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Abstract

Project Code: RSA4580034

Project Title: Molecular and functional characterization of Burkholderia
pseudomallei sctV2 and bipB genes: a post-genomic study

Investigator:
Assoc. Prof. Sunee Korbsrisate
Department of Immunology, Faculty of Medicine Siriraj Hospital
Mabhidol University
Bangkok 10700, Thailand
Tel: 02-419-7000 ext. 6636 Fax: 02-418-1636
E-mail address: grsks@mahidol.ac.th

Project Period: 3 years

Burkholderia pseudomallei is the etiological agent of melioidosis which is
endemic in southeast Asia and tropical Australia. Uniquely among intracellular
bacterial pathogens, B. pseudomallei induce host cell fusion leading to multinucleated
giant cell (MNGC) formation in tissue culture models of infection. In addition to
MNGC formation, B. pseudomalle is able to induce apoptotic death in infected host
cells. The virulence factors contributed to these pathogenic characteristics have not
been elucidated. In this study, mutagenesis of B. pseudomallei bipB gene was
undertaken. The bipB mutant showed defective in MNGC formation, induction of
apoptosis of J774A.1 macrophages and was also significantly attenuated following
intranasal challenge of BALB/c mice. It is indicated that MNGC formation and
apoptosis in infected host cells is mediated by B. pseudomallei BipB.

Little is known about the regulatory mechanisms that determine adaptation of
B. pseudomallei to environmental stress. In this study, we investigated the importance
of B. pseudomallei RpoE in survival under different stress conditions. To accomplish
this, an rpoE operon mutant was constructed by insertion mutagenesis in order to
examine its response to osmotic stress and its survival within phagocytic cells. The
result demonstrated that the rpoE operon contributes, at least in part, to the survival of

B. pseudomallei in stressful environments.

Keywords: Burkholderia pseudomallei, MNGC, bipB, rpoE, stress response
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Protein BipB
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Here we have assessed the role of a type III translocator
protein, BipB, in the cell biology and virulence of Burkholderia
pseudomallei. Genetic inactivation of bipB reduced multinucle-
ated giant cell formation, cell-to-cell spreading of bacteria, and
induction of apoptosis of J774A.1 macrophages. The bipB mu-
tant was also significantly attenuated following intranasal chal-
lenge of BALB/c mice, whereas virulence was fully restored by
complementation with a functional bipB gene.

Burkholderia pseudomallei, the etiological agent of melioid-
osis in humans and animals, is a gram-negative bacterium.
Melioidosis is endemic in southeast Asia and tropical Australia
and has been reported sporadically elsewhere (6). Currently,
there is no vaccine against melioidosis. Uniquely among intra-
cellular bacterial pathogens, B. pseudomallei induces host cell
fusion leading to multinucleated giant cell (MNGC) formation
in tissue culture models of infection (14). This novel phenotype
may be relevant to pathogenesis, since granuloma formation
and generation of MNGC are also found in tissues of humans
with melioidosis (23). In addition to inducing MNGC forma-
tion, B. pseudomallei is able to spread from cell to cell and
induce apoptotic death in infected host cells (14). The molec-
ular mechanisms of these pathogenic characteristics have not
been elucidated.

Analysis of the B. pseudomallei genome and several other
studies have demonstrated the presence of a type III secretion
system (TTSS) (for reviews, see references 3, 12, 17, 20, and
22). A knockout mutant of B. pseudomallei lacking a functional
bipD gene, a homologue of Salmonella enterica serovar Typhi-
murium sipD, on the TTSS3/bsa cluster of TTSS exhibited
reduced replication in murine macrophage-like cells (20), was
significantly attenuated in BALB/c mice and gave partial pro-
tection against subsequent challenge with wild-type B.

* Corresponding author. Mailing address: Department of Immunol-
ogy, Faculty of Medicine Siriraj Hospital, Mahidol University, 2 Pran-
nok Road, Bangkoknoi, Bangkok 10700, Thailand. Phone: 66-2-418-
0569. Fax: 66-2-418-1636. E-mail: grsks@mahidol.ac.th.

pseudomallei (19). These data correlated with the recent report
that the TTSS3/bsa cluster is required for the pathogenicity of
B. pseudomallei (21). In addition to BipD, B. pseudomallei
BipB and BipC (46 and 30% amino acid identity to Salmonella
SipB and SipC, respectively) have been identified in the
TTSS3/bsa cluster (3). Here, we report on the role of BipB in
the pathogenesis of infection with B. pseudomallei. With Sal-
monella organisms, purified SipB integrates into artificial
membranes and induces liposome fusion (10), and it is re-
quired for inducing apoptosis in murine macrophages (11). By
analogy with SipB, therefore, we investigated the role of BipB
for MNGC formation, cell-to-cell spreading, and induction of
apoptosis in infected host cells. We also examined the viru-
lence of a B. pseudomallei bipB mutant in a murine model of
melioidosis.

