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ABSTRACT
Burkholderia pseudomallei is agram negative bacillus that is the causative agent
of melioidosis.

B. thailandensis is a non-pathogenic environmental organism that is

closely related to B. pseudomallei. Subtractive hybridization was performed between B.
pseudomallei and B, thailandensis in order to identify putative virulence determinants in
B. pseudomallei.

Sqreening of the subtraction library led to the identification of a

capsular polysaccharide found to be required for virulence.

Sequencing of the genes

involved in the biosynthesis of this polysaccharide revealed open reading frames
involved in the synthesis and export of group 3 capsular polysaccharides. The capsule
identified by this method was found to be the previously characterized type I 0polysaccharide of B. pseudomallei with the structure —3)-2-O-acetyl-6-deoxy--Dmanno-heptopyranose-(l-. However, due to genetic homologies, the importance of this
capsule in virulence, and its high molecular mass, this polysaccharide was concluded to
be a capsule.

Investigations into the role of this capsule in virulence determined that

capsule production by B. pseudomallei contributes to persistence of the organism in the
blood of the host through the inhibition of complement factor C3b deposition and
opsonophagocytosis.

Capsule production by B. pseudomallei can be correlated with

clinical infection since 100% of B. pseudomallei strains tested were found to produce
capsule. The presence of the capsule enables B. pseudomallei to survive in the blood and
spread to other organs, which may result in the overwhelming septicemia that is common
in culture-positive melioidosis patients. Characterization of the B. pseudomallei capsule
is essential for understandiiig the pathogenesis of B. pseudomallei infection and the
development of preventative strategies for the treatment of melioidosis.
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1. INTRODUCTION

2
1.1 Burkholderia pseudomallei and Burkholderia thailandensis

1.1.1 B. pseudomallei
Burkholderia pseudomallei, the etiologic agent of melioidosis, is agram negative,
facultatively anaerobic, motile bacillus that is responsible for a broad spectrum of
illnesses observed in both humans and animals (62, 86, 126). This organism is anatural
inhabitant of the soil and stagnant waters throughout South East Asia and northern
Australia, where it is endemic (26, 34, 86). It has also been isolated from other regions
that typically fall between 20 ° north and south of the equator, including China, the Indian
sub-continent, sub-Saharan Africa, France, Mexico, Brazil, and the Caribbean (62, 34,
35, 36).

Due to the lack of sophisticated laboratories in certain parts of the world the

diagnosis of melioidosis is difficult, and the true incidence of the disease is most
countries remains unknown (36).
B. pseudomallei is afree-living bacteria that is motile by means of lophotrichous
flagella (62, 126).

It is nutritionally diverse and can grow on a variety of organic

compounds (105). This organism may grow in temperatures ranging from 18-42 °C with
optimum growth at 37 °C. It can also survive changes in pH and is resistant to drying.
Colony morphology on solid media varies from smooth to rough, wrinkled colonies and
the colour of the colonies may range from faint brown to adefinite brown pigmentation
(158).

Sequence analysis has shown that the genome of this organism contains ahigh

proportion of G+C residues totalling as much as 68% of chromosomal DNA.
B. pseudomallei possesses the ability to survive and multiply within macrophages
suggesting it is an intracellular parasite (73, 110). In addition to being resistant to the

3
oxidative killing mechanisms of macrophages, the organism is also resistant to killing by
normal human serum in vitro (66). The resistance of B. pseudomallei to these substances
enhances the ability of this organism to evade the immune system and survive within the
host environment.

1.1.2 B. thailandensis
Burkholderia thailandensis is anon-pathogenic soil organism originally isolated
in Thailand (13, 14). It is agram-negative bacillus that is motile due to the presence of a
polar flagellum and grows at temperatures ranging from 25 to 42 °C.

Based on

biochemical, immunological, and genetic data, B. pseudomallel and B. thailandensis are
closely related species. However, these two organisms differ in anumber of ways. First,
the 16S rRNA sequence of B. thailandensis differs from that of B. pseudomallei by 15
nucleotides (13, 14). Second, the biochemical profiles of these two species differ in that
B. thailandensis can utilize L-arabinose, while B. pseudomallei does not (13, 14). The
most distinct difference between these two species, however, is their relative virulence.
The 50% lethal dose (LD 50) for B. pseudomallei in Syrian golden hamsters is <10
organisms whereas the LD 50 for B. thailandensis is approximately

106

organisms (14).

Infection by B. pseudomallei produces apronounced bacteremia (>lO cfulml) in these
animals, which is not seen with B. thailandensis infection (0 cfulml) (13).

It has also

been shown that the two species can be differentiated based on their propensity to cause
disease in humans. Environmental strains isolated in Thailand that are able to assimilate
L-arabinose are not associated with infection in humans wherease clinical isolates have
been found to be unable to utilize L-arabinose (142). In addition to this, B. thailandensis
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does not produce two of the capsular polysaccharides identified in B. pseudomallei and
lacks insertion sequences that are present in B. pseudomallei (89, 108, 134).

1.2 Melioidosis
Melioidosis is a glanders-like infection that was first described in 1912 in
Rangoon, Burma by British pathologist Captain A. Whitmore (158).

The disease is

primarily acquired via inoculation of the organism into cuts or abrasions that have been
exposed to contaminated water or soil. This would explain the prevalence of the disease
among rice farmers (26, 86). Another common route of infection is through inhalation of
dust' contaminated with the organism (62). Alternatively, ingestion of the organism and
human to human transmission are possible, though uncommon routes of infection (95).
To date there have been no reports of transmission of the disease between animals and
humans (86, 33). The incubation period has not been clearly defined, but can range from
2 days to 29 years (36, 86).

B. pseudomallei is often considered an opportunistic

pathogen and those individuals most susceptible include diabetics, alcoholics, and those
with chronic renal failure (26).
Acute,

sub-acute,

chronic,

and

manifestations of melioidosis (62, 63).

sub-clinical

forms

commonly

represent

The acute form of the disease may be further

'divided into the acute pulmonary and the acute septicemic forms.

