


















logical indication that the �hcp1 mutant is not as pathogenic as
the wild type. Similarly, spleens from �hcp1 mutant-infected
hamsters had numerous foci of similar infiltrates with no bacilli
evident in these lesions. In contrast to the wild-type-infected
hamsters, the mesenteric lymph nodes and bone marrow were
not affected in the �hcp1 mutant-infected hamsters (data not
shown).

Taken together, the most notable histopathological differ-
ences between these two groups of hamsters were that inflam-
matory infiltrates in the animals infected with the �hcp1 mu-
tant were more quiescent and had the character of resolving
lesions, whereas the infiltrates in the animals infected with the
wild type were much more active and aggressive. In addition,
intracellular bacilli were identified in wild-type lesions,
whereas no intracellular organisms were observed in the le-
sions of �hcp1 mutant-infected animals.

T6SS-1 is required for multinucleated giant cell formation,
growth, and cytotoxicity in RAW 264.7 macrophages. We re-
cently demonstrated that the B. mallei T6SS-1 was important
for actin polymerization, MNGC formation, and growth in
phagocytic cells (8), and we wanted to determine if this was
also true for the T6SS-1 of B. pseudomallei. RAW 264.7 mono-
layers were infected with GFP-expressing B. pseudomallei

strains, and at 12 and 18 h postinfection they were stained with
Alexa Fluor 568 phalloidin and DRAQ5 and fluorescent im-
ages were captured. Figure 6 shows that by 12 h postinfection
the wild type had formed MNGC (Fig. 6A) but that the �hcp1
mutant had not (Fig. 6B). In fact, not a single RAW 264.7
MNGC was observed at 12 or 18 h postinfection with the
�hcp1 mutant. Both B. pseudomallei strains were visible within
the macrophages, so a lack of uptake of the �hcp1 mutant was
not responsible for this phenotype (Fig. 6A, B, and E). Inter-
estingly, and in contrast to what was seen with a B. mallei
T6SS-1 mutant (8), there was a less obvious difference in the
extent of actin polymerization between the B. pseudomallei
wild-type and �hcp1 strains. There was extensive damage to
the wild-type-infected macrophage monolayer by 18 h with a
corresponding decrease in the amount of GFP-labeled bacteria
present in any given field (Fig. 6C). In comparison, the �hcp1
mutant-infected macrophages were largely intact and filled
with GFP-labeled bacteria at 18 h postinfection (Fig. 6D).

We next conducted modified Km protection assays to deter-
mine uptake, survival, and replication of the wild type and
�hcp1 mutant inside macrophages. RAW264.7 cells were in-
fected with an MOI of 1, and by 3 h postinfection similar
numbers of intracellular wild-type and �hcp1 bacteria were

FIG. 5. Hepatic inflammatory cell infiltrates 2 days after infection with B. pseudomallei. Fixed and sectioned liver tissues from hamsters infected
i.p. with wild-type (A and B) and �hcp1 (C and D) strains were stained with H&E and viewed at 10� (A and C) and 40� (B and D) magnification.
The livers from hamsters infected with the wild type contained areas with damaged hepatocytes (arrowheads) and necrotic infiltrates of neutrophils
and macrophages. Necrosis and damaged hepatocytes were not observed in the hepatic inflammatory infiltrates from hamsters infected with the
�hcp1 mutant, suggesting a role for T6SS-1 in these processes.
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present (Fig. 6E), suggesting no differences in uptake. The
number of intracellular wild-type bacteria at the 12-h time
point was �10-fold higher than that of the �hcp1 mutant (Fig.
6E). However, the �hcp1 mutant appeared to demonstrate a
delayed growth phenotype, as it continued to increase in num-
ber to the 18-h time point (Fig. 6E). The number of wild-type
bacteria started to decrease by 18 h and was consistent with the
fluorescence microscopy results described above (Fig. 6C and
D). This phenomenon is likely due to wild-type bacteria being

killed by Km in the extracellular medium rather than by RAW
264.7 cells directly. These results clearly demonstrate that the
T6SS-1 mutant exhibits a significant delay in intracellular
growth relative to the wild type, which is inconsistent with the
results from a previously published study (29).