Construction of a B. pseudomallei bipB mutant. Analysis of
the B. pseudomallei genome (http://www.sanger.ac.uk/Projects
/B_pseudomallei), by use of the sipB sequence from S. enterica
serovar Typhimurium as the query in a TBLASTX search,
identified a coding sequence of 1,860 bp encoding the pre-
dicted BipB protein of 620 amino acids. In order to determine
the function of BipB in B. pseudomallei, a chromosomal bipB
mutant of B. pseudomallei was constructed. In brief, a 250-bp
internal fragment of the bipB gene was amplified from B.
pseudomallei K96243 genomic DNA by use of primers BipB-45
(5'-AACCAGGCCACGCAGCAG-3") and BipB-46 (5'-CGT
CTTCTGCATCTCCTC-3"). The amplified fragment was
cloned into a suicide vector, pPKNOCK-Tc (1), kindly provided
by M. F. Alexeyev. This constructed plasmid was introduced
from Escherichia coli S17-1\pir (7) into B. pseudomallei
K96243 by conjugation. Transconjugants were selected by plat-
ing on pseudomonas agar supplemented with SR103 (Oxoid,
United Kingdom) containing tetracycline. The isolated mu-
tant, designated B. pseudomallei BS46 (bipB::pSSB-1), was ver-
ified by PCR and Southern blot hybridization to ensure inser-
tion of the bipB suicide plasmid at the correct location (data
not shown). For complementation analysis, the amplified bipB

6556



VoL. 187, 2005

BipB-73 BipC-T2  BipC-80 BipD-77
— 280 bp L=t 750 bp Ly
1,860 bp 1,257 bp 91 bp 930 bp

FIG. 1. The B. pseudomallei bipB operon. (A) Physical map of
bipB-bipC-bprA-bipD gene organization together with locations of
primer pairs BipB-73-BipC-72 and BipC-80-BipD-77 for RT-PCR
analysis of B. pseudomallei bipB operon. (B) Ethidium bromide-stained
gel showing the amplified DNA of RT-PCR products from primer
pairs BipB-73-BipC-72 (lane 1) and BipC-80-BipD-77 (lane 2). Lane
3 is an RNA sample subjected to PCR to ensure no DNA contamina-
tion in the RNA preparation. Lane M shows lambda DNA markers.

gene was cloned into pBBRIMCS (15) and introduced into B.
pseudomallei BS46. To confirm that B. pseudomallei
BS46pBipB contained the bipB gene, the DNA plasmid was
extracted and sequenced (data not shown).

To determine whether bipB was cotranscribed with the
downstream genes bipC-bprA-bipD, reverse transcription-PCR
(RT-PCR) was undertaken. Extraction of total RNA, by use of
the modified hot acid phenol method, was carried out as de-
scribed previously (2). In brief, mid-exponential-phase cultures
were harvested and extracted with hot acid phenol. Total RNA
was precipitated and resuspended with RNase-free distilled
water. For RT-PCR analysis, bipB-bipC-bprA-bipD was re-
versed transcribed into cDNA (Invitrogen) and then amplified
with different primers, namely, BipB-73 (5'-CTGCTCGGCG
ATCTGCTCAA-3"), BipC-72 (5'-ACCGCCTTGTCGCCCT
G-3"), BipC-80 (5'-GAGCAGAAAGAGGACGAGA-3'), and
BipD-77 (5'-CGCAGATCGTCGTCGGTCA-3") (Fig. 1A).

As depicted in Fig. 1B, B. pseudomallei bipB-bipC-bprA-bipD
was transcribed in a single transcriptional unit. It is likely that
B. pseudomallei BS46 is a polar bipB mutant. To investigate
whether this mutation does not have effect on expression of
other secreted proteins, Western blot analysis using anti-BopE
(kindly provided by M. P. Stevens, United Kingdom) to detect
BopE in whole-cell and secreted protein fractions of B.
pseudomallei BS46 and wild-type strains was undertaken.
BopE, homologous to the Salmonella SopE, was an effector
protein secreted by the B. pseudomallei TTSS (18). BopE was
detected in both whole-cell and secreted protein fractions of B.
pseudomallei BS46 (data not shown). This suggests that the
TTSS of B. pseudomallei BS46 is still functional to express and
secrete other proteins such as BopE.
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FIG. 2. MNGC formation of B. pseudomallei. (A) The percentages
of MNGC formation of J774A.1 cells infected with B. pseudomallei
K96243 (wild type; solid bars), BS46 (bipB::pSSB-1; open bars), and
BS46pBipB (BS46 harboring pBipB; striped bars) were determined
every 2 h. Asterisks indicate significant differences (P < 0.05, ¢ test)
between the wild type and BS46 at 4 h (P = 0.0142) and 6 to 12 h (P
< 0.0001) and between BS46 and BS46pBipB at 4 h (P = 0.0155) and
6 to 12 h (P < 0.0001). Percentage of MNGC formation was deter-
mined by the following equation: MNGC formation = (number of
nuclei within multinucleated giant cells/total number of nuclei
counted) X 100. Error bars represent standard errors of the means for
experiments performed in triplicate. (B) Giemsa staining of MNGC
formation of J774A.1 cells infected with wild type, BS46, or
BS46pBipB. Bars, 20 pm.