Acute pulmonary

melioidosis is characterized by high fever and pulmonary distress followed by the
appearance of visceral abscesses. If left untreated death may result in afew days. Only
in aminority of patients with acute melioidosis is the primary presentation that of an
acute pneumonia (26). The acute septicemic form is very severe and is characterized by
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high fever, pneumonia, and multi-organ dissemination (26, 63).

The mortality of the

septicemic form is high due to shock, respiratory failure, and multi-organ failure,
especially if left untreated (26, 8).

The mortality rate of this form is 40%, even when

vigorously treated with the appropriate antibiotics (33, 62, 86, 153).
Sub-acute melioidosis can result from aprimary infection that remains sub-acute
or occurs as areactivation of aprevious infection (63). Most cases of melioidosis seen in
non-endemic areas belong to this group. This form is best characterized as aprolonged
febrile illness. The disease may be focal or disseminated with abscesses in many organs.
The lungs are predominantly affected and clinical manifestations can last for years.
Patients may be entirely asymptomatic (represented by radiograph only) or they may
present with a disease indistinguishable from pulmonary tuberculosis (63).

In many

instances death may occur within a few weeks to months in the absence of clinical
intervention.
Melioidosis may also present as a chronic form involving long-standing
suppurative abscesses in numerous sites in the body. Patients can have infections lasting
for years with minimal symptoms and even remain afebrile (63).
melioidosis produces minimal or no symptoms.

Sub-clinical

Both of these forms generally remain

undiagnosed until activated by atraumatic event or a decrease in immunocompetence
(63).
Infection by B. pseudomallei is extremely difficult to treat due to the ability of
this organism to resist the action of anumber of antibiotics and antimicrobial substances.
The organism is resistant to such agents as penicillin, ampicillin, first and secondgeneration cephalosporins, streptomycin, gentamicin, tobramycin, and polymyxins (86).

6
A few effective treatments include ceflazadime-cotrimoxazole, kanamycin-tetracycline,
and chioramphenicol-kanamycin (86).

However, even with aggressive antimicrobial

therapy recurrent infections are frequently encountered and the mortality rate remains
high.

1.3 B. pseudomallei Virulence Determinants
A number of both secreted and cell-associated antigens have been identified in B.
pseudomallei, however, the role of these products in virulence has only recently begun to
be elucidated. This has been due to the development of systems for genetic manipulation
of B. pseudomallei such as transposon mutagenesis and allelic exchange which has
provided investigators with the ability to identify putative virulence genes and assess the
involvement of these genes in the virulence of the organism (23, 42, 100). In addition to
this, comparative genomics techniques such as subtractive hybridization have been
implemented

to

identify

virulence

determinants

in B. pseudomallei

(20,

114).

Sequencing of the genome of B. pseudomallei was recently completed at the Sanger
Center. The availability of the genome sequences of these organisms will facilitate the
identification and isolation of putative virulence determinants in B. pseudomallei.

1.3.1 Secreted Antigens
Some of the earliest studies involving B. pseudomallei demonstrated that
intraperitoneal (i.p.) injections of filter sterilized B. pseudomallei supernatants were lethal
for mice and hamsters, suggesting that B. pseudomallei secreted a lethal toxin (105).
Other putative toxins have been identified, but not well characterized.

Ismail et al
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reported the purification of a thermolabile toxin corresponding to amolecular weight
(MW) of 31,000 Da (64, 65, 66). More recently, Haase et al reported the existence of
cytotoxin activity in B. pseudomallei culture filtrates (59). These results pointed to the
existence of a cytolethal toxin antigen of <10,000 Da, which is likely a polypeptide
molecule. In addition, Haussler et al purified acytotoxic exolipid from B. pseudomallei
NCTC 10274, consisting of two rhamnose molecules and two
acid

molecules

having

the

following

structure:

-hydroxytetradecanoic

2-O-a-L-rhamnopyranosyl-ci-L-

rhamnopyranosyl-f3-hydroxytetradecanoyl-I3-hydroxytetradecanoate (60).

This exolipid

was determined to be acidic in nature and 762 Da in size and exhibited toxicity on both
phagocytic and non-phagocytic cell lines.
action was most probable.

The authors proposed that a detergent-like

Although putative toxins have been identified in B.

pseudornallel, they have not been well characterized, and the genetic loci responsible for
their production have not been identified.
B. pseudomallei has also been shown to produce protease, lipase and lecithinase
activity (3, 44). The genes responsible for these enzymes were not identified, however, a
type II general secretory pathway (GSP) responsible for the secretion of these antigens
was identified and sequenced (44).

Virulence assessment of a B. pseudomallei

transposon mutant lacking the type II GSP revealed a3to 13-fold increase in the 50%
lethal dose (LD 50 )compared to the wild type, indicating that the products secreted by the
type II GSP likely play aminor role in B. pseudomallei pathogenesis (44).
A number of proteases have been identified in B. pseudomallei.

Studies by

Sexton et al reported the purification of a 36,000 Da metalloprotease from B.
pseudomallei supernatants (130). A serine metalloprotease of 50,000 Da was identified
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by Lee and Liu, and the gene encoding this protease was sequenced and designated mprA
(85).

The N-terminal sequence identified in the protease purified by Sexton et al was

present in the predicted amino acid sequence for mprA, suggesting that these are probably
the same protease (85, 130).

The specific role of this protease in B. pseudomallei

pathogenesis remains to be clearly defined, however, aprotease deficient mutant 316CW37 resulted in significantly less lung damage compared to the parent strain in arat
model of lung infection (130).

Studies by Burtnick et al have indicated that B.

pseudomallei may produce seven different proteases (22). This was achieved through the
identification of protease sequences in the B. pseudomallei genome sequence at the
Sanger Center.

One of the genes identified, nmp, was predicted to encode a neutral

metalloprotease and another, zmp, azinc metalloprotease (22). The results of the studies
by Burtnick et al suggested arole for these proteases in resistance to defensins, however,
further studies are required to confirm this (22). However, the LD 50 value for an nmp
mutant strain, IvLB700 was found to be 2 logs higher than the parent strain, indicating a
potential role for the nmp gene product in the pathogenesis of B. pseudomallel infections
(22).
Korbsrisate et al. described the cloning and characterization of aphosphatidyl
choline-hydrolyzing phospholipase C (PC-PLC) gene from B. pseudomallei (81).

