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Burkholderia pseudomallei is a facultative intracellular pathogen capable of surviving and replicating within
eukaryotic cells. Recent studies have shown that B. pseudomallei Bsa type III secretion system 3 (T3SS-3)
mutants exhibit vacuolar escape and replication defects in J774.2 murine macrophages. In the present study,
we characterized the interactions of a B. pseudomallei bsaZ mutant with RAW 264.7 murine macrophages.
Following uptake, the mutant was found to survive and replicate within infected RAW 264.7 cells over an 18-h
period. In addition, high levels of tumor necrosis factor alpha (TNF-�), interleukin-6 (IL-6), granulocyte-
macrophage colony-stimulating factor (GM-CSF), and RANTES, but not IL-1� and IL-1�, were detected in
culture supernatants harvested from infected monolayers. The subcellular location of B. pseudomallei within
infected RAW 264.7 cells was determined, and as expected, the bsaZ mutant demonstrated early-vacuolar-
escape defects. Interestingly, however, experiments also indicated that this mutant was capable of delayed
vacuolar escape. Consistent with this finding, evidence of actin-based motility and multinucleated giant cell
formation were observed between 12 and 18 h postinfection. Further studies demonstrated that a triple mutant
defective in all three B. pseudomallei T3SSs exhibited the same phenotype as the bsaZ mutant, indicating that
functional T3SS-1 and T3SS-2 did not appear to be responsible for the delayed escape phenotype in RAW 264.7
cells. Based upon these findings, it appears that B. pseudomallei may not require T3SS-1, -2, and -3 to facilitate
survival, delayed vacuolar escape, and actin-based motility in activated RAW 264.7 macrophages.

Burkholderia pseudomallei, the causative agent of melioido-
sis, is a gram-negative bacillus responsible for a variety of
illnesses in both humans and animals. In regions where it is
endemic, this environmental saprophyte can be routinely iso-
lated from moist soils, stagnant waters, and rice paddies (12).
The typical routes of infection include inhalation, aspiration,
and cutaneous inoculation (10, 12). The clinical signs of mel-
ioidosis range from subacute and chronic suppurative infec-
tions to acute pneumonias and fulminating septicemias that
can be rapidly fatal (6, 12, 25). B. pseudomallei strains are
intrinsically resistant to a broad spectrum of antibiotics, a fea-
ture that can often complicate the treatment of melioidosis
(17). Even with prolonged antibiotic treatment relapse is not
uncommon (9). The mortality rate for septicemic melioidosis
remains high (�50%), and no licensed vaccine is currently
available (45). Due to the severe course of infection and its
potential for use as a biological weapon, B. pseudomallei is
currently listed as a Centers for Disease Control category B
select agent (32, 43).

Several studies have shown that the virulence of B. pseudoma-
llei is multifactorial. In particular, capsular polysaccharide, lipo-

polysaccharide, flagella, and type III secretion have been shown
to contribute to virulence in animal models of infection (11, 13,
14, 44). Additionally, B. pseudomallei is a facultative intracellular
pathogen that can invade, survive, and replicate in epithelial and
phagocytic cell lines (20, 21, 29). Several studies have demon-
strated that this organism can escape from endocytic vacuoles and
enter the cytoplasm of host cells, where it can polymerize actin
and subsequently spread cell to cell (2, 3, 22, 36–38). It is possible
that the ability of this organism to survive and replicate within
both phagocytic and nonphagocytic host cells may provide an
environment protected from host immune defenses, as well as
from antibiotic treatment. At present, however, the specific con-
tribution of intracellular survival and spread to disease pathogen-
esis is not fully understood.

Type III secretion systems (T3SSs) are molecular syringes
that inject effector proteins into eukaryotic cells in order to
subvert host cell processes to the benefit of bacteria. Three
T3SS gene clusters have been identified in the B. pseudomallei
genome (1, 30, 38). T3SS-1 and T3SS-2 are homologous to
plant pathogen T3SSs, while T3SS-3 (bsa locus) is an animal
pathogen-like T3SS similar to T3SSs of other facultative intra-
cellular gram-negative pathogens (30). Previous studies have
demonstrated that both the Bsa secretion apparatus and trans-
located effector proteins contribute to early vacuolar escape
and replication within murine macrophage-like cells (38).
More recently, B. pseudomallei bimA and the Burkholderia
mallei bimBCADE locus have been identified and shown to be
involved in actin-based motility in J774.2 cells (33, 36). Specif-
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ically, it has been determined that the autotransported protein
BimA can induce actin polymerization within macrophages
(36, 37). It is presumed that intra- and intercellular spread via
actin-based motility facilitates cell-to-cell fusion and multinu-
cleated giant cell (MNGC) formation. This phenomenon has
been observed in a variety of B. pseudomallei-infected mouse
and human cell lines, as well as in vivo (2, 22, 35, 46). Although
the specific mechanism(s) involved in B. pseudomallei-induced
MNGC formation remains unclear, both the T3SS-3 effector
protein BipB and the global regulatory factor RpoS have been
implicated in this process (40, 41).