The polar bipB mutant is defective in MNGC formation. To
investigate the potential role of BipB in MNGC formation, B.
pseudomallei K96243 (wild type), BS46 (bipB::pSSB-1), and
BS46pBipB (BS46 harboring pBipB) were used to infect
J774A.1 murine macrophage-like cells as described previously
(14). At different times after initiation of the challenge, the
infected cells were fixed, Giemsa stained, and evaluated for
MNGC formation. Figure 2 shows that BipB protein plays a
role in B. pseudomallei-induced MNGC formation. At 12 h
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postinfection (Fig. 2A), wild-type bacteria induced extensive
MNGC formation (96.46%), while BS46 did not (15.12%). The
formation of MNGC was restored in a complementation assay
using strain BS46pBipB (82.7%). Figure 2B shows that MNGC
loaded with numerous bacilli could be readily observed at 6 h
after infection with wild-type bacteria but that this was abol-
ished in the bipB mutant BS46. However, this defective phe-
notype was transcomplemented by reintroduction of the plas-
mid-born bipB gene. However, when the observation period
was extended to 24 h, formation of MNGC in BS46-infected
macrophage did occur but was still significantly less than the
wild-type strain. Thus, BipB is necessary for optimal MNGC
induction, but BipB-independent fusion can also occur, albeit
at a reduced efficiency.

The mechanism for the MNGC formation is still unknown,
and to our knowledge, this altered phenotype has not been
observed in other intracellular bacteria that possess the TTSS.
Based on the Salmonella SipB-induced fusion events in vitro
(10) and those that would be transient in vivo (9), we hypoth-
esize that BipB may have membrane fusion activity as well. It
may act in concert with other proteins to induce fusion of host
cell membranes. A combination of biochemistry, cell biology,
and proteomics will be required to unveil the detailed path-
ways of MNGC formation.

The polar bipB mutant is defective in cell-to-cell spread and
invasion into epithelial cells. The observation of MNGC led us
to look closely at cell-to-cell spread of infected host cells by
using a plaque assay previously described (14). HeLa cells were
infected with B. pseudomallei and overlaid with an agarose
medium containing kanamycin (250 pg/ml). To enhance visu-
alization, plaques were overlaid with agarose containing an
additional 0.01% neutral red and observed 4 h later. Figure 3A
demonstrates that plaque-forming efficiencies for B. pseudomal-
lei wild type (2.66) and BS46pBipB (0.68) were significantly
higher than that for BS46 (0.2). It is possible that only partial
complementation in BS46pBipB could have resulted from a
polar effect that disrupted downstream bipC and bipD genes
also participating in cell-to-cell spreading. This hypothesis is
supported by a previous report, from Stevens et al. (20), that a
bipD mutant exhibited an inability to escape from endocytic
vacuoles, a requirement for cell-to-cell spread. If so, it would
indicate that BipB works cooperatively with BipC and BipD in
a manner similar to that of SipABCD in Salmonella (4).

The strategies that intracellular bacteria, i.e., Listeria sp. and
Shigella sp., use to spread from cell to cell via interepithelial
protrusion are quite similar (8). The process depends on the
efficiency of bacterial invasion into the epithelial cytosol, pro-
trusion formation, and the lysis of the double-membrane-
bound protrusion vacuole to release bacteria into the adjacent
cell. To investigate whether defective cell-to-cell spread (as
detected by plaque assay) was due to an invasion defect, inva-
sion efficiency was determined by using human respiratory
epithelial cell line A549 challenged with B. pseudomallei as
described earlier. This cell line was chosen because it is more
susceptible to invasion than HeLa cells. Intracellular bacteria
were counted after lysing of infected cells. Invasion efficiency
of BS46 was severely restricted (0.09%) when compared to that
of the wild type (0.39%), but invasion efficiency was restored to
nearly normal levels in BS46pBipB (0.28%) (Fig. 3B). These
data correlated with those for the bipD mutant that exhibited
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FIG. 3. Plaque formations, invasion, and apoptosis induction.
(A) Plaque formations of HeLa cells by B. pseudomallei K96243 (wild
type; solid bars), BS46 (bipB::pSSB-1; open bars), and BS46pBipB
(BS46 harboring pBipB; striped bars). Asterisks indicate significant
differences (P < 0.05, ¢ test) between wild type and BS46 (P = 0.0001)
and between BS46 and BS46pBipB (P = 0.0031). Plaque-forming
efficiency was determined by the following equation: plaque-forming
efficiency = number of plaques/bacterial CFU added per well. Error
bars represent standard errors of the means for experiments per-
formed in triplicate. (B) Invasion of A549 cells by B. pseudomallei
K96243 (wild type; solid bars), BS46 (bipB::pSSB-1; open bars), and
BS46pBipB (BS46 harboring pBipB; striped bars) strains. Asterisks
indicate significant differences (P < 0.05, ¢ test) between wild type and
BS46 (P = 0.0050) and between BS46 and BS46pBipB (P = 0.0173).
Percent invasion was determined by the following equation: invasion =
(number of intracellular bacteria postinfection/number of CFU added)
X 100. Error bars represent standard errors of the means for experi-
ments performed in triplicate. (C) Effect of bipB mutation on induc-
tion of apoptosis. J774A.1 cells were infected with B. pseudomallei
K96243 (wild type; solid bars), BS46 (bipB::pSSB-1; open bars),
BS46pBipB (BS46 harboring pBipB; striped bars), and uninfected cells
(checkered bars). The percentages of J774A.1 cells stained fluorescein
isothiocyanate positive and propidium iodide negative by flow cytom-
etry were analyzed. Asterisks indicate significant differences (P < 0.05,
t test) between wild type and BS46 at 2 h (P = 0.0123), 3 h (P =
0.0004), and 4 to 6 h (P < 0.0001) and between BS46 and BS46pBipB
at2h (P = 0.1064), 3 h (P = 0.0006), and 4 to 6 h (P < 0.0001). Error
bars represent standard errors of the means for experiments per-
formed in triplicate.

