 cloned
as an Ndel and Xbal fragment in pDA12 as indicated above, giving rise to pHcp.

Biofilm formation. In a modification of the biofilm ring assay (37), overnight
cultures grown at 37°C for 16 h were diluted to an ODg, of 0.005 in LB, and
triplicate 500-pl aliquots were dispended into polystyrene tubes. Following 24 h
of static incubation at 37°C, the medium was removed and the tubes were washed
gently with distilled water. Adherent bacteria were stained with 1% (wt/vol)
crystal violet and washed three times with distilled water. The bound crystal
violet was dissolved in 1 ml of 100% methanol and quantified by measuring the
absorbance at 540 nm. The experiment was repeated independently three times.

Adherence assays. Abiotic adherence assays were performed as follows. Bac-
teria grown in LB at 37°C for 21 h were washed twice and resuspended in
phosphate-buffered saline (PBS; Wisent). Approximately 107 CFU were added in
duplicate to the wells of a six-well polystyrene plate (BD Biosciences, Missis-
sauga, Ontario, Canada) containing 2 ml of PBS. Additionally, serial 10-fold
dilutions were performed on the starting inoculum, and 100 pl of each dilution
was plated on LB agar plates to determine precisely the number of bacteria
added to each well (input). The six-well plates were centrifuged for 2 min at
300 X g and incubated at 37°C for 10 min. Each well was washed five times with
2 ml of PBS, and bound bacteria were detached from the surface with the
addition of 500 wl of 10 mM EDTA and 1.5 ml of 1% (vol/vol) Triton X-100.
Bacteria were then centrifuged at 4,500 X g for 4 min, and the pellet was
resuspended in 1 ml PBS. Serial 10-fold dilutions were performed and 100 pl of
each dilution was plated on LB agar plates and incubated at 37°C. The colony
enumeration was performed the following day to determine the number of
bacteria that remained adherent to the six-well plate after the PBS washes
(output). The adherence of each strain tested was calculated by dividing the
output number by the input number and expressed relative to the adherence of
B. cenocepacia K56-2 wild type, which was set as 1. The experiment was repeated
independently three times.

A549 lung epithelial cell adherence assays were performed with B. cenocepacia
K56-2 and DFA21 carrying pDA42 (expressing eGFP) to facilitate bacterial
numeration as follows. Bacterial cultures grown at 37°C for 21 h were washed
twice and resuspended in RPMI 1640 (Wisent). Bacteria were added at a starting
multiplicity of infection (MOTI) of 100:1 in triplicate to A549 cells grown on glass
coverslips in six-well tissue culture plates containing 2 ml of Dulbecco’s modified
Eagle medium (DMEM) with 10% (vol/vol) fetal bovine serum (FBS). No
centrifugation was performed, and the plates were incubated at 37°C in a hu-
midified atmosphere of 95% and 5% carbon dioxide (CO,). After 1 h, wells were
gently washed five times with 2 ml of RPMI 1640 to remove nonadherent
bacteria, and 4,6'-diamidino-2-phenylindole dihydrochloride (DAPT) (final con-
centration, 25 pg/ml; Molecular Probes, Invitrogen, Eugene, OR) was added to
visualize eukaryotic cell nuclei. The total number of cell-attached bacteria and
the total number of cells were counted in 21 fields of view. The experiment was
repeated independently three times.

Preparation of culture supernatant proteins and mass spectrometry. Over-
night cultures were diluted to an ODg of 0.003 in 50 ml of prewarmed LB. After
4 h of incubation at 37°C, the cultures were centrifuged for 15 min at 10,000 X
g at 4°C. Culture supernatants were sterilized through a 0.22-pm filter (Milli-
pore), and proteins were precipitated overnight at 4°C with 10% (vol/vol) of
trichloroacetic acid (final concentration). The precipitates were isolated by cen-
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trifugation at 10,000 X g for 20 min at 4°C and the pellets were washed with
ice-cold acetone. Another centrifugation was performed at 10,000 X g for 20 min.
The pellets were air dried and then resolubilized by the addition of 0.1 M sodium
phosphate buffer, pH 7.0. The protein concentration of each sample was deter-
mined by Bradford assay (Bio-Rad), and aliquots containing 10 wg of protein
were loaded on a 16% sodium dodecyl sulfate-polyacrylamide electrophoresis
(SDS-PAGE) gel. Detection was performed with a Brilliant Blue G-Colloidal
staining according to the manufacturer’s recommendations (Sigma, St. Louis,
MO).

The apparent 21-kDa protein band was excised from a Brilliant Blue G-
Colloidal-stained one-dimensional gel loaded with 20 pg of secreted proteins
from B. cenocepacia DFA21 by use of an Ettan spot picker (Amersham). In-gel
trypsin digestion was performed by the Functional Proteomics Facility of the
University of Western Ontario using the Waters MassPREP automated station.
Mass spectrometry analysis was performed by the Biological Mass Spectrometry
Laboratory of the University of Western Ontario on a Micromass Q-Tof global
mass spectrometer equipped with a Z-spray source operating in the positive-ion
mode. A 1-hour gradient was used on a C,z column fitted with a trapping column
by use of the Waters Nano Acquity UPLC instrument. Data were acquired using
MassLynx 4.1 and were submitted for screening via the MASCOT search engine
(Matrix Science, London, United Kingdom).