It seemed likely from the above experiments that the wild
type was killing the macrophage monolayers by 18 h but that
the �hcp1 mutant was not (Fig. 6C, D, and E). Thus, we
examined the relative cytotoxicity of the wild-type and �hcp1

FIG. 6. The B. pseudomallei �hcp1 mutant exhibits MNGC, growth, and cytotoxicity defects in RAW 264.7 cells. Monolayers infected with
B. pseudomallei wild type (A and C) or �hcp1 (B and D) cells harboring pBHR1-TG were fixed at 12 h (A and B) and 18 h (C and D)
postinfection, stained, and examined by fluorescence microscopy. Bacteria expressing GFP are shown in green, host cell actin stained with
Alexa 568 phalloidin is shown in red, and nuclei stained with DRAQ5 are shown in blue. Micrographs are representative of at least three
independent experiments. Bars, 20 �m. (E) Monolayers infected with B. pseudomallei wild type (closed circles) or the �hcp1 mutant (open
circles) and uptake and survival were quantitated by utilizing a modified Km protection assay at 3, 6, 12, and 18 h postinfection. All assays
were conducted on at least two separate occasions. The error bars represent standard deviations. �, P 	 0.05; ��, P 	 0.01. (F) Filter-
sterilized B. pseudomallei-infected RAW 264.7 cell supernatants were assayed for LDH release at 18 h postinfection. The error bars represent
standard deviations. ���, P 	 0.001; WT, wild type.
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strains at this time point by examining the release of LDH from
the infected monolayers. Approximately 50% of the wild-type-
infected macrophages were lysed at 18 h, while 	10% of �hcp1
mutant-infected macrophages were lysed (Fig. 6F). The signif-
icantly lower cytotoxicity of the �hcp1 mutant correlated well
with the fluorescence microscopy experiments (Fig. 6C and D)
and the Km protection assays (Fig. 6E) described above. The
results suggest that the B. pseudomallei T6SS-1 plays important
roles in MNGC formation, intracellular growth, and cytotox-
icity in macrophages in vitro.

DISCUSSION

Here, we provide the first comprehensive description of
T6SSs in B. pseudomallei, an organism that harbors more T6SS
gene clusters than any other fully sequenced microbe (5). We
found T6SS-1 to be a major virulence determinant that plays
an important role in the intracellular lifestyle of this pathogen.
The T6SS-1 Hcp1 protein was recognized by sera from
melioidosis patients, demonstrating that this protein is immu-
nogenic and is produced in vivo (Fig. 2B). The B. mallei Hcp1
protein was also recognized by sera from animals and a human
patient with glanders (28), suggesting that Hcp1 might be a
good Burkholderia vaccine candidate. A recent study by Whit-
lock et al. (39) demonstrated that 75% of mice vaccinated with
recombinant Hcp1 from B. mallei were protected from a sub-
sequent intranasal challenge with wild-type bacteria. However,
the spleens from all surviving Hcp1-vaccinated animals were
colonized and sterilizing immunity was not attained. We tested
recombinant B. pseudomallei Hcp1 as a vaccine candidate in a
murine model of melioidosis and found that it provided inad-
equate protection against an otherwise-lethal B. pseudomallei
challenge (Table 3). Similarly, recombinant Hcp2 through -6
proteins provided poor protection and/or a lack of sterilizing
immunity against a lethal bacterial challenge. While the results
indicate that B. pseudomallei Hcp proteins are unlikely to serve
as vaccine candidates, it is possible that Hcp1 could be used as
a serological reagent for the diagnosis of melioidosis in hu-
mans. Further studies are warranted to study the percentage of
melioidosis serum samples that react with Hcp1 and to deter-
mine if a positive result is indicative of an active or a chronic
infection.