impaired entry into nonphagocytic host cells (18). In this sce-
nario, we believe that several effector proteins, such as BopE,
that contribute to invasion (18) would not be delivered into the
host cell cytoplasm, even though it was expressed. This pro-
posed mechanism is based on the study of Salmonella in which
inactivation of sip genes resulted in impaired invasion effi-
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FIG. 4. Survival of BALB/c mice (six mice per group) inoculated
intranasally with 10> CFU of B. pseudomallei K96243 (m) or BS46 (A)
or BS46pBipB (#). Mice were observed daily, and percent survival was
plotted against time.

ciency due to the lack of translocation of effector proteins, such
as SopE, into host cells (4, 13, 24). In addition to invasion,
BipB may play a role in other steps involved in cell-to-cell
spreading. Further experiments are required to investigate this
possibility.

The polar bipB mutant is defective in induction of apoptosis.
B. pseudomallei can induce apoptotic death in infected macro-
phages (14). To determine the role of BipB in this process,
J774A.1 cells were infected with B. pseudomallei strains. At
different time intervals, the supernatant and cells were col-
lected to quantify the apoptosis level by using an annexin
V-fluorescein isothiocyanate detection kit (BD Biosciences,
CA). At 6 h postinfection (Fig. 3C), cells infected with wild-
type B. pseudomallei yielded significantly higher numbers of
positive cells (10.20%) than those infected with BS46 (3.21%).
Infection with BS46pBipB restored cytotoxicity (6.77%). These
data indicated that BipB was required for efficient induction of
apoptosis in host cells, although a low level of apoptosis may
occur via a BipB-independent mechanism, since the level of
apoptosis in uninfected cells is 2.3%. This is the first report
identifying a B. pseudomallei virulence factor that mediates
apoptosis. Interestingly, this finding joins a growing list of
bacteria, including Pseudomonas aeruginosa, Yersinia sp., Sal-
monella sp., and Shigella flexneri, that kill host cells via apopto-
tic death through a type III secretion-mediated mechanism. In
Salmonella and Shigella, SipB and IpaB have been shown to
induce macrophage apoptotic death by activating caspase-1
(11, 25). Here, we also expect that apoptosis induced by B.
pseudomallei will involve BipB interaction with the caspase
pathway (14).

Effect of bipB mutation on virulence of B. pseudomallei in
vivo. The finding that BipB is important in induction of
MNGC, plaque formation, bacterial invasion, and killing of
phagocytic cells in vitro led to the hypothesis that a mutant
unable to produce this protein could be less virulent than the
wild-type strain in vivo. We therefore assayed the virulence of
the bipB mutant in a pulmonary model of melioidosis in
BALB/c mice as previously described (19). B. pseudomallei
strains were administered via the intranasal route. Viable
counts were performed to confirm the inoculation dose, and
the mice were monitored twice daily for signs of infection.
There was a significant difference in percentage survival (the P
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value was <0.05, as determined by a log rank test) for mice
infected with wild-type B. pseudomallei versus mice infected
with BS46 (Fig. 4). All mice given the wild-type strain died
within 5 to 11 days, whereas five of six mice infected with the
bipB mutant survived until day 42 (termination of experiment).
To confirm that attenuation resulted from the inactivation of
bipB, we also challenged mice with strain BS46pBipB, and all
died by day 4 postchallenge (Fig. 4), which was not significantly
different from the wild-type strain. These observations indi-
cated that a functional bipB gene was required for full viru-
lence of B. pseudomallei in mice. This result is supported by
previous reports (19, 21) that TTSS3/Bsa plays an important
role for maximal virulence in all of its animal hosts.

Delivery of virulence-associated effector proteins into eu-
karyotic cells requires a set of translocator proteins. The trans-
locons are components of oligomeric protein channels that
insert themselves into the eukaryotic cell membrane to form a
pore which effector proteins can pass through to gain access to
the cytosolic host targets (5, 16). We have shown here that
BipB translocator plays a critical role in the intracellular life-
style of B. pseudomallei (i.e., MNGC formation, invasion of
nonphagocytic cells, and induction of apoptotic death). We
hypothesize that the bipB mutant is unable to deliver the ef-
fector proteins into the host cell cytoplasm and was thus im-
paired in invasion efficiency and ability to induce apoptosis.
However, it is also possible that BipB acts as an effector pro-
tein to induce apoptotic death. Deletion of BipB clearly also
reduces the efficiency of MNGC formation; however, the re-
lationship between BipB protein and the fusion process is still
under investigation. In vivo, BipB was required for full viru-
lence of B. pseudomallei in mice, thus further confirming the
importance of BipB for virulence in murine models of melioid-
osis.
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Abstract

Burkholderia pseudomallei, the causative agent of melioidosis, can be isolated from soil and water. To persist, adapt and survive
within and outside their human host, bacteria rely on regulatory mechanisms that allow them to respond rapidly to stressful situ-
ations. We have examined the possible role of B. pseudomallei alternative sigma factor o* (RpoE) in the stress response and found
that rpoE and its putative regulators (bprE-rseB-mucD) are transcribed in a single transcriptional unit. Inactivation of the rpoE
operon changed the B. pseudomallei phenotype. Changes included increased susceptibility to killing by menadione and H,O,, sus-
ceptibility to high osmolarity, reduced ability to form biofilms, and reduced survival in macrophage J774A.1. Therefore, we con-
clude that rpoE controls gene expression that contributes, at least in part, to B. pseudomallei adaptation to adverse

environmental conditions.