In this study, we utilized insertional inactivation mutagenesis
to construct a B. pseudomallei bsaZ mutant and examined the
interactions of this strain with RAW 264.7 murine macro-
phages. Burkholderia bsaZ is homologous to Salmonella en-
terica serovar Typhimurium spaS and is predicted to encode a
structural component of the type III secretion apparatus be-
longing to the YscU/HrpY protein family (38). Consistent with
previous findings, the vacuolar escape of the bsaZ mutant was
delayed compared to that of the parent strain following uptake
by activated RAW 264.7 cells. Interestingly, however, results of
light microscopy, laser scanning confocal microscopy, and
transmission electron microscopy (TEM) experiments demon-
strated that the bsaZ mutant was capable of delayed vacuolar
escape, actin-based intra- and intercellular motility, and
MNGC formation. Additional studies revealed that a triple
mutant defective in T3SS clusters 1, 2 and 3 also exhibited the
same phenotype as the bsaZ mutant.

MATERIALS AND METHODS

Bacterial strains, growth conditions, and reagents. The bacterial strains used
in this study are shown in Table 1. Escherichia coli and B. pseudomallei were
grown at 37°C on LB-Lennox (LBL) (Difco) agar or in LBL broth. Brucella agar
(Difco) supplemented with 4% glycerol (BB4G) was used for plate count and
sterility analyses. When appropriate, zeocin (Invitrogen) was used at the follow-
ing concentrations: 25 �g/ml for E. coli and 100 �g/ml for B. pseudomallei. For

macrophage assays, bacteria were subcultured 1:100 into LBL broth from over-
night cultures and grown at 37°C for �3 h. Bacterial stocks were maintained at
�80°C as 20% glycerol suspensions. All studies utilizing viable B. pseudomallei
were conducted under biosafety level 3 containment. Unless stated otherwise, all
reagents were purchased from Sigma.

Recombinant DNA techniques. DNA manipulations were performed using
standard methods. Restriction enzymes and Klenow DNA polymerase were
purchased from Promega and used according to manufacturer’s instructions.
PCR was performed using the Expand high-fidelity PCR system (Roche Applied
Science). PCR and restriction enzyme-digested products were purified using a
QIAquick gel extraction kit (QIAGEN). Ligation reactions were performed
using a Fast-Link quick ligase kit (Epicenter Technologies). Plasmids were pu-
rified using a QIAprep spin miniprep kit (QIAGEN). Genomic DNA was puri-
fied using a Wizard genomic DNA purification kit (Promega). Chemically com-
petent E. coli TOP10 cells were transformed according to the manufacturer’s
instructions (Invitrogen). DNA sequencing was performed by ACGT Inc.
(Wheeling, IL).

The plasmids and primers used in this study are shown in Table 1. The suicide
vector pZSV was constructed as follows. Briefly, pGSV3 was digested with SacI
to remove the gentamicin resistance marker (aacC1 open reading frame [ORF])
and treated with Klenow DNA polymerase to produce blunt ends. pEM7/Zeo
was digested with XhoI/EcoRI and treated with Klenow DNA polymerase, which
resulted in a blunt-ended �450-bp DNA fragment harboring the zeocin resis-
tance marker (Sh ble ORF). The Sh ble ORF was ligated into the pGSV3
backbone, creating pZSV. The SV1 primer was utilized for DNA sequence
verification.

Mutant construction. A bsaZ mutant, B. pseudomallei ZP1220, was con-
structed using a previously described insertional inactivation protocol (4, 7, 14).
Briefly, a 486-bp fragment internal to the bsaZ allele was PCR amplified from
purified B. pseudomallei DD503 chromosomal DNA using the BPbsaZ-F1 and
BPbsaZ-R1 primers (Table 1). The amplified product was then cloned into
pZSV. The resulting suicide plasmid, pZPbsaZ, was mobilized into DD503 via
conjugative mating using E. coli SM10 for 8 h at 37°C. Site-specific recombina-
tion of the plasmid into the DD503 chromosome was verified via PCR using the
BPbsaZ-MF and MB1ori-P1 primers (Table 1).

Cell culture. Murine macrophage cell line RAW 264.7 (� ATCC TIB-71) was
obtained from the American Type Culture Collection (Rockville, MD). Cells
were maintained in Dulbecco’s modified Eagle’s medium (DMEM) (Invitrogen)
supplemented with 10% (vol/vol) heat-inactivated fetal bovine serum (Invitro-
gen) and a standard mixture of antibiotics (100 U/ml penicillin, 100 �g/ml
streptomycin, and 250 �g/ml amphotericin B) at 37°C under an atmosphere
containing 5% CO2. For macrophage survival assays, RAW 264.7 cells were
resuspended in DMEM supplemented with fetal bovine serum (DMEM-10),

TABLE 1. Bacterial strains, plasmids, and primers used in this study

Strain, plasmid, or primer Description Source or reference

E. coli strains
TOP10 High-efficiency transformation strain; Zeos Invitrogen
SM10 Mobilizing strain; Kmr Pms Zeos 34

B. pseudomallei strains
DD503 1026b derivative; �(amrR-oprA) rpsL; Pmr Zeos 26
ZP1220 DD503 derivative; bsaZ::pZPbsaZ; Pmr Zeor Kms This study
�sctUBp3 DD503 derivative; �bsaZ mutant; Kms 44
�sctUBp1,2,3 DD503 derivative; T3SS-1, -2, -3 mutant; Kms 44