Dictyostelium discoid plaque assay. D. discoideum axenic strain AX3 was
obtained from the Dicty Stock Center (Columbia University) and grown in HL5
liquid medium at 22°C according to the Dictybase guidelines (http://www
Jdictybase.org/). D. discoideum cells from mid-log-phase cultures were collected
by centrifugation (100 X g, 3 min), washed once, and resuspended in SorC (16.7
mM Na,H-KH,PO,-50 uM CaCl,, pH 6.0) (52). Bacteria were grown in LB for
16 h, pelleted by centrifugation, washed once, and resuspended in SorC. The
growth of D. discoideum on a lawn of B. cenocepacia K56-2 cells was determined
by plating 100 ! of a suspension containing ~100 amoebae and 10’ CFU on SM
agar or on low-nutrient plates, SM/50 and SM/100, which contained 1/50 and
1/100 of the SM stock solution, respectively (52). Quantitative measurements of
D. discoideum growth on a lawn of B. cenocepacia cells were obtained by first
plating 200 pl of a bacterial suspension at 10° CFU/ml on SM agar. Then, the
bacterial lawn was spotted with 5-pl droplets containing serial dilutions of D.
discoideum. Plates were incubated at 22°C for 3 days and examined for plaque
formation by D. discoideum. Klebsiella pneumoniae 18 was used as a positive
control for predation by D. discoideum.

D. discoideum cytotoxicity assay. D. discoideum cells were prepared as de-
scribed above. K. pneumoniae 18, Staphylococcus aureus RN6390, and K56-
2(pDA12) and DFA21(pDA12) cultures were grown in 5-ml portions of HL5
medium at 37°C for 16 h. The bacteria were pelleted by centrifugation, and
culture supernatants were collected and filtered (0.22-pm filter pore size). One
milliliter of supernatant was incubated with approximately 500 amoebae and
mixed by inversion at room temperature for 1 h. The effect of bacterial culture
supernatants on D. discoideum growth was determined by plating 200 pl of the
amoebal suspension on SM agar plates on which 200 pl of a bacterial suspension
at 10° CFU/ml of K. pneumoniae was previously dispersed. Plates were incubated
at 22°C for 5 days and examined for plaque formation by D. discoideum. HLS
medium and S. aureus RN6390 were used as negative and positive controls of
cytotoxicity toward D. discoideum, respectively.

Macrophage infection assays and immunofluorescence microscopy. The
C57BL/6 murine bone marrow-derived macrophage cell line ANA-1 was ob-
tained from the Department of Human Genetics, Montreal General Hospital
Research Institute, McGill University, Montreal, Quebec, Canada (7). Cells were
maintained in DMEM with 10% FBS and grown at 37°C in a humidified atmo-
sphere with 5% CO,. One milliliter of bacterial cultures grown at 37°C for 16 h
was washed twice and resuspended in DMEM-10% FBS. Heat-inactivated bac-
teria were obtained by incubation at 60°C for 25 min prior to infection. Bacteria
were added to ANA-1 cells grown on glass coverslips at a MOI of 50:1 and
centrifuged for 1 min at 300 X g. After 4 h of incubation at 37°C, infected
macrophages were washed three times with 2 ml of DMEM and the coverslips
were analyzed immediately or used for immunostaining as follows. Cells were
fixed in 4% paraformaldehyde (vol/vol) for 30 min at room temperature and
incubated for 10 min with 100 mM glycine in PBS (1X). Cells were then per-
meabilized with 0.1% Triton X-100 (vol/vol) and blocked with 5% milk powder
(wt/vol) for 1 h at room temperature. Permeabilized cells were incubated with
primary antibodies followed by secondary antibodies in 5% milk powder for 1 h
each at room temperature. Coverslips were mounted onto glass slides by use of
fluorescent mounting medium (DakoCytomation). Rabbit anti-B. cenocepacia
K56-2 primary antibody was used at a dilution of 1:500, and the Alexa Fluor 647
goat anti-rabbit immunoglobulin G secondary antibody (Molecular Probes, In-
vitrogen) was used at a dilution of 1:1,000. For fluorescence labeling of actin,
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macrophages were incubated with one unit of Alexa Fluor 488 phalloidin (Mo-
lecular Probes, Invitrogen). Fluorescence and phase-contrast images were ac-
quired using a Qimaging (Burnaby, British Columbia, Canada) cooled charge-
coupled-device camera on an Axioscope 2 (Carl Zeiss, Thornwood, NY)
microscope with an X100/1.3 numerical aperture Plan-Neofluor objective and a
50-W mercury arc lamp. Images were digitally processed using the Northern
Eclipse version 6.0 imaging analysis software (Empix Imaging, Mississauga, On-
tario, Canada). Confocal microscopy was performed using a Zeiss LSM 510
META/ConfoCor2 laser scanning confocal microscope and a 100X oil immer-
sion objective. Bacterially induced cell death or damage was verified by using
trypan blue staining (Sigma) (final concentration, 1 mg/ml) for 10 min.