© 2005 Published by Elsevier B.V. on behalf of the Federation of European Microbiological Societies.

Keywords: Burkholderia pseudomallei; RpoE (AlgU); Oxidative and osmotic stresses; Biofilm; Intracellular survival

1. Introduction

Burkholderia pseudomallei is a Gram-negative bacte-
rium and is the etiological agent of melioidosis. The dis-
ease is endemic throughout south-east Asia and
northern Australia [1]. The bacterium is a saprophyte
found in soil and water, and transmission occurs
through direct contact via cuts and abrasions or by inha-
lation. The incidence of clinical melioidosis is estimated

* Corresponding author. Tel.: +66 2 418 0569; fax: +66 2 418 1636.
E-mail address: grsks@mahidol.ac.th (S. Korbsrisate).

to be 3.6-5.5 cases per 100,000 per annum in the north-
eastern part of Thailand [2]. At present, there is no vac-
cine available. Although there are many studies on viru-
lence factors [3], little is known about the genes involved
in stress tolerance by this bacterial pathogen.

To persist, adapt and survive within and outside their
human host, bacteria rely on regulatory mechanisms
that allow them to respond rapidly to stressful situa-
tions. The responses in Gram-negative bacteria such as
Escherichia coli can be localized in cytoplasmic and
extra-cytoplasmic compartments and are controlled by
distinct alternative sigma factors (RNA polymerase

0378-1097/$22.00 © 2005 Published by Elsevier B.V. on behalf of the Federation of European Microbiological Societies.
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subunits). The well-characterized cytoplasmic response is
co-ordinated by o [4]. The extracytoplasmic response,
in contrast, is less well defined and is controlled by at
least three partially overlapping signal transduction sys-
tems including the CpxRA and BaeSR two-component
system, and the o®-mediated system [5]. oF, encoded
by rpoE, is induced not only by heat or ethanol but also,
and uniquely, by disruption of protein folding in the per-
iplasm [6]. On activation, c" transcribes target genes
including those encoding chaperones and proteases
targeted to the cell envelope that will refold or degrade
misfolded proteins [6]. In E. coli, o* activity is under
the control of three genes, rseABC (for regulator of sig-
ma E), which are encoded immediately downstream of
the sigma factor [6,7]. This genetic organization (rpoE
rseA rseB rseC) is conserved in the genome of other bac-
terial species such as Pseudomonas aeruginosa. In this
bacterium, the organization is algUmucABCD. AlgU is
the functional equivalent to o® in E. coli [8]. Besides con-
tributing to the stress response, algU (™) also controls
alginate production by P. aeruginosa. The exopolysac-
charide (EPS) alginate has traditionally been considered
the major EPS of P. aeruginosa biofilms during cystic
fibrosis pathogenesis [9]. One of the most clinically
significant characteristics of biofilm communities is that
they are more resistance to antibiotics and host immu-
nity than are their free-living conditions [9].

Little is known about the adaptations of B. pseudo-
mallei for survival outside and inside the human host.
During infection, B. pseudomallei must survive major
environmental changes such as the presence of reactive
oxygen intermediates within phagocytic cells, changes
in osmolarity and even antibiotic treatment. To charac-
terize the cellular role of ¢, we identified the genomic
region that comprises the rpoE operon and investigated
its importance in B. pseudomallei survival under stress
conditions, and in biofilm formation. To accomplish
this, an rpoE operon mutant was constructed by inser-
tional mutagenesis in order to examine its response to
osmotic stress and reactive oxygen intermediates, its
ability to produce biofilms, and its survival within phag-
ocytic cells.

2. Materials and methods
2.1. Strains, media and growth

B. pseudomallei K96243 (kindly provided by Prof. T.
Dharakul) and E. coli S17-1Apir [10] were routinely
maintained in Luria-Bertani (LB) agar or broth.
Pseudomonas agar base supplemented with SR103 from
Oxoid (UK) was used as a selective medium to inhibit
growth of E. coli after conjugation. Antibiotics chloram-
phenicol (40 pgml™"), tetracycline (60 pgml™') and
ampicillin (100 pug ml~") were used as required. Where

needed, M9 minimal medium (Gibco, BRL) was supple-
mented with 2 M NaCl. Murine macrophage (J774A.1)
cell line was obtained from the American Type Culture
Collection (ATCC, Manasssas, Va.). Unless indicated
otherwise, cells were cultured in Dulbecco’s modified
Eagle’s medium (Gibco Laboratory, Grand Island,
NY) supplemented with 10% fetal bovine serum (Hy-
Clone, Logan, Utah) at 37 °C under a 5% CO, atmo-
sphere. Biofilm, motility and cell aggregation assays
were carried out as previously described [11-13].

2.2. Construction of a B. pseudomallei rpoE operon
mutant

An rpoE operon knockout mutant was constructed as
previously described [13]. Briefly, a 270-bp internal frag-
ment of the putative rpoE coding sequence (CDS) was
PCR amplified from B. pseudomallei K96243 genomic
DNA using primers ALG36 (5 CTC CAA ATA CCA
CCG CAA GAT 3') and ALG37 (5 TAT CCC TTA
GTT GGT CCG 3') corresponding to B. pseudomallei
rpoE nucleotide positions 78-98 and 332-349, respec-
tively. The 270-bp PCR product was cloned into the
EcoRV restriction site of the pKNOCK-Cm vector
[14] to create pPK-1. This construct was introduced
from E. coli S17-1ipir [10] into B. pseudomallei
K96243 by conjugation. An insertion mutant was se-
lected on Pseudomonas agar supplemented with SR103
containing chloramphenicol. Southern blot analysis
and PCR assay confirmed insertion of the rpoE suicide
plasmid at the correct location (data not shown).