The

enzyme encoded by this gene was predicted to comprise 700 amino acids resulting in a
protein with apredicted size of 73 kDa following cleavage of a34 amino acid predicted
signal sequence (81).

The expressed PC-PLC was shown to be heat stable and active

between pH 2-8. Antibodies against the PC-PLC protein were found to be present in the
sera of melioidosis patients by western blot analysis.

The authors suggested that this
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enzyme may be involved in the intracellular survival and cell-tocell spread of B.
pseudomallei within the host.
B. pseudomallei has been demonstrated to produce hemolytic activity on sheep
blood agar plates, however, only 4% of the strains examined produced strong hemolytic
activity (3).

These results by Ashdown and Koehler indicated that B. pseudomallei

produces two hemolysins, one strong hemolysin, which produces clear zones of ahemolysis, occurs infrequently and is heat labile, and one weak hemolysin that is heat
stable and produces small zones of hemolysis (3). The role of these putative hemolysins
in B. pseudomallei pathogenesis has not been defined.
B. pseudomallei has also been shown to produce asiderophore in order to acquire
iron fom the host.

A siderophore was purified from B. pseudomallei U7 and was

determined to be 1000 Da in size, water-soluable, and associated with ayellow-green
pigment (167). This siderophore was termed malleobactin and was shown to be able to
scavenge iron from both transferrin and lactoferrin (167, 168). In addition, Yang et al
determined that all 84 strains of B. pseudomallei tested produced siderophore by the
chrome azurol S (CAS) assay (167).

The role of malleobactin has been defined,

however, the genes associated with the production of this siderophore have not been
identified.
Recent studies on B. pseudomallei have led to the identification of genes encoding
at least three type III secretion systems (TTSS) (4, 112, 160, 161). Each of these systems
was predicted to be activated under specific conditions for the delivery of virulence
factors into target cells (4, 112, 160).

The products of these genes and their role in

pathogenesis have not been reported. However, one of the B. pseudomallei TTSS islands
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(TTSS3) demonstrated homology to the SPI-1 pathogenicity island from Salmonella
enterica required for host cell invasion (4). Recent studies by Stevens et al have focused
on aputative TTSS of B. pseudomallei that possesses homology to the InvfMxi-Spa type
III secretion systems of Salmonella sp. and Shigella sp., which are responsible for
invasion, escape from endocytic vacuoles, intercellular spread and pathogenesis (138). B.
pseudomallei mutant strains lacking components of this TTSS exhibited reduced
replication in J774.2 murine macrophage-like cells, an inability to escape from endocytic
vacuoles and acomplete absence of formation of membrane protrusions and actin tails
(138).

1.3.2 Cell-associated Antigens
A number of cell associated antigens have been identified in B. pseudomallei,
including LPS, EPS, flagella, and pili. B. pseudomallei and B. thailandensis are motile
due to the presence of flagella.

The role of the flagella in the pathogenesis of B.

pseudomallei infection was assessed using transposon mutants with disruptions in genes
essential for motility. A B. pseudomallei mutant harbouring atransposon integration in
the flagellin structural gene (fliC) was rendered non-motile, but no significant difference
in virulence between the mutant and the wild type in two animal models of infection was
noted (42). However, passive immunization studies demonstrated that polyclonal rabbit
sera containing antibodies to B. pseudomallei flagellin was protective in diabetic rats
challenged with B. pseudomallei, indicating apotential role for flagellin as a vaccine
candidate (12).
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B. pseudomallei has been shown to express pili on its surface, but these structures
remain relatively uncharacterized at the structural and genetic levels. Preliminary studies
have revealed the presence of two unlinked genetic loci demonstrating significant
homology to the type Ipili (flm) genes and the type IV pili (pi) genes (113). Further
studies are required in order to characterize the pili and to determine the role for these
antigens in virulence.
Initial studies involving the structural characterization of B. pseudomallei LPS
demonstrated the presence of two distinct 0-polysaccharide (0-PS) moieties designated
type I0-PS and type II 0-PS (80, 109). Type I0-PS is an unbranched homopolymer
having

the

structure

—3)-2-O-acetyl-6-deoxy-f3-D-manno-heptopyranose-(1-

molecular weight of around 200 kDa.
with

repeating

D-glucose

and

with

a

Type II 0-PS is an unbranched heteropolymer

L-talose

residues

having

the

structure

—3) f3 D-

glucopyranose-(1-3)-6-deoxy-c-L-talopyranose-(1-, in which about 66% of the talose
residues contain 2-0-acetyl substituents and the remaining 33% contain 2-0-methyl and
4-0-acetyl substituents. The type II 0-PS from B. pseudomallei has been shown to be
identical to that of B. thailandensis, and is responsible for the serum resistance phenotype
displayed by these organisms (13, 14, 43). B. pseudomallei transposon mutants lacking
type II 0-PS were shown to be susceptible to the bactericidal activity of 30% normal
human serum (43).

The genes involved in the production of type II 0-PS were

subsequently identified and sequenced (43). In addition, mutants lacking type II 0-PS
demonstrated reduced virulence relative to wild type B. pseudomallei in three animal
models of infection (43). Prior to the studies described herein, the characterization of the
type I 0-PS was incomplete, and the role of this polysaccharide in B. pseudomallei
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pathogenesis was undefined. This dissertation reports the characterization of the type I
0-PS and its reclassification as acapsular polysaccharide.
Studies to date have indicated that B. pseudomallei produces three other
structurally distinct exopolysaccharides (EPSs) (76, 93, 106, 134).

Steinmetz et al

generated amonoclonal antibody (mAb), designated MAb 3015 that was shown to be
specific for apolysaccharide distinct from 0-PS (106, 134).