RESULTS

AtsR regulates biofilm formation in B. cenocepacia K56-2.
We examined the sequenced genome of B. cenocepacia J2315,
which is clonally related to K56-2 (30), to identify genes encoding
a homolog of P. aeruginosa RetS (PA4856) (16). BLASTP anal-
ysis (http:/swww.ncbi.nlm.nih.gov/BLASTY/) allowed the identifica-
tion of several genes encoding RetS-like putative response regu-
lators: BCAMO0227, BCAM0379, BCAM1505, and BCAM2757.
Mutations in each of these putative response regulators were
generated by insertional inactivation using the plasmid pGPQTp,
a mutagenesis system leading to the targeted insertion of a mu-
tagenesis plasmid (14, 29). Since retS inactivation in P. aeruginosa
leads to increased biofilm production (16), our insertional
mutants were screened for biofilm formation. BCAM0227,
BCAM1505, and BCAM2757 insertional mutants did not have
an apparent biofilm defect in vitro (data not shown). The
BCAMO0379 insertional mutant formed a strong biofilm ring
after 24 h of static incubation (Fig. 1A). For reasons discussed
below, we have assigned to BCAMO0379 the name atsR (adher-
ence and 76SS regulator). Quantitation of the biofilm mass
demonstrated that the atsR::pDA27 mutant, DFA21, produced
50% more biofilm than the wild-type strain (P = 0.0001) (Fig.
1B). Growth curves of wild-type K56-2 and DFA21 in liquid
media were similar, suggesting that increased biofilm forma-
tion by DFA21 was not due to faster growth (data not shown).
Trans-complementation of DFA21 with pAtsR, encoding only
AtsR, restored biofilm formation to parental levels (Fig. 1A
and B) and also confirmed that the insertion into atsR did not
affect the neighboring genes. Moreover, the overexpression of
atsR in the wild-type strain, K56-2, led to decreased biofilm
formation (data not shown). Together, these results suggest
that AtsR acts as a negative regulator of biofilm formation.

The atsR gene is on chromosome 2 and encodes a predicted
606-amino-acid protein that belongs to the sensor kinase-re-
sponse regulator hybrid family but shares only 19% identity at
the primary amino acid sequence with RetS (16). Analysis
using SignalP 3.0 (http://www.cbs.dtu.dk/services/SignalP/) and
TMHMM (http://www.cbs.dtu.dk/servicess TMHMM-2.0/) pre-
dicted a signal peptide sequence and one transmembrane do-
main at the N terminus, suggesting that AtsR is inserted in the
inner membrane. Predicted histidine kinase and ATPase do-
mains following the transmembrane domain were detected
using Pfam (http://pfam.sanger.ac.uk/) (1). Unlike RetS, the C
terminus of AtsR contains only one predicted response regu-
lator-like receiver domain. However, similar to RetS, AtsR
lacks the DNA binding domain characteristic of conventional
response regulator proteins, suggesting that AtsR is a compo-
nent of a multipart signaling pathway. Comparisons with se-
quences deposited in GenBank showed that AtsR is conserved
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FIG. 1. Biofilm assays performed with B. cenocepacia K56-2 (wild
type [WT]) and DFA21 (the atsR::pDA27 mutant) containing the
control plasmid pDA12 or pAtsR, as indicated in parentheses. Biofilms
were quantified by crystal violet staining after 24 h of static incubation
at 37°C. (A) The ring corresponding to robust biofilm formation char-
acteristic of the atsR mutant is indicated by an arrow. (B) The extent
of crystal violet retention by adherent bacteria was measured by
ODs,,. Data shown are the means of three independent experiments
done in triplicate. Error bars represent the standard deviations. Sig-
nificant differences were determined using unpaired ¢ tests. The three
asterisks indicate that the P value is 0.0001.

among the Burkholderia genus. Homologs sharing 95%, 86%,
84%, 66%, and 65% amino acid identity with AtsR from B.
cenocepacia are found in B. ambifaria, B. cepacia, B. vietnam-
iensis, B. thailandensis, and B. pseudomallei species, respec-
tively.

Two genes are located upstream of atsR and in the same
transcriptional orientation (Fig. 2A): (i) BCAMO0380, encoding
a putative periplasmic protein of unknown function containing
an oxidoreductase molybdopterin binding domain; and (ii)
BCAMO381, encoding a putative cytoplasmic transcriptional
regulator containing an N-terminal BetR helix-turn-helix do-
main and a response regulator domain at the C terminus.
RT-PCR experiments performed on the intergenic regions of
BCAMO0381-BCAMO0380 and BCAMO0380-atsR revealed that
these three genes are cotranscribed (Fig. 2B).