2.3. RNA extraction and RT-PCR analysis

Extraction of total RNA by the modified hot acid
phenol method was carried out as described previously
[15]. For RT-PCR analysis, the rpoE-bprE-rse B-mucD
operon was reverse transcribed into cDNA (Invitrogen,
USA) then amplified with primers. The primers ALG58
(5" GCG GAG ATG ATG GGT TGC C 3') and
ALGS59 (5" GCG GGG CTG GGC GGA CAA C3)
were designed according to the rpoE and rseB genes of
the B. pseudomallei sequences. The primers ALG70 (5’
TTG CGG CGG GCG TGG TCG T 3') and ALG71
(5" AGG GCT GGC AGA TCG CAC C 3') were de-
signed on the basis of the rseB and mucD genes of B.
pseudomallei. PCR conditions were 35 cycles of 1-min
denaturation at 95 °C, annealing at 59 °C for 50 s, and
extension at 72 °C for 30 s.

2.4. Electron microscopy and stress response assays

To examine bacterial cell morphology by electron
microscopy, B. pseudomallei was cultured on tryptic
soy agar. After 48 h incubation, a small piece of agar
with bacterial cells on the surface was removed, fixed
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with 2% glutaraldehyde and subjected to processing for
transmission and scanning electron microscopy [16].

Susceptibility of B. pseudomallei to oxidative stress by
disc inhibition was performed as previously described
[13]. 6 ul of 1M H,0O, and 100 mM menadione were
used and the zone of growth inhibition around the disk
was measured after 24 h incubation. The measurement
of sensitivity to osmotic stress was tested essentially as
previously described [17].

2.5. Replication in a macrophage cell line

The ability of B. pseudomallei to replicate in a macro-
phage cell line was examined as previously described [18].
Briefly, macrophage cells were infected with wild-type
and mutant B. pseudomallei (kanamycin-sensitive
strains) at 37 °C in a 5% CO, atmosphere. After 2 h incu-
bation (T2), culture medium containing kanamycin was
added to completely kill residual extracellular bacteria.
The infected cell monolayers were subsequently lysed at
T4, T6 and T8 with 0.1% Triton X-100 (Sigma Chemical
Company). The intracellular bacteria released were
quantitated by dilution and plating on tryptic soy agar.
The colonies were scored after 24 h incubation at 37 °C.

2.6. Statistical analysis

Data were analysed for statistical significance by the
Student ¢ test. Differences with P values of <0.05 were
considered to be statistically significant.
3. Results and discussion

3.1. B. psecudomallei rpoE gene organization

According to the B. pseudomallei genome sequence
[19], the rpoE gene was identified on chromosome 1.

The predicted molecular weight of B. pseudomallei
RpoE was approximately 33 kDa (200 amino acids),
which is slightly larger than the 27.5 kDa (194 amino
acids) of P. aeruginosa RpoE (AlgU). Fig. 1 shows the
rpoE gene cluster in B. pseudomallei and its homology
with the rpoE operons of P. aeruginosa and E. coli.
The first downstream CDS, bprE (BPSL2435), is pro-
posed to be a putative sigma E factor negative regulator
(anti-sigma factor) of B. pseudomallei. The second and
third downstream CDSs were proposed to be rseB
(BPSL2434) and mucD (BPSL2433), respectively. We
could not find any CDSs downstream from rpoE or
other regions on the B. pseudomallei genome that had
putative amino acid sequence homology to E. coli RseC
and P. aeruginosa MucB and MucC. Based on three
known types of clusters encoding RpoE (AlgU): five-
gene, four-gene and three-gene clusters [20], the pre-
dicted rpoE gene cluster in B. pseudomallei correlates
with the four-gene cluster type. The absence of mucC
equivalents in some bacterial rpoE gene clusters has been
reported [20] and this suggests that mucC and its homo-
logs may have an optional or independent regulatory
function.

In E. coli, the rpoE gene is located in an operon
that includes three downstream genes, rsed, rseB
and rseC. The molecular role of the E. coli rpoE op-
eron has been described as the control of gene expres-
sion needed to assist cells in overcoming accumulation
of unfolded and misfolded outer membrane proteins
(OMP) in the periplasmic space [6,7,21]. Such OMP
intermediates could be generated upon exposure to
conditions such as heat, oxidative or osmotic stress.
The misfolded or unfolded OMP are recognized by
the protease DegS that degrades RseA, the anti-sigma
factor, thus releasing RpoE to interact with the RNA
polymerase core enzyme. The RNA polymerase holo-
enzyme directs expression of various genes of the c©
regulon, including periplasmic proteases and genes