This mAb was shown to

bind to an BPS stucture on the cell surface, resulting in acapsule-like appearance. This
EPS was purified from B. pseudomallei NCTC 7431 and determined to be a linear
tetrasaccharide repeating unit with the structure -3)-2-O-acetyl-3-D-Ga1p-(1-4)-a-D-Ga1p(1-3)-f3-D-Ga1p-(1-5)--D-KD0p-(2- (106, 134). The molecular weight of this EPS was
shown to be >150 kDa. Independantly, Masoud et al proposed the identical structure for
an BPS purified from B. pseudomallei 304b (93). The same BPS structure was purified
from B. pseudomallei NCTC 1688 by Kawahara et al, and was designated CP-lb (76).
This EPS has been shown to be present in B. pseudomallei, but absent from B.
thailandensis, suggesting arole in virulence (134).

In addition, sera from melioidosis

patients has been shown to react with purified BPS (93, 136).

Although evidence

indicates that the EPS is involved in virulence, the genetic locus involved in the
production of the BPS has not been identified, and the specific role of the BPS in B.
pseudomallei pathogenesis has not been defined.
Another EPS structure has been suggested by Steinmetz et al and Kawahara et al
(76, 134). Although the exact structure of this polysaccharide has not been determined,
this EPS, referred to as CP-2 by Kawahara et al, contains galactose, rhamnose, mannose,
glucose, and uronic acid in aratio of approximately 3:1:3:1:1(76). A report by Denisov
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identified a polysaccharide component from B. pseudomallei slime as having a sugar
composition similar to CP-2 (40).

Further characterization of this BPS is necessary in

order to determine its structural properties and role in virulence.
A third EPS from B. pseudomallei NCTC 1688 was identified by Kawahara et al
(76). This EPS has been designated CP-la and is thought to be a1,4-linked glucan. No
further characterization of this BPS has been reported.

1.4 Bacterial Capsules
Polysaccharide capsules are structures found on the cell surface of abroad range
of bacterial species. The polysaccharide capsule often constitutes the outermost layer of
the cell, and therefore is often involved in mediating direct interactions between the
bacteria and its environment. It is due to these interactions that polysaccharide capsules
have been implicated as important virulence factors for many bacterial pathogens.

1.4.1 Structure of Bacterial Capsules
Bacterial extracellular polysaccharides (EPS) may be classified as either capsular
polysaccharides (CPS), where the polysaccharide is intimately associated with the cell
surface, or as slime polysaccharides, where the polysaccharide is loosely associated with
the cell (154). Differentiation between these forms is difficult since CPS may be released
from the cell, giving the appearance of a slime polysaccharide (154).

In turn,

distinguishing between CPS and other cell surf
ace polysaccharides, such as 0-antigenic
moieties of lipopolysaccharide (LPS), may also be difficult, since CPS may be found
associated with LPS (154).
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Capsular polysaccharides are highly hydrated molecules that are over 95% water
(30). They are often linked to the cell surface of the bacterium via covalent attachments
to either phospholipid or lipid-A molecules, although some CPS may be associated with
the cell in the absence of amembrane anchor (154, 157). Capsular polysaccharides can
be either homo- or heteropolymers composed of repeating monosaccharides joined by
glycosidic linkages

(119).

The multiple hydroxyl

groups present within each

monosaccharide may be involved in the formation of the glycosidic bond, therefore, any
two monosaccharides may be joined in anumber of configurations, which leads to large
structural diversity among CPS types. In the case of human pathogens, alarge number of
different capsule serotypes have been identified, and certain CPS or Is'--antigens have
been associated with specific infections (119).

For example, the Escherichia coli Ki

antigen, ahomopolymer of a2,8-linked N-aeetylneuraminic acid (NeuNAc), is the major
cause of neonatal meningitis (117).
structural

diversity

in

While bacterial species may demonstrate great

synthesizing

capsules,

chemically

identical

polysaccharides may also be synthesized by different bacterial species.

capsular

The Neisseria

meningitidis group B capsular polysaccharide is identical to the Ki polymer of E. coli,
and the E. coli K18, K22, and K100 antigens have the same constituents and structure as
the Haemophilus influenzae serotype b capsule (56, 68). The conservation of CPS types
between bacterial species raises interesting questions regarding the evolution of capsules
and the transmission and acquisition of capsule biosynthesis genes (119).
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1.4.2 Genetics of Bacterial Capsules
The genetic loci necessary for the production of bacterial capsules are primarily
clustered at asingle chromosomal locus, which allows for the coordinate regulation of a
large number of genes that may be involved in both the biosynthesis and export of
capsular polysaccharides (119, 154). In most bacterial species, the capsule gene clusters
demonstrate conserved genetic organization (156).

The capsules of E. coli have been

classified into four groups based on genetic organization and biosynthetic criteria and
capsules of other bacteria may resemble these prototypes. Group 1capsules include the
E. coli 1(30 capsule and the capsules of Kiebsielia sp. and Erwinia sp. (156). Group 2
capsules include the E. coil 1(1 and KS capsules, as well as the capsules produced by
Neisseria sp. and Haemophilus sp.

Group 3 capsules include the E. coil K10 capsule.

Group 4capsules include the capsules of E. coil K40 and 0111. Both group 2and group
3capsule gene clusters are organized into 3regions. Regions 1and 3are involved in the
export and modification of the capsular polysaccharides and are conserved between
members of the group, while region 2contains the genes responsible for the biosynthesis
of the capsule and is usually serotype specific (119, 156).

Generally these regions are

organized into one transcriptional unit and the regions within the capsule locus are
divergently transcribed (119, 156).

In addition, some genes within a region may be

translationally coupled, such as the kpsU and kpsC genes in group 2E. coil capsules, and
the kpsM and lcpsT genes in group 3 E coli capsules, which allows for balanced
expression of two proteins (119).
Group 2and group 3capsules are co-expressed with many different 0 serogroups,
are exported by an ABC-2 exporter system, and are linked to the serA locus (156).