Mutation in afsR induces a hyperadhesive phenotype. As
surface attachment is the first step in biofilm formation, B.
cenocepacia DFA21 was tested for adherence on abiotic sur-
faces by use of an assay that measures the strength of bacterial
adhesion after extensive washes with buffer and that also allows
a comparison of the adherence levels of different strains within
the same six-well plate (see Materials and Methods). For a
given strain, the ratio of output to input bacteria can vary from
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FIG. 2. Genetic organization and analysis of the gene cluster en-
coding AtsR in B. cenocepacia J2315 and K56-2. The direction of
transcription of each gene is denoted by gray arrows. BCAM gene
designations are according to a preliminary annotation of the B. ceno-
cepacia J2315 genome (http://www.sanger.ac.uk/Projects/B
_cenocepacia/). (A) Three-gene cluster located on chromosome 2
comprising BCAMO0379 (atsR), BCAMO0380, and BCAMO0381. Black
arrows represent genes located at the boundaries of the three-gene
cluster containing atsR. Solid black bars indicate the regions analyzed
by RT-PCR shown in panel B. (B) RT-PCR analysis of the intergenic
regions of BCAMO0381-BCAM 0380 and BCAMO0380-atsR. Lanes: 1 to
3, RT, no RT, and DNA for BCAMO0381-BCAMO0380; 4 to 6, RT, no
RT, and DNA for BCAMO0380-atsR. White arrows indicate bands of
expected PCR product size.
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experiment to experiment because of fluctuations in the man-
ual washing procedure. However, the relative adherence of the
strains examined in the same plate, compared to that of the
wild type in the control well, is conserved between experi-
ments. This adhesion assay revealed that DFA21 is 100-fold
more adherent than the wild-type strain, whose adhesion prop-
erties allows the adherence of approximately 0.1% of the start-
ing inoculum. As expected, complementation of DFA21 with
pAtsR decreased adherence to wild-type levels (Fig. 3A). To
determine whether DFA21 displayed similar hyperadhesive
properties to human cells, A549 lung epithelial cells were in-
cubated with DFA21 or the wild-type strain. After only 1 h of
incubation, DFA21 exhibited a sixfold-increased adherence
(P = 0.0002) compared to the parental strain (Fig. 3B and C).
Together, these results suggest that the atsR::pDA27 mutant,
DFAZ21, is more adherent than the wild-type strain to both
abiotic surfaces and lung epithelial cells.

Mutation in afsR increases expression and secretion of an
Hcp-like protein. SDS-PAGE analysis of concentrated culture
supernatants revealed a small protein with an apparent mass of
~21 kDa that was hypersecreted by DFA21 compared to what
was seen for the wild type (Fig. 4). DFA21 carrying pAtsR also
secreted the 21-kDa protein, albeit at an intermediate level
compared to that of wild-type K56-2(pDA12) and DFAZ21
(pDAI12). The apparent mass of the secreted protein, together
with the RetS-like properties of AtsR, led us to hypothesize that
the 21-kDa polypeptide is an Hep-like protein. Hep-like proteins
are specifically secreted by the T6SSs of several gram-negative
bacteria (34, 40, 44), and Hcp secretion is the hallmark of a
functional T6SS activity in many bacterial species (39). In-gel
trypsin digestion and mass spectrometry were performed on the
21-kDa protein. Acquired data were submitted for screening via
the MASCOT search engine and two peptides were identified,
matching with a score of 121 to DUF796, a protein of unknown
function corresponding to Hcp.

In a previous study, we identified transposon insertions in-
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FIG. 3. Adhesion assays. (A) Adhesion assay to a polystyrene surface of bacterial strains with the control vector pDA12 and the pAtsR
plasmids, as indicated in parentheses. atsR indicates the DFA21 mutant. The adhesion values are shown relative to the value for the control strain,
B. cenocepacia K56-2(pDA12), which was set as 1. (B) Adhesion assay on A549 human lung epithelial cells. A549 cells were incubated with B.
cenocepacia K56-2 and B. cenocepacia DFA21 (indicated by atsR) for 1 h at 37°C, washed, and stained, and the adherent bacteria were enumerated.
Data shown are the means of three independent experiments. Error bars represent the standard deviations. (C) Representative images of A549
cell adherence by B. cenocepacia K56-2 and B. cenocepacia DFA21 (atsR) are shown. Arrows point to adherent bacteria. WT, wild type.
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FIG. 4. Secretion assay. SDS-PAGE analysis of concentrated cul-
ture supernatants recovered from strains containing the control plas-
mid pDAI12 or the plasmids pAtsR and pHcp, as indicated in paren-
theses. atsR indicates DFA21; atsR Ahcp indicates DFA28. Molecular
mass markers in kDa are also indicated. The arrow points to the
secreted Hep polypeptide analysis of concentrated culture superna-
tants recovered from strains containing the control plasmid pDA12 or
the plasmids pAtsR and pHcp, as indicated in parentheses. Molecular
mass markers in kDa are also indicated. The arrow points to the
position of secreted Hep polypeptide. WT, wild type.