P. aeruginosa —| alg(,>—( muc}>—{ mucB >—{muc>-( mucD >

amino acid identity 39

988 bp

No homology 529%

B. pseudomallei - rpoE:>-( bprE>( rseB >{ mucD

amino acid identity 619, 42 %

— 467bp ‘:l

70 71

26%

E. coli

rpoé—{ rseA>-{ rseB >»—

Fig. 1. Physical map of the B. pseudomallei rpoE operon (rpoE-bprE-rse B-mucD) and its relationship to the rpoE operons of P. aeruginosa and E. coli.
Numbers between operons indicate percentages of amino acid sequence identity. Location of primers ALG 58/59 and ALG 70/71 for RT-PCR

analysis of B. pseudomallei rpoE (algU) operon are indicated.
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involved in lipid and lipopolysaccharide metabolism
and in cell wall biogenesis [7,22]. In P. aeruginosa,
the oF homolog AlgU is negatively regulated by
MucA (RseA homolog) and MucB (RseB homolog)
by a mechanism similar to that for E. coli c* [8,20].
Since homologues of E. coli rseA and rseB are present
in B. pseudomallei and are organized in the same man-
ner as in E. coli and P. aeruginosa, it is highly likely
that regulation of B. pseudomallei RpoE employs a
similar mechanism to that in E. coli and P.
aeruginosa.

3.2. rpoE transcription and mutagenesis of rpoE operon

Reverse transcription-PCR (RT-PCR) with primers
located within the rpoE gene cluster (Fig. 1) revealed
that B. pseudomallei rpoE-bprE-rseB-mucD was tran-
scribed in a single transcriptional unit (data not shown).
This is consistent with the P. aeruginosa algU(rpoE) in
that algU(rpoE), mucA and mucB genes are co-tran-
scribed [20]. With this result, we reasoned that inactiva-
tion of rpoE gene in the rpoE knockout mutant, AL30,
would have a polar effect on the expression of down-
stream genes (bprE-rseB-mucD). In E. coli, rpoE 1is
essential for cell growth and its inactivation leads to cell
death unless a suppressor mutation arises [23]. How-
ever, in B. pseudomallei, rpoE mutants are viable.
Although the possibility of a suppressor mutation in
the rpoE operon mutant in B. pseudomallei cannot be

A K96243

ruled out, Salmonella enterica serovar Typhimurium
rpoE [24] and P. aeruginosa algU (an rpoE ortholog)
mutant [25] strains have been constructed and no sup-
pressor mutations have been reported for them. In addi-
tion, an amino acid sequence homology search could
not find any rpoE homologues in the B. pseudomallei
genome that might compensate for the mutation of
rpoE.

3.3. Morphological characteristics of the rpoE operon
mutant

The B. pseudomallei AL30 rpoE operon mutant had
a distinct colony morphology. Wild-type K96243 colo-
nies were uniform in size, with rounded colonies hav-
ing a single defined edge and a raised center. Mutant
colonies had ill-defined, double layered edges with the
outer layer less dense than the inner layer (data not
shown). This characteristic enabled primary differenti-
ation of AL30 from parental K96243 and clearly
showed that inactivation of rpoE and its regulators
affected bacterial phenotype. By transmission electron
microscopy, it was found that the majority of AL30
cells contained numerous vacuoles whilst the parental
strain K96243 contained only a few (Fig. 2A). Scan-
ning electron microscopy showed that AL30 cells were
connected to each other in a chain-like manner while
those of K96243 were aggregated in clusters (Fig. 2B).
In spite of differences in colony and cell morphology,

rpoE operon mutant

Fig. 2. Electron micrographs of B. pseudomallei K96243 and mutant AL30 after incubation at 37 °C for 48 h on tryptic soy agar. (A) By transmission
electron microscopy, the majority of the mutant cells contained numerous vacuoles while the parental strain K96243 contained few. (B) By scanning
electron microscopy, AL30 cells are connected in a chain-like manner while those of K96243 were aggregated in clusters.
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we were unable to demonstrate any alteration in cell
autoaggregation between the rpoE knockout mutant
(AL30) and the wild-type strain K96243 (data not
shown).

3.4. Sensitivity of tpoE knockout mutant to osmotic and
oxidative stress

Since AlgU (RpoE) from P. aeruginosa participates
in adaptation to adverse environmental conditions, we
reasoned that the rpoE operon fromB. pseudomallei
might do the same. Thus, we compared growth char-
acteristics of AL30 and K96243 under oxidative stress.
AL30 was significantly more sensitive than K96243 to
reactive oxygen intermediates on exposure to 100 mM
menadione (a superoxide generator) [P = 0.00005] and
1 M H,0, [P =0.004] (Fig. 3A) and to high osmolar-
ity using medium containing 2 M NaCl [P values after
2 and 6 h incubation were 0.013 and 0.0004, respec-
tively] (Fig. 3B). This is correlated with the role of
RpoE for tolerance towards reactive oxygen interme-
diates in P. aeruginosa [8]. The results suggest that
the rpoE sigma factor is important in the adaptation
of B. pseudomallei to high osmolarity and reactive
oxygen intermediates. Since B. pseudomallei, a sapro-
phyte found in soil and water, may be exposed to
dry and harsh osmolarity conditions in soil and water,
the capacity to adapt to these conditions is likely to
be important for their survival. In comparison with
other B. pseudomallei sigma factors, the role of sigma
factor rpoE in oxidative stress is similar to B. pseudo-
mallei sigma factor rpoS reported by Subsin et al. [26].
However, the B. pseudomallei rpoS knockout mutant
exhibited no significant difference with the wild-type
in sensitivity to osmotic stress [26].