Plasmids
pEM7/Zeo Sh ble cassette vector; Zeor Invitrogen
pGSV3 Mobilizable suicide vector; Gmr 14
pZSV Mobilizable suicide vector; pGSV3 derivative; Zeor This study
pZPbsaZ pZSV containing a 486-bp PCR fragment internal to bsaZ; Zeor This study

Primers
SV1 5�-AAATAGCGCCGAGCTTTGTC-3� This study
BPbsaZ-F1 5�-GTACGCGAATTCCTCGTCGATCTGACGCGCATCGCG-3�a This study
BPbsaZ-R1 5�-GTACGCGCTAGCGTGGTACAGGAAGTATTCGACGGC-3�a This study
BPbsaZ-MF 5�-CATCGTCGCGCTCATCGTGATCGC-3� This study
MB1ori-P1 5�-GAAGATCCTTTGATCTTTTCTACGG-3� 4

a Underlining indicates the EcoRI and NheI restriction sites in the linker regions.
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transferred into 24-well tissue culture plates at a density of �1 � 106 cells/well,
and incubated overnight.

Macrophage survival assays. Bacterial uptake and survival were quantitated
utilizing modified kanamycin protection assays as previously described (4). In
brief, bacterial suspensions were added in triplicate to RAW 264.7 cells at a
multiplicity of infection (MOI) of 10. The monolayers were incubated with the
bacteria for 1 h and then washed twice with Hanks’ balanced salt solution
(Invitrogen) to remove extracellular bacteria. Infected RAW 264.7 cells were
then incubated in fresh DMEM-10 containing 250 �g/ml kanamycin to suppress
the growth of residual extracellular bacteria. Monolayers were lysed at 3, 6, 12,
and 18 h postinfection with 0.25% (vol/vol) Triton X-100, and serial dilutions of
the lysates were plated onto BB4G and incubated at 37°C for 48 h. Plate counting
was then used to enumerate bacterial loads. B. pseudomallei ZP1220 recovered
from survival assays was confirmed to have maintained the Zeor marker, as
assessed by growth in LBL containing 100 �g/ml of zeocin.

Cytokine and chemokine assays. Culture supernatants were harvested from
infected monolayers at 6, 12, and 18 h postinfection and sterilized using 0.45-�m
Millex syringe-driven filter units (Millipore Corporation). Aliquots of each prep-
aration were plated onto BB4G and incubated at 37°C for at least 48 h to confirm
sterility. The sterilized supernatants were then assayed for the production of
tumor necrosis factor alpha (TNF-	), interleukin-1	 (IL-1	), IL-1
, IL-6,
RANTES, and granulocyte-macrophage colony-stimulating factor (GM-CSF)
using murine SearchLight custom multiplex arrays (Pierce).

Cytotoxicity assays. Filter-sterilized B. pseudomallei-infected RAW 264.7 cell
supernatants were assayed for lactate dehydrogenase (LDH) release using a
CytoTox 96 nonradioactive cytotoxicity assay kit (Promega). Maximum release
was achieved by lysis of monolayers with Triton X-100 at a final concentration of
1% (vol/vol). The LDH released by uninfected cells was designated spontaneous
release. Cytotoxicity was calculated as follows: % cytotoxicity � (test LDH
release � spontaneous release)/(maximal release � spontaneous release).

Light microscopy. Light micrographs of RAW 264.7 monolayers infected with
B. pseudomallei at an MOI of 10 were obtained at 18 h postinfection. Monolayers
were visualized using a Nikon Eclipse TE300 inverted microscope with a �40
objective.

TEM. For TEM, RAW 264.7 cells were grown overnight on 13-mm-diameter
Thermanox coverslips (Nunc, Inc., Naperville, IL) and infected at an MOI of 10
as described above for the macrophage survival assays. At 1, 3, 6, 12, and 18 h
postinfection, monolayers were fixed overnight with 2.5% gluteraldehyde-4%
paraformaldehyde in 100 mM sodium cacodylate buffer (pH 7.2). Cells were then
washed three times with 100 mM cacodylate buffer and incubated in 0.5%
osmium tetroxide-0.8% potassium ferricyanide in 100 mM cacodylate buffer for
1 h. Subsequently, cells were washed three times with 100 mM cacodylate buffer,
followed by incubation for 1 h in 1% tannic acid. Samples were subsequently
rinsed once with 100 mM cacodylate buffer, washed twice with distilled water,
and stained with 4% uranyl acetate for 1 h. Cells were then washed with distilled
water and dehydrated using an ethanol gradient (50 to 100% ethanol, 5 min for
each step). The last step (100% ethanol) was repeated three times, after which
cells were infiltrated with a 3:1 ethanol-Spurr resin mixture for 3 h, a 1:1 ethanol-
Spurr resin mixture overnight, and finally a 1:3 ethanol-Spurr resin mixture for
4 h. Following a final infiltration in 100% Spurr resin under a vacuum for 3 h,
samples were embedded in BEEM capsules and polymerized at 65°C overnight.
Ultrathin sections were obtained using an MT-7000 ultramicrotome (Research
and Manufacturing Company, Inc., Tucson, AZ) and collected on 200-mesh
copper grids. Images were obtained using a Philips CM-10 TEM (Philips, Eind-
hoven, Netherlands) with a bottom-mounted AMT camera. Chemicals used for
TEM sample preparation were obtained from either Electron Microscopy Ser-
vices (Hatfield, PA) or Ted Pella, Inc. (Redding, CA).