In many bacteria, the expression of T6SS gene clusters is
tightly regulated at the transcriptional level, so that T6SSs are
produced only when appropriate environmental cues are pres-
ent (2). We performed expression profiling in vitro and found
that five of the six T6SS gene clusters were expressed poorly
when B. pseudomallei was grown in LB broth (Table 4). Only
the T6SS-6 gene cluster was constitutively expressed in vitro,
suggesting that T6SS clusters 1 through 5 do not function in
this environment. As expected, Hcp1 through -5 proteins were
not produced or exported when B. pseudomallei was grown in
LB broth. B. pseudomallei Hcp6 was produced in vitro, but it
was not exported. This was a surprising result, because Hcp
export is a hallmark of a functional T6SS (4). Previous studies
have shown that Hcp is dependent upon VgrG for export
outside the cell, and vice versa (25, 42). The B. pseudomallei
T6SS-6 gene cluster does not encode a VgrG protein (28, 29),
and we hypothesize that Hcp6 cannot be exported without a
corresponding VgrG protein. VgrG proteins are an essential

component of the T6SS apparatus, as they form the cell-punc-
turing device for delivering effector molecules into target cells.
Thus, it is currently unclear how the B. pseudomallei T6SS-6
functions without an encoded VgrG protein. It is possible that
it “borrows” one of the other VgrG proteins encoded else-
where in the genome, but further work will be required to fully
understand the mechanism of action of T6SS-6.

A two-component regulatory system, termed VirAG, is en-
coded immediately upstream of the B. pseudomallei T6SS-1
gene cluster. In B. mallei, overexpression of the virAG genes in
trans resulted in the expression of the T6SS-1 gene cluster and
led to the production and export of Hcp1 (28). We demon-
strated here that the B. pseudomallei hcp1 gene was induced
over 500-fold with virAG in trans (Table 5) and that Hcp1 was
produced and exported in a VirAG-dependent manner (Fig.
4). The environmental cue(s) sensed by VirA is currently un-
known, but a previous study revealed that the B. pseudomallei
T6SS-1 cluster was specifically induced inside macrophages
(29). Similarly, expression of the B. mallei T6SS-1 gene cluster
occurs within the macrophage prior to escape from the phago-
some (8). VirAG may sense specific conditions within phago-
cytic vacuoles, and in response, activate transcription of the
T6SS-1 genes. However, it is currently unknown if transcrip-
tional activation of the T6SS-1 genes by VirAG is direct or
indirect. While transcriptional regulation of the B. pseudomal-
lei T6SS-1 gene cluster is complex, we know that it is “turned
on” immediately after the type III secretion system gene clus-
ter 3 (T3SS-3) and that BspR, BprP, BsaN, VirAG, and BprC
all influence its expression (28).

We hypothesize that once activated, the T6SS-1 translocates
an effector molecule(s) across the phagosomal membrane di-
rectly into the cytosol in preparation for arrival of the bacte-
rium to this niche. In support of this notion, we found that the
�hcp1 mutant exhibited a significant delay in intracellular
growth in RAW 264.7 macrophages. The numbers of intracel-
lular wild-type and �hcp1 cells were similar at 3 h postinfec-
tion, but by 12 h there were �10-fold fewer �hcp1 cells (Fig.
6E). By 18 h postinfection, the numbers of intracellular wild-
type and �hcp1 cells were similar, as �hcp1 cells continued to
replicate intracellularly while the wild type was released into
the antibiotic-containing extracellular medium and killed.
There appears to be a threshold of intracellular bacteria that
RAW 264.7 cells can harbor before lysis occurs (Fig. 6A and
C), and this number occurs at 12 h postinfection for the wild
type and at �18 h for the �hcp1 mutant. This is consistent with
the macrophage cytotoxicity data at 18 h postinfection for the
wild type (50% cytotoxicity) and the �hcp1 mutant (	10%
cytotoxicity) (Fig. 6F). The results indicate that T6SS-1 is im-
portant for efficient intracellular growth inside macrophages,
which is especially noticeable between 6 and 12 h postinfection
(Fig. 6E). Shalom et al. did not find an intracellular growth
defect with their B. pseudomallei T6SS-1 mutant; however, they
only determined CFU counts at 4 and 19 h postinfection (29).
We propose that if they had performed counts at more time
points between 4 and 19 h, they would have noticed the growth
defect that we observed with the �hcp1 mutant. Another B.
mallei T6SS-1 mutant also exhibited an intracellular growth
defect, which further supports the notion that T6SS-1 is im-
portant for this phenotype (8).