>
v}

3.5. Reduced biofilm formation in the rpoE operon
knockout mutant

B. pseudomallei 1s an infectious pathogen able to
produce biofilms that may contribute to antibiotic
resistance [27] and resistance to the host immune system.
They may also improve survival during latency. P. aeru-
ginosa algU (rpoE) is known to tightly control
exopolysaccharide biosynthesis that eventually affects
biofilm formation. Our results revealed that the ability
of B. pseudomallei AL30 to form biofilms was reduced
by approximately 50% in comparison to K96243
(Fig. 3C). However, since AL30 retained some ability
to form biofilms, there must be other factors in addition
to RpoE involved in their formation.

The formation of biofilm is a multistep process that
requires the participation of structural appendages such
as flagella and type IV pilli [12]. Reduction in biofilm
formation in B. pseudomallei AL30 could be due to al-
tered activities of flagella. To test this, we compared
the motility of the mutant and wild-type strains and
no significant difference was observed (data not shown).
The ability of bacteria to form biofilms has been associ-
ated with their capacity to cause disease in the human
host [28]. By this reasoning, B. pseudomallei AL30
should be less virulent than the wild-type B.
pseudomallei.

Although the AL30 mutant had a reduced ability to
form biofilms like algU mutants in P. aeruginosa, no
ORFs homologous for enzymes in the alginate biosyn-
thesis pathway (i.e., algA, algF, etc.) were found in B.
pseudomallei genomic sequences (data not shown). Thus,
it is possible that algU (rpoE) in B. pseudomallei regu-
lates expression of a different type of exopolysaccharide
or some other factor that enhances biofilm formation.
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Fig. 3. Comparison of B. pseudomallei K96243 and its rpoE operon mutant (AL30) for sensitivity to stress and for biofilm formation. (A) Sensitivity
to killing by H,O, and menadione expressed as diameter of growth inhibition zones in mm. (B) Survival after exposure to 2 M NaCl where cell
viability was determined at 2 and 6 h and where 100% viability corresponds to the CFU count immediately following resuspension in 2 M NaCl. Data
shown are averages from three experiments. (C) Biofilm formation by B. pseudomallei K96243 and its AL30 mutant. The data are based on at least
three experiments and were analysed for statistical significance using the unpaired ¢ test.
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Immunofluorescence staining with B. pseudomallei anti-
exopolysaccharide (kindly provided by T. Atkins, UK)
showed no significant difference between K96243 and
AL30 (data not shown). Since mutagenesis of P. aeru-
ginosa algU (rpoE) has been reported to affect lipo-
polysaccharide (LPS) biosynthesis [9,22] then LPS
from AL30 and K96243 was extracted and compared
but no striking differences were found (data not
shown). However, our analyses cannot exclude more
subtle changes or a possible expression of other factors.
A comparative, two-dimensional gel electrophoresis or
microarray study of AL30 and K96243 may help to
identify AlgU regulated factors that play roles in bio-
film formation.

3.6. Effect of algU mutation on intracellular survival

B. pseudomallei is a facultative intracellular bacterium.
Once inside phagocytic cells, it has to withstand several
toxic substances including reactive oxygen intermediates.
Based on the finding that RpoE is involved in tolerance to-
wards menadione and H,0,, known to generate reactive
oxygen intermediates, it is suggested that RpoE could
contribute, at least in part, to the survival of intracellular
B. pseudomallei in oxidative stress environments such as
within phagocytic cells. To investigate this hypothesis,
we compared the ability of B. pseudomallei AL30 and
K96243 to survive within macrophage J774A.1. Fig. 4
shows that the percentages of intracellular bacterial sur-
vival for AL30 at T6 and T8 were significantly lower than
for parental K96243. The significantly reduced survival of
AL30 cells in macrophages supports the results from the
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Fig. 4. Intracellular survival of B. pseudomallei K96243 and its rpoE
operon mutant (AL30) in macrophage J774A.1. Intracellular survival
(%) = (number of intracellular bacteria after infection/number of
bacteria added per well) x 100. This graph shows the results from one
of three experiments, all of which gave similar results. Data are
expressed as means of intracellular survival (%) + standard deviations
of the means. Asterisks indicate significant differences between wild-
type and AL30 at T6 (P =0.019) and T8 (P = 0.004).

acellular assays indicating their decreased ability to with-
stand stress (i.e., oxidative stress) when compared to the
parental cells.

Many attempts have been made to complement the B.
pseudomallei rpoE operon mutant with either the rpoE
gene or rpoE operon. Unfortunately, no transformants
have ever been isolated. A possible explanation is that
high expression of rpoE may cause lethal effects on bac-
terial growth [29]. In addition, comparison of Southern
blot and PCR analyses between the B. pseudomallei
wild-type and rpoE operon mutant indicated the inser-
tional inactivation of the rpoE gene.

In conclusion, little is known about the regulatory
mechanisms that determine adaptation of B. pseudomal-
lei to environmental stress. rpoE and its potential nega-
tive regulators bprE-rseB-mucD have been identified
from the B. pseudomallei genome. Insertional inactiva-
tion of the rpoE operon affected morphology and a vari-
ety of responses including those related to osmotic
stress, oxidative stress, biofilm formation, and survival
within a macrophage cell line. Thus, we conclude that
the rpoE operon contributes, at least in part, to the sur-
vival of B. pseudomallei in stressful environments.
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