16
Although their genetic organization is similar, there are some differences in the genetic
composition and organization between the two groups (156). Region 1of the group 2
capsule locus contains six genes designated kpsFEDUCS in E. coli, while region 1 of
group 3 capsule loci contains the genes kpsDMTE (156). Region 3 of group 2 capsule
loci contains the kpsMT genes, while in group 3 capsule loci, region 3 consists of the
kpsC and kpsS genes (156). The lcpsF and kpsU genes present in group 2capsule loci are
not present in group 3three capsule loci (156).
The A+T composition of capsule gene clusters is often significantly higher than
the rest of the chromosome, suggesting acommon ancestry of capsule genes in gramnegative bacteria (53).

It is likely that these A+T rich regions have been horizontally

transferred between bacterial species.

In addition the A+T ratio of region 2 DNA of

group 2E. coli capsule gene clusters compared to regions 1and 3confirms that capsule
diversity has been achieved in part through the acquisition of different region 2sequences
(119).

1.4.3 Role of Capsules in Virulence
The production of apolysaccharide capsule is widespread in pathogenic bacteria.
A number of functions have been assigned to bacterial capsules including: prevention of
dessication, adherence, resistance to non-specific host immunity, resistance to specific
host immunity, and mediating the diffusion of molecules through to the cell surface (119,
154).
Capsules may form ahydrated gel around the surface of the bacterial cell, which
may protect the bacteria from the harmful effects of dessication (118). This may increase
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the survival of encapsulated bacteria outside of the host, promoting the transmission of
pathogenic bacteria from one host to another (119).

Mucoid isolates of E. coli,

Acinetobacter calcoaceticus, and Erwinia stewartii are more resistant to drying than
isogenic nonmucoid strains (107). Studies with E. coli have shown that the expression of
genes encoding for the colanic acid capsule is increased by dessication (107).
addition,

In

alginate production by Pseudoinonas aeruginosa is triggered by high

osmolarity, which may be aconsequence of dessication (5).
Capsular polysaccharides may promote the adherence of bacteria to both surfaces
and other bacterial cells, which may facilitate colonization of aparticular niche and may
lead to the formation of biofilms (29). Cell-surface polysaccharides have been shown to
mediate the attachment of bacterial cells to one another, leading to bioflim formation and
persistence of the organisms during colonization (69, 154). The formation of abioflim
may present a number of advantages to the colonizing bacteria, including nutritional
advantages, resistance to bacteriophages, and resistance to antibiotics (55, 119).
Capsular polysaccharides are one of the components responsible for resistance to
the non-specific immunity of the host.
resistance

to

non-specific

complement-mediated

host

The presence of acapsule is thought to confer

defense

opsonophagocytosis

mechanisms
(119).

such

Bacterial

as

complement

capsules

and

may resist

complement-mediated killing by providing a permeability barrier to complement
components, which masks the underlying cell surface structures that activate complement
(61).

Capsular polysaccharides containing sialic acid are poor activators of the

alternative pathway of complement because they bind factor H (97).

This promotes

binding of complement factor C3b to factor I, leading to the degradation of C3b and
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preventing the formation of the membrane attack complex (51). The capsule may also
act in concert with 0-antigens to confer resistance to complement-mediated killing (78).
As a result, a combination of cell surface structures is responsible for conferring
resistance to killing by the complement cascade (119). Finally, capsules are responsible
for resistance to complement-mediated opsonophagocytosis. This resistance may be due
to steric effects, which results in the capsule acting as a barrier between the C3b
deposited on the bacterial surface and the C3b receptors present on phagocytes (119).
Alternatively, the resistance to opsonophagocytosis may be due to the net negative charge
of the polysaccharide capsule (101). The resistance of bacterial capsules to complementmediated killing is discussed further in section 1.5.
Capsules may also confer resistance to the specific immune response of the host.
Although most capsular polysaccharides can elicit an immune response, some capsules
are poorly immunogenic (119).

Examples of such capsules include those containing

NeuNAc, such as the E. coil 1(1 capsule or the capsule of Neisseria meningitidis
serogroup B, and the E. coil K5 capsule, which is similar to desulfoheparin (6, 147).
Because these capsules are structurally similar to polysaccharides encountered on host
tissue, these capsules are poorly immunogenic, and elicit apoor antibody response in the
host (50, 88, 165).

1.5 The Complement Cascade
One of the principle components of the innate immunity of the host is the
complement cascade.

The complement system is

comprised of a number of

glycoproteins that circulate in the blood and enter the tissues (70, 124). These proteins
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interact in aseries of reactions leading to the production of biologically active cleavage
fragments capable of promoting opsonization and direct cell damage of invading
microorganisms (70).

The activation of the complement system may be initiated by

either of two pathways: the classical pathway or the alternative pathway (123). The two
pathways contain more than 30 separate activation and regulatory molecules and at least
7complement receptors (41, 72). Aside from the elimination of microbial pathogens, the
benefits of complement activation for the host include the development of an
inflammatory response and the removal of immune complexes (41).

1.5.1 Classical and Alternative Pathways of Complement
The antibody-dependant or classical pathway (CP) is generally activated by the
interaction of antibody with an antigenic surface (70). Activation involves the binding of
the complement component Cl to the Fe portion of the antigen-bound antibody (Figure
1) (41). This results in the activation of the Cl molecule, which leads to the generation
of an enzyme, Cl esterase, capable of interacting with and cleaving the next two
components of the cascade, C4 and C2. The cleavage of C4 results in the production of
C4a and C4b.

The C4b molecule binds covalently to the antigenic surface where it is

capable of binding to C2. C2 bound to C4b can be cleaved by the Cl esterase to form a
complex of C4b2a, known as the C3 convertase, capable of cleaving 0 into C3a and
Ob. Following cleavage, the small fragment Oa, with various inflammation-promoting
properties, is released from the C3b molecule.

C3b can bind covalently to the

complement-activating surface where it can also bind C5.

The C4b2a3b enzyme

complex is capable of cleaving bound C5, leading to the release of another biologically
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important fragment C5a, which contributes to the development of the host inflammatory
response. The larger fragment C5b can interact with C6 (C5b6), and this complex can
associate non-covalently with biological membranes.

With the association of the

molecule C7, the C5b67 complex can insert into the lipid bilayer of the invading cell. In
the presence of the complement components C8 and C9, the membrane attack complex
comprised of C5b, C6, C7, C8, and C9 (C5b6789) is formed (94).