Immunofluorescence staining and confocal microscopy. RAW 264.7 cells were
grown overnight on 12-mm glass coverslips (Fisher Scientific) and infected at an
MOI of 40 as described above for the macrophage survival assays. Monolayers
were immunostained at room temperature essentially as previously described (5,
23). Briefly, at 6, 12, and 18 h postinfection, monolayers were fixed in 2.5%
paraformaldehyde for 15 min, followed by extensive washing in phosphate-
buffered saline (PBS). Cells were then permeabilized in PBS containing 10%
normal goat serum (Invitrogen) and 0.1% (wt/vol) saponin (SS-PBS) for 20 min.
Cells were incubated with rabbit polyclonal antiserum raised against formalin-
fixed Burkholderia thailandensis diluted 1:50 in SS-PBS for 45 min, washed
several times in PBS-0.05% (wt/vol) saponin, and then incubated with Alexa
Fluor 568 goat anti-rabbit immunoglobulin G (IgG) (1:800; Invitrogen), Alexa
Fluor 488 phalloidin (1:200; Invitrogen), and DRAQ5 (1:1,000; Alexis Biochemi-
cals) in SS-PBS for 45 min. Following extensive washing in PBS, coverslips were
mounted on glass slides using Mowiol (Calbiochem). Laser scanning confocal
microscopy was performed with a Zeiss 510 META confocal imaging system

equipped with an Ar, HeNe laser on an inverted Axiovert 200 M microscope
using a �63 oil objective (Carl Zeiss MicroImaging Inc.). Images (1024 � 1024
pixels) were acquired using Zeiss 510 META software (Carl Zeiss MicroImaging
Inc.).

Statistical analyses. Data points were plotted using GraphPad Prism 4
(GraphPad Software Inc., San Diego, CA).

RESULTS

B. pseudomallei ZP1220 survives, replicates, and induces
MNGC formation in RAW 264.7 murine macrophages. Murine
macrophage cell line RAW 264.7 is commonly utilized to ex-
amine the interactions of B. pseudomallei with phagocytic cells.
In the present study, we assessed the importance of T3SS-3 for
survival and replication of B. pseudomallei within RAW 264.7
cells. In order to facilitate these studies, bsaZ, encoding a
putative structural component of the T3SS-3 apparatus (38),
was mutated in B. pseudomallei DD503 by insertional inacti-
vation with pZPbsaZ (Table 1). PCR was used to confirm that
the resulting strain, ZP1220, harbored a stable insertion of the
suicide plasmid at the correct location.

Survival of both DD503 and ZP1220 within RAW 264.7 cells
was assessed at 3, 6, 12, and 18 h postinfection using modified
kanamycin protection assays. At the initial time point (3 h), the
two strains were taken up at comparable levels (Fig. 1). The
results demonstrated that the numbers of intracellular DD503
bacteria increased up to 12 h but then decreased by 18 h
postinfection (Fig. 1). In contrast, the intracellular loads of
ZP1220 declined slightly over 12 h and then increased between
12 and 18 h postinfection (Fig. 1). These results correlated with
the morphological appearance of the RAW 264.7 monolayers
as determined by light microscopy. As shown in Fig. 2, by 18 h
postinfection DD503-infected monolayers exhibited significant
MNGC formation and monolayer sloughing compared to the
control cells. In contrast, the ZP1220-infected monolayers ap-
peared normal and intact, although MNGC formation was
observed sporadically (Fig. 2C). To quantitate the integrity of
the B. pseudomallei-infected RAW 264.7 cells, LDH release
was measured. Consistent with the observed intracellular sur-
vival kinetics and light micrographs, cytotoxicity assays dem-
onstrated that DD503 caused the RAW 264.7 cells to release
significantly more LDH than ZP1220 at both 12 and 18 h
postinfection (Fig. 3). These data indicated that B. pseudoma-
llei ZP1220 was capable of survival and replication within

FIG. 1. Survival characteristics of B. pseudomallei in RAW 264.7
cells. Monolayers were infected with B. pseudomallei DD503 (F) or
ZP1220 (E) at an MOI of 10, and intracellular loads of bacteria were
quantified at 3, 6, 12, and 18 h postinfection. The values are the
means � standard deviations of three independent experiments.
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RAW 264.7 cells. However, the kinetics of survival were dif-
ferent for the bsaZ mutant and the parent strain, as were the
corresponding effects on the monolayer morphologies.