activating genes that abolish the infectivity of B. cenocepacia
K56-2 in the rat agar bead model of chronic lung infection (22).
Further analysis revealed that three of these mutants (1AS,
34C4, and 34C6) had insertions that mapped within genes now
referred to as besA, besF (clpV), and besO, which are part of a
T6SS gene cluster (Fig. 5). In contrast to other Burkholderia
species (44), B. cenocepacia K56-2 contains only one T6SS
gene cluster located on chromosome 1, comprising genes or-
ganized in three putative transcriptional units (Fig. 5).
BCALO0343, located within this cluster, encodes a 167-amino-
acid protein orthologous to the Hcp-like proteins secreted by
P. aeruginosa (PA0085) and V. cholerae (VCA0017) and has a
predicted molecular mass of 18.4 kDa. Similar to other Hcp-
like proteins, B. cenocepacia Hep (BCAL0343) lacks a canon-
ical hydrophobic amino-terminal signal sequence.

To confirm that the secreted 21-kDa protein is encoded by
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hep, we constructed DFA28 carrying a deletion of Acp in com-
bination with an insertional mutation in atsR. The 21-kDa
protein was absent from the concentrated supernatant of the
double mutant, DFA28, but its secretion was restored by in-
troducing pHcp, which constitutively expresses Hep (Fig. 4).
We conclude that mutation of atsR leads to hypersecretion of
Hcp. To determine whether Acp expression is upregulated in
DFAZ21, quantitative real-time PCR experiments were per-
formed. mRNA expression levels for icp in the B. cenocepacia
K56-2 and DFA21 strains were quantified and normalized to
mRNA expression of hisD, which was used as the standard.
The expression ratio of DFA21 to the wild type was greater
than 5, confirming that the mutation of atsR resulted in an
increase of hcp expression compared to what was seen for
wild-type K56-2. Since Hcp secretion is indicative of T6SS
activity (39), our results suggest that the T6SS is upregulated in
DFA21.

Mutation in atsR increases T6SS-dependent growth inhibi-
tion of Dictyostelium discoideum by B. cenocepacia. Virulence of
DFAZ21 was assessed using the social amoeba D. discoideum, a
model host that preys on bacteria through its phagocytic feed-
ing behavior. Several pathogenic bacteria resist Dictyostelium
predation by producing factors that either actively kill the
amoebae (6, 38) or allow intracellular survival and bacterial
replication (20, 47). D. discoideum is remarkably similar to
mammalian macrophages and infection assays performed with
P. aeruginosa, Legionella pneumophila, and Mycobacterium spe-
cies revealed that the same virulence mechanisms implicated in
resistance to Dictyostelium predation also operated against
mammalian cells (6, 49).

The susceptibility of B. cenocepacia K56-2 to D. discoideum
predation was first tested using a qualitative plaque assay. D.
discoideum cells were mixed with either B. cenocepacia K56-2
or K. pneumoniae 18, a strain known to be permissive for D.
discoideum growth, and plated on SM agar plates. After a few
days, K. pneumoniae was successfully killed by the amoebae, as
visualized by clear plaques corresponding to zones where ac-
tively feeding and replicating amoebae have phagocytized bac-
teria. In contrast, no plaques were formed with B. cenocepacia
K56-2, demonstrating that wild-type K56-2 is resistant to D.
discoideum predation (data not shown). To rule out the pos-
sibility that B. cenocepacia K56-2 does not support Dictyoste-
lium growth, the ability of D. discoideum to grow on a thin lawn
of B. cenocepacia K56-2 cells was tested by using low-nutrient
plates (SM/50, SM/100) to limit bacterial growth. Clear
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FIG. 5. Genetic map of the T6SS gene cluster. The location of the transposon in the 34C6, 1AS, and 34C4 mutants, which are attenuated for
survival in the rat agar bead model (23), is indicated by white circles. This cluster has been designated the bcs cluster for B. cenocepacia survival.
The location and direction of transcription of genes are represented by arrows. Locus tags assigned by the Sanger Center are shown above and
the bes annotation of the genes is shown below. The genes icmF (BCAL0351; besB), clpV (BCAL0347; besF), and hep (BCAL0343; besJ), which

are characteristic of T6SSs in other bacteria, are shown.
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FIG. 6. Quantitative plaque assay. D. discoideum cells were applied as droplets onto a lawn of bacterial strains without plasmid or with the
control vector pDA12 and pAtsR plasmids, as indicated in parentheses. atsR indicates DFA21; atsR Ahcp indicates DFA28; Ahcp indicates DFA27.
The numbers of Dictyostelium cells applied were 50,000 (spot 1, as labeled for K. pneumoniae 18 [upper left]), 25,000 (spot 2), 12,500 (spot 3),
62,500 (spot 4), 3,125 (spot 5), 1,562 (spot 6), and 781 (spot 7); SorC buffer alone is shown for spot 8. After 3 days at 22°C, the ability of
Dictyostelium cells to create plaques in the bacterial lawn was recorded. WT, wild type.

plaques were visualized after a few days, suggesting that low
concentrations of B. cenocepacia K56-2 can support D. discoi-
deum growth (data not shown).