This complex is

capable of forming apore in the membrane of the invading microorganism, causing the
cell to lyse due to its inability to maintain osmotic stability (70).
The alternative pathway is generally considered to be the older pathway
phylogenetically and is considered to be an early warning system that allows the naïve
host to respond to an invading pathogen before the development of specific antibody
(72). The antibody-independent or alternative pathway (AP), is activated by the binding
of circulating C3 or C3b, acleavage product of C3, to aforeign surface (Figure 1) (70,
123).

In the presence of factors B and D the C3 convertase, C3bBb, is formed.

The

stability of the C3 convertase is provided by the binding of an additional protein,
properdin. Once C3b is bound to an activating surface, the latter components C5 to C9
can bind and activate, leading to the assembly of the membrane attack complex in
precisely the same manner as occurs through the activation of the classical pathway. The
covalent binding of C3 or C3b to an invading microorganism usually occurs via an amide
or ester linkage through the carboxyl of athioester group (70). In the case of bacteria, C3
and

C3b

generally bind

covalently to

components

of the bacterial

cell wall,

lipopolysaccharide, and some bacterial capsules (70). The covalently bound C3 or C3b
can then interact with proteins of the alternative pathway to yield aC3-converting
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Figure 1. The complement cascade.

Complement activation by both the classical and

alternative pathways is indicated. Within each pathway the components are arranged in
order of their activation.

Both pathways converge leading to the formation of the

membrane attack complex, resulting in cell lysis and death of invading microorganisms
(41).
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enzyme capable of amplifying C3and C3b binding. Any C3 that is not stabilized by the
association with factor B may become associated with another factor, factor H, which
results in the degradation of C3 by factor Iinto C3bi and subsequently C3c, C3dg, and
C3d. Complement factor C3 is considered the critical reactant of the alternative pathway
because amplification of C3 and C3b binding results in the generation of more of the C3
convertase, which leads to increased activation of the complement cascade and assembly
of the membrane attack complex, as well as increased opsonization and the recruitment of
phagocytes to facilitate clearance of the invading bacteria (41).

Since the alternative

pathway is typically initiated without the requirement of specific antibody, this pathway
is essential for the removal of invading bacteria in anon-immune host.

1.5.2 Opsonization by Complement
One of the major functions of the complement cascade is opsonization of invading
microorganisms (Figure 2) (70, 124).

Through the classical pathway, opsonization of

invading bacteria results from the binding of specific antibody to an antigenic surface.
The bound antibody facilitates the clearance of microorganisms by phagocytic cells
which have surface receptors specific for the Pc portion of the antibody.

Through the

alternative pathway opsonization occurs through the deposition of complement factor
C3b and the generation of the C3 convertase.

Complement factor C3b and its

degradation product, C3bi, are capable of binding to phagocytic cell receptors.

The

receptor with the greatest affinity for C3b, termed complement receptor 1 (CR1), is
present on the surface of erythrocytes, neutrophils, monocytes, B cells, subpopulations of
T cells, and follicular dendritic cells (41).

The CR1 receptor mediates a number of
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functions of the complement cascade such as immune complex clearance, but in the case
of invading bacteria, the function of the CR1 receptor is to mediate the ingestion of C3bbearing bacteria by phagocytic cells (41). CR1 is poorly expressed on resting circulating
phagocytic cells, but its expression is up-regulated in the presence of stimuli such as C5a
(70). A second receptor, CR3, has ahigh affinity for Obi, facilitating phagocytosis of
microorganisms with C3bi covalently bound to their surface.

Opsonization of bacteria

through both pathways would not be achieved without the generation of the small
molecules C3a, C4a, and C5a, the anaphylatoxins, which stimulate mast cells to release
histamines (C3a), promote vascular dilation (C3a, C4a), increase endothelial permeability
(C3a), and stimulate neutrophil responses (C5a) (41). This facilitates the movement of
phagocytes to the site of infection (124).
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Figure 2. Opsonization of abacterium by activated complement component C3b and
antibodies. Phagocytic cells have surface receptors that bind C3b and the Fc portion of
antibody to facilitate uptake and clearance of invading pathogens (124).
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1.5.3 Bacterial Strategies for Evading Complement
One of the best characterized strategies of complement evasion is preventing the
formation of an effective membrane attack complex (MAC).

This is known as serum

resistance and is mediated by bacterial lipopolysaccharide (LPS) (124).

LPS serves as

the attachment site for C3b, as well as C5b, enabling it to serve as the nucleation site for
the formation of the MAC.

Increases in the length of the LPS 0-antigen side chains

prevent effective MAC formation.

It is not clear how 0-antigen side chain length

prevents MAC killing, since C5b and some of the MAC components may still attach. It
is possible that the MAC forms too far from the bacterial outer membrane to exert a
bactericidal effect (124). The idea that the 0-antigen of LPS imparts asteric barrier to
the access of the C5b-9 complex is supported by studies performed with Salmonella
montevideo demonstrating that the strain was serum resistant when more than 20% of the
LPS molecules were long-chain LPS (greater than 13 O-polysaccharide subunits), and
serum sensitive when less than 20% of the LPS molecules were long chain (57, 72). A
number of gram-negative bacterial pathogens have been shown to be serum resistant due
to the O-polysaccharide moiety of their LPS including P. aeruginosa, Campylobacter
fetus, E. coli, and B. pseudomallei (43, 71, 127). Gram-positive bacteria are uniformly
resistant to the lytic effects of the complement cascade due to the inability of the MAC
complex to penetrate the thick peptidoglycan layer (72). An indication of the importance
of this trait is that many bacteria that cause systemic infections have been demonstrated
to be serum resistant (124).
Another strategy for evading complement is microbial shedding of molecules that
deplete or destroy complement components (72). This may occur in the vicinity or even
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at a distance from the organism and results in blocking complement deposition on the
bacterial surface. Any microbial cell wall constituent that activates complement and that
is released normally or with cell death could possibly block complement deposition by
this mechanism (72).