B. pseudomallei ZP1220 activates RAW 264.7 cells to pro-
duce proinflammatory cytokines and chemokines. Activation
of macrophages results in the production of a variety of cyto-
kines and chemokines that are involved in the regulation of
both innate and acquired host defense mechanisms. Previous
studies have shown that B. pseudomallei can stimulate RAW
264.7 cells to produce high levels of TNF-	 when they are
infected at MOIs of �10 (42). To characterize the activation
status of the DD503- and ZP1220-infected monolayers, culture
supernatants harvested at 6, 12, and 18 h postinfection were
assayed for the production of a variety of proinflammatory
cytokines and chemokines. The results demonstrated that both
DD503 and ZP1220 stimulated the RAW 264.7 cells to pro-
duce significant levels of TNF-	, IL-6, RANTES, and
GM-CSF (Fig. 4A and D to F). Additionally, the kinetics of
cytokine and chemokine production were similar for all time
points assayed (Fig. 4A and D to F). In contrast, high levels of
IL-1	 and IL-1
 were detected only for monolayers infected
with DD503 (Fig. 4B and C). The presence of these cytokines
correlated with the results of cytotoxicity assays demonstrating

cell damage in DD503-infected monolayers but not in ZP1220-
infected monolayers (Fig. 3). Based on these findings, it ap-
pears that the B. pseudomallei bsaZ mutant is capable of acti-
vating RAW 264.7 cells, but in a different way than parent
strain DD503.

B. pseudomallei ZP1220 is capable of delayed vacuolar es-
cape in RAW 264.7 cells. B. pseudomallei T3SS-3 mutants have
previously been shown to exhibit vacuolar escape and replica-
tion defects in J774.2 murine macrophages (38). Interestingly,
results obtained in this study demonstrate that by 18 h postin-
fection B. pseudomallei ZP1220 is capable of intracellular rep-
lication and MNGC formation in RAW 264.7 monolayers (Fig.
1 and 2), suggesting that there is vacuolar escape. To confirm
the intracellular location of ZP1220 within RAW 264.7 cells at
various time points postinfection, TEM was utilized. Consis-
tent with previous studies, DD503 was observed within mem-
brane-bound vesicles at 1 h postinfection but was able to es-
cape by 3 h (Fig. 5A and B). TEM demonstrated that at 6 h
postinfection ZP1220 remained within endocytic vesicles (Fig.
5C). At 12 h postinfection the majority of intracellular ZP1220
remained within membrane-bound compartments; however,
individual bacteria that had escaped from endocytic vesicles
were identified (Fig. 5D). By 18 h postinfection, most of the
intracellular ZP1220 bacteria were observed to be in the cyto-
plasm of the RAW 264.7 cells (data not shown). Taken to-
gether, these results showed that the B. pseudomallei bsaZ
mutant retains the ability to escape from endocytic vesicles but
that this process is delayed by 6 to 12 h compared to the parent
strain.

B. pseudomallei ZP1220 exhibits actin-based intra- and in-
tercellular motility in RAW 264.7 cells. Similar to a variety of
other intracellular pathogens, B. pseudomallei has been shown
to stimulate actin polymerization within the cytoplasm of host
cells (3, 22, 38). This process results in the formation of bac-
terium-containing host cell membrane protrusions that are
thought to facilitate cell-to-cell spread (8). Previous studies
have demonstrated that at 6 h postinfection, a B. pseudomallei
bsaZ mutant is incapable of forming actin tails in J774.2 cells
(38). This finding has been attributed to the inability of this
mutant to escape from endocytic vesicles (38). To further sup-
port our finding that ZP1220 is capable of delayed vacuolar

FIG. 2. Light micrographs of RAW 264.7 cells infected with B. pseudomallei. The monolayers were visualized at 18 h postinfection and were
infected as follows: (A) mock infected; (B) DD503 infected (MOI, 10); and (C) ZP1220 infected (MOI, 10). Bars � 50 �m. The micrographs are
representative of at least three independent experiments.

FIG. 3. Cellular integrity of RAW 264.7 cells infected with B.
pseudomallei. Monolayers were infected with B. pseudomallei DD503
(F) or ZP1220 (E) at an MOI of 10. The percent cytotoxicity was
determined by assaying for LDH release in culture supernatants at 6,
12, and 18 h postinfection. The values are the means � standard
deviations of three independent experiments performed in duplicate.
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escape and entry into the cytoplasm, laser scanning confocal
microscopy was utilized to assess whether this strain could
polymerize actin within host cells. Both DD503 and ZP1220
were examined to determine their abilities to form actin tails in
RAW 264.7 cells at 6, 12, and 18 h after inoculation. Consistent
with previous reports, actin-based motility was evident in
DD503-infected RAW 264.7 cells but not in ZP1220-infected
monolayers at 6 h postinfection (Fig. 6A and D). MNGC
formation was observed in DD503-infected monolayers at both
12 and 18 h postinfection (Fig. 6B and C). Interestingly, actin
polymerization was apparent in ZP1220-infected RAW 264.7
cells at 12 h postinfection, and MNGC formation was observed
by 18 h postinfection (Fig. 6E and F). These results were
consistent with both light microscopy (Fig. 2) and TEM (Fig. 5)
results and provided additional evidence that ZP1220 is capa-
ble of delayed escape from membrane-bound vacuoles and,
upon entry into the cytoplasm, intra- and intercellular spread
via actin-based motility.