The virulence of DFA21 relative to that of the parental
strain was quantitatively characterized by spotting serial dilu-
tions of amoeba cells on bacterial lawns (Fig. 6). This assay
measures the lowest number of amoeba cells required for ef-
fective bacterial predation. The higher the number of amoebae
required for bacterial killing, the higher is the ability of bacte-
ria to resist predation. In the control experiment, D. discoi-
deum formed clear plaques on the K. pneumoniae 18 lawn up
to the lowest dilution tested, which contained 781 amoeba cells
(Fig. 6). In contrast, D. discoideum at dilutions containing
fewer than 3,125 amoebae did not form plaques on B. cenoce-
pacia K56-2 (Fig. 6). On DFA21, 12,500 Dictyostelium cells was
the lowest amount deposited on the plate leading to the for-
mation of a visible plaque (Fig. 6), suggesting that atsR inac-
tivation increases the resistance of this strain to predation
either by avoiding amoeba killing or by inhibiting Dictyostelium
growth. The introduction of pAtsR into DFA21 restored the
susceptibility of this mutant to wild-type levels of amoeba pre-
dation. DFA27 and DFA28 mutants were even more suscep-
tible to predation than wild-type K56-2, allowing the formation
of clear plaques at dilutions containing 3,125 amoebae. To-
gether, these results suggest that there is a correlation between
Hcp secretion and resistance to D. discoideum predation.

To test whether secreted factors were at least in part respon-
sible for the growth inhibition of D. discoideum, amoebae were
incubated with HLS medium or with filtered culture superna-

tants of Staphylococcus aureus RN6390 or B. cenocepacia
K56-2 and DFA21 prior to plating on a K. pneumoniae 18 lawn.
S. aureus RN6390 was used as a positive control of cytotoxicity,
as this strain secretes an alpha-toxin that leads to rapid cell
lysis (17). As expected, no plaques were formed when Dictyo-
stelium cells were preincubated with S. aureus RN6390 culture
supernatants. No significant difference in the numbers of
plaques formed was observed when amoebae were preincu-
bated with HL5 medium or with culture supernatants of
DFAZ21 or B. cenocepacia K56-2 wild type (data not shown).
Under the conditions tested, our results suggest that the
growth inhibition of DFA21 and the parental strain toward
Dictyostelium is not due to secreted effectors alone but may
also require bacterium-amoeba contact.

The T6SS from B. cenocepacia K56-2 mediates actin rear-
rangements in mammalian macrophages. ANA-1 murine mac-
rophages were used as a mammalian model system to investi-
gate interactions between DFA21 and phagocytic cells.
Morphological changes of ANA-1 macrophages were observed
at 4 h postinfection with live DFA21 compared to K56-2 (Fig.
7). The macrophages displayed globular protrusions that in-
cluded vacuoles and bacterium-containing vacuoles (Fig. 7;
also see Fig. 9 below). The macrophages excluded the mem-
brane-impermeant dye trypan blue, indicating that the cells
retain their membrane integrity (data not shown). Heat-inac-
tivated DFA21 did not induce protrusion formation, suggest-
ing that it is an active process that requires metabolically active
bacteria (data not shown).

To distinguish whether hyperadherence or Hep hypersecre-
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FIG. 7. Phase-contrast microscopy of infected ANA-1 macrophages The infections were performed at an MOI of 50:1 for 4 h with parental
and mutant strains containing pDA12, pAtsR, or pHcp as indicated in parentheses. atsR indicates DFA21; atsR Ahcp indicates DFA28. Black

arrows indicate vacuole-containing protrusions. WT, wild type.

tion was associated with the DFA21-mediated protrusions,
ANA-1 cells were infected with DFA28, which has a hyperad-
herent phenotype (data not shown) but does not secrete Hep
(and potentially other T6SS effectors). DFA28 did not cause
any detectable morphological changes in ANA-1 cells, whereas
introduction of pHcp into DFA2S restored the ability of these
bacteria to cause cellular protrusions. In addition, protrusions
were still formed when ANA-1 cells were infected with
DFA28(pAtsR), which secretes Hep but does not have a hy-
peradherent phenotype, thus confirming that the formation of
protrusions is mediated by the T6SS. Moreover, tissue culture
medium supernatants from macrophages infected with DFA21
did not induce protrusions when added to wells containing
uninfected ANA-1 cells, suggesting that the morphological
changes require cell-to-cell contact between bacteria and mac-
rophages (data not shown).