The copious mucoexopolysaccharide slime of Pseudomonas

aeruginosa is thought to deplete complement components by activating the alternative
pathway away from the bacterial cell (84).

In addition, the elastase produced by P.

aeruginosa is capable of cleaving anumber of complement molecules (129).
One of the major ways that microorganisms may evade complement is by
presenting structures to the environment that are not complement-activating surfaces.
Bacterial capsules are aclassic example of structures that prevent or hinder complement
activation (72).

Generally neither gram-positive nor gram-negative bacterial capsules

activate the alternative pathway.

Bacterial capsules are only somewhat permeable to

complement components and therefore they slow the diffusion of C3b molecules through
to the bacterial surface for the binding and activation of complement (124). In addition,
bacterial capsules acts as abarrier blocking the access of the complement receptors on
phagocytic cells to the complement fragments deposited on the bacterial surface (17).
Thus, even though the complement cascade may be activated, the deposited complement
molecules are ineffective in promoting ingestion by phagocytic cells (72).
Sialic acid-containing capsules such as those of Escherichia coli K-i, Neisseria
meningitidis type B and C, and type III group B streptococci are poor activators of the
alternative

pathway

of

complement

(72).

Sialic

acid

and

sulfated

acid

mucopolysaccharides such as heparin sulfate are present on most human cells and
enhance the affinity of factor H for C3b, thereby contributing to the non-activator status
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of host cells by promoting C3b degradation (77).

From the standpoint of bacterial

infections, sialic acid capsules have ahigh affinity for factor H, and therefore promoting
the degradation of C3b abolishes further alternative pathway activation, providing these
organisms protection from the lethal effects of complement (124).

In addition, these

capsules constitute a poor stimulus for antibody production, since sialic acid is a
component of host cells (41).
Capsular polysaccharides of Streptococcus pneumoniae are also poor activators of
complement (72). Studies on alternative pathway activation on the capsule of type 7S.
pneumoniae have demonstrated inefficient binding of factor B to C3b, thereby promoting
the degradation of C3b and inhibiting complement activation (19). The type 7capsule of
S. pneumoniae has also been correlated with decreased C3 binding which results in
ineffective alternative pathway activation (18).
The Haemophilus influenzae type B capsule is also a poor activator of
complement due its composition (72).

The H. influenzae capsule is composed of

polyribose phosphate, which has been demonstrated to be incapable of serving as an
acceptor for covalent C3 deposition (87). Although subeapsular structures may activate
complement, the inhibition of C3 binding by this capsule contributes to survival of the
organism in the serum by limiting complement activation.
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1.6 Thesis Objectives
Although some B. pseudomallei virulence factors have been identified, relatively
little is known about the pathogenesis of melioidosis. The objective of this research was
to identify and characterize the genetic determinant(s) responsible for the enhanced
virulence of B. pseudomallei. In order to achieve these objectives, amethod combining
subtractive hybridization, insertional mutagenesis, and animal virulence studies was
utilized.
Our current hypothesis suggests that B. pseudomallei contains DNA encoding for
virulence genes that may have been acquired by horizontal transfer recently in evolution.
It is possible that these genes are located on a pathogenicity island that exists in B.
pseudomallei, but not in B. thailandensis which would account for the difference in
virulence between these two species.

In order to test this hypothesis, we identified a

number of specific aims, which are outlined as follows:

1.

To screen apreviously constructed PCR-based subtractive hybridization library

between B. pseudomallei and B. thailandensis that contains DNA sequences unique to B.
pseudomallei.

2.

To utilize these DNA sequences to insertionally inactivate these genes in wild

type B. pseudomallei and assess their role in virulence using an animal infection model.
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3.

To clone and sequence the genes encoding for the virulence determinant(s)

identified and to define the mechanism of action of the gene products, specifically to
identify the role of these gene products in pathogenesis.

4.

To investigate the ability of these gene product(s) to act as protective antigens in

animal infection models.

5.

To determine if the virulence determinant(s) identified by this method are

associated with apathogenicity island and to identify aputative pathogenicity island in B.
pseudomallei.
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2. MATERIALS AND METHODS
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2.1 Screening of the B. pseudomallei B. thailandensis Subtraction Library.
-

2.1.1 Bacterial strains, plasmids and growth conditions.

The bacterial strains and

plasmids used in Results sections 3.1-3.5 and 3.7-3.10 are described in Table 1.

B.

pseudomallei, B. thailandensis, B. cepacia, B. stabilis, B. multivorans, B. vietnamiensis
and E. coli were grown at 37 °C on Luria-Bertani (LB) broth base (Becton Dickinson)
agar plates or in LB broth. B. mallei was grown at 37 °C on LB plates or in LB broth
supplemented with 4% glycerol and at pH 6.8. For animal studies, B. pseudomallei and
B.

thailandensis cultures were grown at 37 °C in TSBDC medium (13).

appropriate, antibiotics were added at the following concentrations:
(Tc), 100

When

50 tg tetracycline

g streptomycin (Sm), 100 pg polymyxin B (Pm), 100 tg trimethoprim (Tp),

25 pg gentamicin (Gm), and 25 j.tg kanamycin (1Cm) per ml for B. pseudomallel and 100
jig ampicillin (Ap), 25 and 50

tg kanamycin, 15 pg tetracycline, and 1.5 mg

trimethoprim per ml for E. coli. Antibiotics were purchased from Sigma (St. Louis, MO)
and Invitrogen Life Technologies (Carlsbad, CA).

All B. pseudomallei and B. mallei

strains were grown in the Level 3Biocontainment Facility at the University of Calgary
Health Sciences Center.

2.1.2

Screening of the subtraction library.

Subtractive hybridization between B.

pseudomallei and B. thailandensis was carried out previously by Dr. D. DeShazer using a
PCR-Select bacterial genome subtraction kit (Clontech) as recommended by the
manufacturer except that the hybridization temperature was increased from 63 °C to 73 °C
due to the high G+C content in the genomes of these species (114).

The subtraction
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library was screened by sequencing of the tester-specific DNA fragments.