B. pseudomallei bsaZ deletion mutants �sctUBp3 and
�sctUBp1,2,3 have the same delayed vacuolar escape pheno-
types in RAW 264.7 cells as ZP1220. To confirm that the
delayed escape phenotype exhibited by ZP1220 was not due to
reversion, we assessed the interactions of B. pseudomallei
�sctUBp3, a bsaZ deletion mutant constructed by allelic ex-
change (44), with RAW 264.7 cells. The results of kanamycin
protection assays demonstrated that uptake (3 h) and survival
(18 h) were similar for ZP1220 and �sctUBp3 (Fig. 1 and 7A).
Additionally, like the findings for ZP1220, examination of �sc-
tUBp3-infected monolayers by light microscopy revealed the
presence of sporadic MNGC formation at 18 h postinfection
(data not shown). Because vacuolar escape and actin-based
motility are thought to be important for the formation of
MNGCs, this observation was consistent with the ability of the
organism to escape from membrane-bound compartments.

Similar to the findings for ZP1220, low levels of IL-1
 were
detected is tissue culture supernatants of �sctUBp3-infected
RAW 264.7 cells at 18 h postinfection (Fig. 7B). Likewise,
�sctUBp3-infected monolayers exhibited very low levels of cy-
totoxicity compared to DD503-infected monolayers, as mea-
sured by LDH release at 18 h postinfection (Fig. 7C). These
findings confirm that T3SS-3 may not be essential for escape
into the cytoplasm of RAW 264.7 cells and suggest that other
bacterial factors may be involved in late vacuolar escape.

In addition to the bsa locus, B. pseudomallei possesses two
T3SSs similar to the plant-specific T3SS from Ralstonia so-
lanacearum (1, 30). To determine if T3SS-1 or T3SS-2 could
compensate for the loss of T3SS-3, a triple mutant with dis-
ruptions in all three T3SSs was assessed using RAW 264.7
cells. B. pseudomallei �sctUBp1,2,3 was constructed by allelic
exchange and harbors stable deletions in the genes (sctU1,
sctU2, and bsaZ) encoding the putative major inner membrane
subunits of T3SS clusters 1, 2, and 3 and has previously been
shown to be attenuated for virulence in the hamster model of
melioidosis (44). The results of kanamycin protection assays
demonstrated that both the uptake (3 h) and survival (18 h) of
�sctUBp1,2,3 were similar to the uptake and survival observed
for ZP1220, �sctUBp3, and DD503 (Fig. 1 and 7A). Analysis of
cytokine levels revealed that similar to ZP1220, the �sctUBp1,2,3

mutant stimulated only low-level production of IL-1
 at 18
h postinfection (Fig. 7B). Consistent with these findings,
�sctUBp1,2,3-infected monolayers exhibited low levels of cyto-
toxicity compared to DD503-infected monolayers as quanti-
tated by LDH release at 18 h postinfection (Fig. 7C). Similar to
the findings for ZP1220, light microscopy revealed sporadic
MNGC formation in �sctUBp1,2,3-infected monolayers (Fig.
7D). Likewise, confocal microscopy showed that �sctUBp1,2,3

retained the ability to induce actin polymerization and con-
firmed the presence of MNGCs. (Fig. 7E and F). Because

FIG. 4. Cytokine and chemokine production by B. pseudomallei-infected RAW 264.7 cells. Culture supernatants from monolayers infected with
B. pseudomallei DD503 (F) or ZP1220 (E) at an MOI of 10 or mock infected (f) were harvested at 6, 12, and 18 h postinfection and assayed for
the production of (A) TNF-	, (B) IL-1	, (C) IL-1
, (D) IL-6, (E) RANTES, and (F) GM-CSF. The values are the means � standard deviations
of three independent experiments performed in duplicate.
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vacuolar escape appears to be necessary for actin-based
motility and subsequent formation of MNGCs, these obser-
vations were consistent with the ability of the organism to
escape from membrane-bound compartments. Taken to-
gether, these results provide evidence that the components
of T3SS-1 and T3SS-2 do not appear to be responsible for
the late-escape phenotype observed in the bsaZ mutant and
further support the notion that T3SS-3 may not be required
for escape into the cytoplasm of host cells. Furthermore,
these findings confirm that this phenotype observed with
ZP1220 is not due to reversion and suggest that other bac-
terial factors likely facilitate delayed vacuolar escape in
RAW 264.7 cells.

DISCUSSION

Survival and replication of B. pseudomallei within eukaryotic
cells may be an important means by which this organism evades
host innate and adaptive immune responses. Following uptake
into phagocytic cells, B. pseudomallei is known to replicate
intracellularly, escape endocytic vacuoles, and spread both in-
tra- and intercellularly, resulting in the formation of MNGCs
(20–22, 40). In addition, it has recently been shown that B.
pseudomallei can induce pyroptosis (capase-1-dependent cell
death) and, at high MOIs (�50), oncosis (necrotic cell death)
in macrophages (39). Previous reports have also demonstrated