The morphological changes of the ANA-1 macrophages
suggested an involvement of the cellular cytoskeleton. To
elucidate in part the mechanism by which these protrusions
were formed, ANA-1 cells were infected as previously de-
scribed with DFA21 and filamentous actin was detected
using phalloidin. In noninfected controls, filamentous actin
was localized in the cytoplasm in a peripheral ring (data not
shown; also see Fig. 9), while filamentous actin was signifi-
cantly reorganized when the cells were infected with DFA21
(Fig. 8 and 9). Actin clumps could be found alone and in
association with bacterium-containing vacuoles and also in
the cytoplasmic protrusions (Fig. 8). In contrast, ANA-1
cells infected with DFA28 had a peripheral actin distribu-
tion very similar to that of uninfected cells (Fig. 8 and 9).
Thus, DFA21 through the secretion of Hep can induce actin
rearrangements within macrophages, leading to the forma-
tion of cellular protrusions.

DISCUSSION

In this study, we have identified a putative sensor kinase-
response regulator hybrid (AtsR) involved in the regulation of
B. cenocepacia K56-2 virulence genes. AtsR contains one re-
sponse regulator domain but lacks any DNA binding or Hpt
(histidine phosphotransfer) domain, suggesting that other pro-
teins are involved in the phosphorelay. The atsR gene is part of a
three-gene operon together with BCAMO0380 and BCAMO0381,
whose functions are unknown. We have preliminary evidence
suggesting that BCAMO0381 (which contains a response regulator
domain as well as a helix-turn-helix binding motif) is part of the
AtsR signaling pathway, but its position in the regulatory cascade
is not yet elucidated (D. Aubert and M. Valvano, unpublished
data).

We have determined that the inactivation of atsR in B. ceno-
cepacia K56-2 leads to increased biofilm formation and adher-
ence to polystyrene and lung epithelial cells. The genes that are
required for biofilm maturation have been identified by trans-
poson mutagenesis in B. cepacia H111 and can be divided into
three main classes: genes encoding surface proteins (cable pili
and adhesins), genes involved in the biogenesis and mainte-
nance of outer membrane integrity, and genes that encode
regulatory factors that affect N-acyl homoserine lactone pro-
duction (21). Biofilm formation could be advantageous for B.
cenocepacia in the CF lung environment in various ways. For
example, bacteria could be protected from antibiotics and/or
mediators of host defense (10). Also, increased adherence may
facilitate epithelial cell invasion as well as the injection of
bacterial molecules that are essential for virulence into the
cell’s cytoplasm. Consequently, biofilm formation plays an im-
portant role in the development of persistence leading to
chronic inflammation and lung deterioration, which is the pri-
mary cause of mortality in CF patients. In the abiotic adhesion
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FIG. 8. Actin distribution of infected ANA-1 macrophages. Representative fluorescence micrographs of ANA-1 macrophages infected with
strains DFA21 (shown as atsR) and DFA28 (shown as atsR Ahcp) at an MOI of 50:1 for 4 h are shown. Green fluorescence denotes filamentous
actin. Red fluorescence denotes individual B. cenocepacia bacteria. The white arrow indicates a protrusion with a bacterium-containing vacuole.

WT, wild type.

assay, a centrifugation step was performed to enhance bacte-
rial contact to the polystyrene surface. Since no centrifugation
was performed in the adhesion experiments with A549 cells,
this assay might reflect better the natural binding properties of
B. cenocepacia. The molecular basis of the increased adher-
ence in DFA21 is unknown. Studies of the P. aeruginosa AretS
mutant suggest that hyperadherence is related to increased
expression of two exopolysaccharide biosynthetic gene clusters

(pel and psl). Microarray experiments, currently under way in
our laboratory, will provide insight into the genes that are up-
or downregulated in an atsR mutant background, as well as the
genes involved in the hyperadherence phenotype of DFA21.
We determined that DFA21 overexpresses and hyperse-
cretes an Hep-like protein. In contrast to what was seen for P.
aeruginosa, analysis of the sequenced genome of B. cenocepa-
cia J2315 reveals that it encodes only one Hcp-like protein
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Uninfected

FIG. 9. Actin distribution of infected ANA-1 macrophages. Representative confocal images of uninfected ANA-1 macrophages or ANA-1
macrophages infected with DFA21 (indicated as atsR) or DFA2S (indicated as atsR Ahcp) at an MOI of 50:1 for 4 h. Green fluorescence denotes
filamentous actin. Red fluorescence denotes individual B. cenocepacia bacteria. The white arrow indicates a protrusion with a bacterium-containing

vacuole.