Another important observation we made with the �hcp1

VOL. 79, 2011 B. PSEUDOMALLEI T6SS-1 AND VIRULENCE 1523

 on O
ctober 21, 2020 by guest

http://iai.asm
.org/

D
ow

nloaded from
 

http://iai.asm.org/


mutant was that it was unable to form MNGC in RAW 264.7
cell monolayers (Fig. 6B and D). The mutant replicated to high
numbers in the cytosol by 18 h postinfection (Fig. 6D), but no
fusion with adjacent cells occurred. Cell-to-cell fusion and the
formation of MNGC is a hallmark of B. pseudomallei infection
in phagocytic and nonphagocytic cell lines (3, 15, 19), and
MNGC have been observed in cases of human melioidosis
(41), suggesting a role in pathogenicity. MNGC are predicted
to be important for evasion of host immune responses and
persistence of B. pseudomallei within the host (11). The for-
mation of MNGC does not occur if bacterial protein synthesis
is inhibited after B. pseudomallei is internalized in RAW 264.7
cells (35), suggesting that a bacterial factor needs to be actively
synthesized intracellularly for MNGC to form. We propose
that a T6SS-1 effector mediates MNGC formation by activat-
ing molecular machinery involved in macrophage fusion (16).
Furthermore, we hypothesize that the nutrients provided when
an uninfected macrophage fuses with a B. pseudomallei-in-
fected MNGC are responsible for the observed growth advan-
tage of the wild type over the �hcp1 mutant. More research
will be necessary to identify the putative T6SS-1 effector(s)
involved in MNGC formation and intracellular growth of B.
pseudomallei.

We demonstrated in this study that T6SS-1 is a major viru-
lence determinant in the hamster model of melioidosis (Table
6). In fact, the �hcp1 mutant exhibited one of the highest LD50

values ever described in this animal model (�103 CFU), de-
spite the fact that we didn’t determine the LD50 until 14 days
after challenge. Two vgrG1 deletion mutants were also atten-
uated in hamsters, and their level of attenuation correlated
with the amount of Hcp1 that they exported in vitro, suggesting
a link between virulence and the relative function of T6SS-1
(Fig. 4 and Table 6). The livers, spleens, and mesenteric lymph
nodes of hamsters infected with the �hcp1 mutant displayed no
necrosis of inflammatory cell infiltrates (Fig. 5), suggesting that
the inflammatory infiltrates were much less aggressive than
what was found in animals infected with the wild type. In
addition, no bacteria could be identified inside the macro-
phages present in these inflammatory infiltrates. While MNGC
have been identified in human cases of melioidosis (41), no
MNGC were observed in any of the affected organs of ham-
sters challenged with the wild type. This result was surprising,
given the fact that there appeared to be a correlation between
virulence and MNGC formation with wild-type and �hcp1
bacteria (Table 6 and Fig. 6). The hamster represents an acute
model of melioidosis, and perhaps the rapidity of death limits
its usefulness for identifying MNGC in tissues. Pilatz et al. (24)
demonstrated that a T6SS-1 transposon mutant was attenuated
in BALB/c mice, but they did not perform a histological anal-
ysis of the organs of the infected animals. It is possible that
MNGC formation in vivo might be more easily studied in a
chronic model of melioidosis. At the moment, the relationship
between the formation of MNGC by B. pseudomallei and
pathogenesis in melioidosis is unclear.
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