that T3SS-3 is important for early vacuolar escape in J774.2
macrophages, cell-to-cell spread, and virulence in the hamster
model of melioidosis (38, 44). In the present study, we char-
acterized the interactions of B. pseudomallei DD503 and de-
rivatives of this strain deficient in T3SSs with RAW 264.7
macrophages. Our results showed that the kinetics of survival,
replication, and bacterium-induced macrophage death were
significantly different for DD503 and a bsaZ mutant. Modified
kanamycin protection assays demonstrated that the number of
intracellular DD503 bacteria initially increased but then de-
creased by 18 h postinfection. This decline in bacterial survival
was likely due to bacterium-induced cell lysis of the monolay-
ers and release of bacteria into the antibiotic-containing me-
dium. In contrast to these findings, the number of intracellular
ZP1220 bacteria initially declined slightly but then increased by
18 h postinfection. These findings are consistent with a report
of Stevens et al., who showed that a bsaZ mutant did not
replicate intracellularly in J774.2 cells within 12 h postinfection
(38). However, by extending our studies to 18 h, we were able
to observe intracellular replication and MNGC formation in
ZP1220-infected RAW 264.7 monolayers, which suggested
that there was delayed vacuolar escape. These results are con-
sistent with a study that demonstrated survival of a Burkhold-
eria cenocepacia T3SS mutant within RAW 264.7 cells (24, 31).
In contrast, however, B. mallei T3SS-3 mutants have been

FIG. 5. TEM micrographs of RAW 264.7 cells infected with B. pseudomallei. Fixed monolayers infected with B. pseudomallei DD503 (A and
B) or ZP1220 (C and D) at an MOI of 10 were examined at 1 h (A), 3 h (B), 6 h (C), or 12 h (D) postinfection. The arrows indicate vacuolar
membranes. Bars � 500 nm.
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shown to be rapidly cleared by J774.2 murine macrophages
(31).

Previous studies have shown that the activation of RAW
264.7 cells by B. pseudomallei and B. mallei is significantly
influenced by the MOI (5, 42). Results demonstrated that at an
MOI of 10, both DD503 and the bsaZ mutant survived within
activated RAW 264.7 cells. Additionally, the parent and mu-
tant strains stimulated the production of similar levels of var-
ious proinflammatory cytokines and chemokines. The slight
differences observed in cytokine levels (TNF-	, IL-6, RANTES,
and GM-CSF) between DD503 and ZP1220 at 18 h were likely
due to loss of monolayer integrity. Interestingly, however, only
low levels of IL-1	 and IL-1
 were detected in the culture
supernatants of ZP1220-infected RAW 264.7 cells. IL-1
 is a
secreted proinflammatory cytokine that is indicative of pyrop-
tosis in infected macrophages (15, 16, 19, 27). IL-1	 is a cell-
associated cytokine that can be released from dying cells and is
a key mediator of the inflammatory responses to necrotic cells
(15, 18). The presence of these two cytokines in supernatants
of DD503-infected RAW 264.7 cells but not in bsaZ mutant-
infected RAW 264.7 cells directly correlated with the observed
monolayer morphologies and quantitated cytotoxicities. These
findings are consistent with a previous report of Sun et al.
which suggested that T3SS-3 is necessary for IL-1
 maturation
and pyroptotic cell death of B. pseudomallei-infected THP-1
cells (39).

Microscopic studies have shown that B. pseudomallei can
escape from endocytic vacuoles by 3 h following uptake by
phagocytic cells (20, 21, 38). In addition, T3SS-3 mutants have
been reported to be confined exclusively to endocytic vesicles
associated with LAMP-1 in J774.2 cells at 6 h postinfection
(38). Likewise, our results demonstrated that in RAW 264.7
cells, DD503 escaped from endocytic vacuoles by 3 h postin-
fection, while ZP1220 remained within membrane-bound ves-
icles at 6 h postinfection. However, results of TEM analyses at
12 and 18 h postinfection demonstrated that the bsaZ mutant
retained the ability to escape from endocytic vacuoles. This
result was unexpected based on previous reports but was con-
sistent with the observed intracellular replication of ZP1220 in
RAW 264.7 cells by 18 h postinfection. A recent study of Pilatz
et al. demonstrated that a B. pseudomallei T3SS-3 mutant
could multiply within HeLa cells, resulting in large vesicles
packed with bacteria (28). It has been proposed that by 12 h
postinfection these vacuoles become leaky, resulting in release
of bacteria into the cytoplasm of host cells (28). This putative
mechanism of escape is in contrast to the results obtained in
this study, in which large vacuoles with multiple bacteria were
rarely observed (data not shown). Most commonly, individual
bacteria were observed free in the cytoplasm of RAW 264.7
cells at 12 and 18 h postinfection, suggesting a possible alter-
native mechanism for escape from endocytic vesicles.