(34). The B. cenocepacia hcp is likely part of an operon encod-
ing other components of the T6SS, such as a ClpV-like chap-
erone (BCAL0347) shown in P. aeruginosa to be required for
Hcp secretion (34). Thus, hypersecretion of Hep in DFA21 is
likely due to the overexpression of the entire T6SS rather than
an overproduction of Hep alone. Besides Hcp, other proteins
are probably specifically secreted by the T6SS and remain to be
identified. Orthologs of the genes encoding VgrG proteins

from V. cholerae and P. aeruginosa are also found in the B.
cenocepacia J2315 genome outside the T6SS locus identified in
this study.

Interestingly, the majority of T6SSs studied to date have
been discovered in mutant strains that overexpress the system
(34, 40, 44), suggesting that T6SS is generally repressed in
bacteria grown under laboratory conditions. Expression of the
T6SS is tightly regulated and the mechanism of this regulation
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involves two-component systems, transcriptional activators,
and posttranslational regulation through threonine phosphor-
ylation (34, 35, 40, 44). Upregulation of the T6SS by overex-
pression of the two-component system virAG in Burkholderia
mallei (44) or by inactivation of atsR in B. cenocepacia is similar
to the results observed with the global regulators RetS and
LadS in P. aeruginosa (34, 54). RetS and LadS have reciprocal
regulatory activities; therefore, RetS inactivation is equivalent
to LadS overexpression and leads to the same phenotypes,
including overexpression of the T6SS and increased biofilm
formation. This reciprocal regulation controlling the expres-
sion of virulence factors is likely to occur in Burkholderia spp.
and might be performed by the virAG and atsR homologs.

The D. discoideum plaque assays and macrophage infections
performed in this study provide strong evidence that the T6SS
plays an important role in B. cenocepacia K56-2 interactions with
eukaryotic cells. From a previous screen in our laboratory for B.
cenocepacia virulence genes, we identified three transposon inser-
tion mutants (1AS5, 34C4, 34C6) that were attenuated in the rat
agar bead model of chronic lung infection (22). Further analysis
indicated that these mutants had insertions within T6SS genes
(Fig. 5 and data not shown), demonstrating that the T6SS is
required for the virulence of B. cenocepacia in vivo.

D. discoideum and macrophage infection assays are relevant
models for the study of B. cenocepacia. An extensive study per-
formed in our laboratory showed that many clinical and environ-
mental isolates of the BCC associated with CF persist within
Acanthamoeba cells (32), suggesting that amoebae might be en-
vironmental reservoirs for BCC species. Electron micrographs
have also shown that infected amoebae can release vacuoles con-
taining bacteria that are sufficiently small to enter the human
lower airway, potentially facilitating BCC colonization of the re-
spiratory tract (32). Acanthamoeba and D. discoideum are re-
markably similar to mammalian macrophages and our laboratory
showed that BCC bacteria utilize a similar intracellular strategy to
persist within amoebae and macrophages by delaying the phago-
some-lysosome fusion (26, 27). The exact role of the T6SS in the
resistance of B. cenocepacia K56-2 to D. discoideum predation is
unknown. We noticed in our plaque assays that the size of the
plaques formed by any of the B. cenocepacia strains tested (wild
type or hcp mutant) remained unchanged even after 5 days (or
more) of incubation, whereas plaques formed on a K. pneumoniae
lawn continued to expand. In addition, the plaques formed on any
B. cenocepacia lawn were characterized by the absence of fruiting
bodies (a multicellular stage from D. discoideum), in contrast to
lawns of K. pneumoniae, where fruiting bodies were abundant.
These results suggest that B. cenocepacia resists Dictyostelium
predation by actively killing the amoebae or inhibiting their
growth and that virulence factors other than the T6SS may be
involved.

Microarray analyses performed by others (16, 34) indicate that
genes associated with chronic infections, such as biofilm-promot-
ing genes, are upregulated in the P. aeruginosa AretS mutant,
whereas genes associated with acute infections, such as the TTSS-
encoding genes, are downregulated. Upregulation of the T6SS in
the P. aeruginosa retS mutant suggests that this secretion system
could be required for the development of chronic infection. Cul-
ture supernatants of the atsR:pDA27 mutant did not cause
growth inhibition of D. discoideum or the morphological defects
found upon bacterial infection of ANA-1 macrophages, suggest-
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ing that the T6SS requires bacterium-cell contact to exert its
function. Our data clearly show the formation of cellular protru-
sions rich in actin that may include vacuoles or bacterium-con-
taining vacuoles. It is currently unknown if formation of these
protrusions involving actin rearrangements aid B. cenocepacia to
escape from macrophages or delay the phagosome-lysosome fu-
sion, an intracellular survival strategy known to be employed by B.
cenocepacia (26). B. cenocepacia possesses other virulence factors,
including a TTSS required for virulence in a murine infection
model (53), two type IV secretion systems (12), extracellular pro-
teases (5), hemolysin inducing degranulation and cell death in
human phagocytes (23), and phospholipases, among others. Fur-
ther investigations of the B. cenocepacia T6SS, including the mo-
lecular mechanism of secretion, are required for a better under-
standing of the role of this system in the persistence and
intracellular survival of this bacterium and other related bacteria.
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