Entry into the cytoplasm of host cells allows bacteria access

FIG. 6. Confocal micrographs of RAW 264.7 cells infected with B. pseudomallei. Fixed monolayers infected with B. pseudomallei DD503 (A to
C) or ZP1220 (D to F) at an MOI of 40 were examined at 6 h (A and D), 12 h (B and E), and 18 h (C and F) postinfection. Bacteria were stained
red with rabbit anti-B. thailandensis polyclonal sera and anti-rabbit IgG Alexa Fluor 568, actin was stained green with Alexa Fluor 488 phalloidin,
and nuclei were stained blue with DRAQ5. The micrographs are representative of at least three independent experiments.
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to intracellular nutrients and actin pools. B. pseudomallei, like
many other intracellular pathogens that replicate in the cyto-
plasm, displays actin-based motility in host cells. This strategy
has been proposed to facilitate intra- and intercellular spread
of bacteria without triggering extracellular immune responses
within a host (8). Recent studies have demonstrated that B.
pseudomallei BimA induces actin polymerization within mu-
rine macrophages (36, 37). Similarly, B. mallei bimA, bimB,
bimC, bimE, and virAG mutants are deficient in actin tail
formation in J774.2 cells (33). Previous studies have also shown
that T3SS-3 mutants do not produce actin tails and membrane
protrusions in J774.2 cells by 6 h postinfection (38). This is
thought to be due to the fact that these mutants are confined
to endocytic vesicles (38). More recently, it has been reported
that a B. pseudomallei T3SS-3 mutant was observed in associ-
ation with actin tails in the cytoplasm of HeLa cells at 12 h
postinfection (28). Utilizing immunostaining in combination
with confocal microscopy, we demonstrated that ZP1220 in-
duced the formation of both actin tails and MNGCs in RAW
264.7 cells by 12 and 18 h postinfection. These findings were
consistent with the observed escape from endocytic vesicles

and intracellular replication by the B. pseudomallei T3SS-3
mutants. These data further suggest that a mechanism(s) other
than the T3SS-3 facilitates the escape of B. pseudomallei from
endocytic vesicles within RAW 264.7 cells.

B. pseudomallei possesses two additional T3SS gene clusters
similar to the hrp-like T3SS gene clusters commonly associated
with plant pathogens. Animal studies have shown that T3SS-1
and T3SS-2 do not significantly contribute to virulence in the
hamster model of infection (44). To date, the ability of the
various T3SSs in B. pseudomallei to cross-complement has not
been investigated. Additionally, the involvement of T3SS-1 and
T3SS-2 in late vacuolar escape has not been characterized. In
the present study, RAW 264.7 macrophage survival assays uti-
lizing a T3SS-1–T3SS-2–T3SS-3 triple mutant demonstrated
that intracellular survival and replication, actin-based motility,
and MNGC formation occurred by 18 h postinfection. These
data suggested that under the conditions tested factors en-
coded by T3SS-1 or T3SS-2 could not account for the delayed
vacuolar escape, actin-based motility, and MNGC formation
observed in the ZP1220-infected RAW 264.7 monolayers. It is
possible that T3SS-1 and T3SS-2 are involved in pathogenic or

FIG. 7. Interactions of B. pseudomallei �sctUBp3, �sctUBp1,2,3, and DD503 with RAW 264.7 cells. Monolayers were infected at an MOI of 10
(A to D). (A) Bacterial uptake (open bars) and survival (filled bars) in RAW 264.7 cells were determined at 3 and 18 h postinfection, respectively.
(B) Culture supernatants were assayed for IL-1
 production at 18 h. (C) Percent cytotoxicity was determined by assaying for LDH release in
culture supernatants at 18 h. The values are the means and standard deviations of three independent experiments performed in duplicate. (D) Light
micrograph of �sctUBp1,2,3-infected RAW 264.7 cells at 18 h. Bar � 50 �m. (E and F) Confocal micrographs of RAW 264.7 cells infected with
�sctUBp1,2,3 at an MOI of 40 at 18 h postinfection. Bacteria were stained red with rabbit anti-B. thailandensis polyclonal sera and anti-rabbit IgG
Alexa Fluor 568, actin was stained green with Alexa Fluor 488 phalloidin, and nuclei were stained blue with DRAQ5. The micrographs are
representative of at least two independent experiments.
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symbiotic interactions of B. pseudomallei with plants and the
rhizosphere given that the environment is the principal reser-
voir for this organism. The roles, if any, of these T3SSs with
respect to plants or other environmental hosts remain to be
investigated.

In summary, we demonstrated that B. pseudomallei T3SS
mutants displayed delayed vacuolar escape, actin-based motil-
ity, and MNGC formation kinetics in activated RAW 264.7
macrophages. In addition, it was shown that while RAW 264.7
monolayers infected with DD503 and ZP1220 produced simi-
lar levels of TNF-	, IL-6, RANTES, and GM-CSF, only the
supernatants harvested from DD503-infected RAW 264.7 cells
contained high levels of IL-1	 and IL-1
. Further studies are
necessary to determine the specific role of T3SS-3 with respect
to cytokine production and macrophage death. Additional
findings showed that the components of T3SS-1 and T3SS-2
did not appear to cross-complement for the delayed vacuolar
escape phenotype of the bsaZ mutants in RAW 264.7 cell
survival assays. While it is possible that the delayed vacuolar
escape phenotype is related to residual activity associated with
a defective T3SS-3, it is interesting to speculate that this phe-
notype may be due to a T3SS-independent mechanism(s). The
delayed kinetics observed suggest that it is possible that the
T3SSs encode functions that are redundant or that modulate
virulence. The mechanism(s) utilized by B. pseudomallei to
facilitate late vacuolar escape in RAW 264.7 cells remains to
be defined.
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