The library

containing random clones was diluted in sterile phosphate-buffered saline (PBS) to iø
and 100 p1 was plated on LB plates containing 50 jig/ml kanamycin and 1 mm
isopropylthio-3-D-galactoside (IPTG).

Individual colonies were picked and grown

overnight at 37 °C in LB with kanamycin (50 jig/ml). Plasmid DNA was isolated using a
mini-prep plasmid isolation kit (Qiagen). Automated DNA sequencing was performed by
the University of Calgary Core DNA Services (University of Calgary). The M13 forward
primer (dGTAAAACGACGGCCAGT) was used to initiate sequence reactions with the
subtractive hybridization clones. DNA sequences were analyzed for homology using the
BLASTX program through GenBank at NCBI.
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Table 1. Bacterial strains and plasmids used in "Results" sections 3.1, 3.2, 3.3, 3.4, 3.5,
3.7, 3.8, 3.9, and 3.10.

Strain or Plasmid

Description

Reference

Strains
E. coli
SM 10

Mobilizing strain, transfer genes of RN

131

integrated in chromosome; Km', Sm S

SM102pir

SM1O with a,% prophage carrying the gene

98

encoding the 7c protein

SURE

e14 (mcrA) L(mcrCB-hsdSMR-mrr)171

Stratagene

endAl supE44 thi-1 gyrA96 reM] lac
recB recJsbcC umuC: :Tn5 uvrC
F'proAB lacP ZtM15 Tn1O];
DH5a

TOP1O

V

480dlacZLM15

[

Kid Te r

A(lacZYA-argF) U]69

Bethesda

endAl recAl hsdRl 7deoR thi-1 supE44

Research

gyrA96 relAl

Laboratories

V mcrA A(mrr-hsdRMS-mcrBC)

Invitrogen

480lacZLM15 tXlacX74 deoR recAl araDJ39

36

L(ara-leu)7697 galUgalK rpsL(Str') endAl
nupG
XL1 0-Gold

Tc

(mcrA) 183 AmcrCB-hsdSMR-mrr)

Stratagene

173 endAl supE44 thi-1 recAl gyrA96
relAl lac Hte[Ft proAB lacY' Z AMI.5
Tn1O (Tc') Amy Cam']

B. pseudomallei
1026b

Clinical isolate; Km', Gm', Sm',

42

Pm', TcS
,TpS
SR1O15

1026b: pSR1015; Sm', Tc'

This study

SR1O16

1026b: pSR1016; Sm', TcR

This study

DD503

1026b derivative; allelic exchange

100

strain; 1(amrR-oprA)(Krri5 Gras Sm8);
rpsL (Sm')
PB4O1

DD503 derivative; LfiiC

Brett et al.,
unpublished

SR1001

DD503 derivative; L\fliC, wbiE::aacCl;

This study

Gm'
SLR5

SR1001 derivative; wcbB::Tn5-0T182;
Tc'

This study

37
SLR8

SRi 001 derivative; wzt2: :Tn5-0T182;

This study

TcR
SLR13

SR1001 derivative; wcbP::Tn5-0T182;

This study

Tc'
SLR18

SR1001 derivative; wcbE::Tn5OT182;

This study

Tc'
SLR19

SR1001 derivative; wcbH::Tn5-0T182;

This study

TcR
SR2O1::Tp

DD503 derivative; wcbC::Tp

This study

SR202::Tp

DD503 derivative; wcbA::Tp

This study

SR203::Tp

DD503 derivative; yafJ::Tp

This study

SR205::Tp

DD503 derivative; wcbR::Tp

This study

SR209::Zeo

DD503 derivative; wzt2::Zeo

This study

SR211::Tp

DD503 derivative; wcbT::Tp

This study

B. thailandensis
E264

Soil isolate; LPS contains only type II
0-PS

B. mallei
NCTC 10260

B. cepacia complex

14

38
B. cepacia (Genomovar I)
CEP5O9

CF a isolate, Australia

91

B. multivorans (formerly B. cepacia Genomovar II)
C5393

CF isolate, Vancouver, Canada

91

CF isolate, Toronto, Canada

37

B. cepacia (Genomovar III)
K56-2

B. stabilis (formerly B. cepacia Genomovar IV)
CEPO717

CF isolate, Calgary, Canada

H. Rabin

CBP0467

CF isolate, Edmonton, Canada

J687

Non-CF isolate, France

146

CBP0726

CF isolate, Calgary, Canada

H. Rabin

LMG14291

CF isolate, Belgium

146

LMG7000

Blood isolate, Sweden

146

LMG14294

CF isolate, Belgium

91

B. Mahenthiralingham

B. vietnamiensis (also known as B. cepacia Genomovar V)
LMG10929

Rice root isolate, Vietnam

91

Positive selection cloning vector;

99

Plasmids
pSKM1 1

IncP mob; ColEl on; Ap', TcS

39
pPCR

pBluescript II SK(+) derivative; AP R

pZErO-2.1

Positive selection cloning vector;

9

Invitrogen

ColEl; KmR
pPCR2. 1-TOPO

Topoisomerase-mediated cloning vector;

Invitrogen

Ap'Km'

pDD1O15

Subtractive hybridization product

This study

cloned into pZErO-2. 1Km'
pDD1O16

Subtractive hybridization product

This study

cloned into pZBrO-2.1 Km'
pSR1O15

Kpn I-X7io Ifragment from pDD1O15

This study

cloned into pSKM1 1APR Tc'
pSR1O16

Kpn I-X7io Ifragment from pDD1O16

This study

cloned into pSKM1 1Ap' Tc'
pSR1O15Bg

8kb Bgl II fragment from SR1O1S

This study

obtained by self-cloning; APRTcR
pOT182

pSLJP1O2(Gm)::Tn5-0T182;
Cm' Gm'

pSLR5B

APR

96

Tc'

8kb BamHI fragment from SLR5

This study

obtained by self-cloning; APR
pSLR5H

10 kb Hind III fragment from SLR5

This study

obtained by self-cloning; APR
pSLR13H

9kb Hind III fragment from SLR13

This study
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obtained by self-cloning; APR
p34E-oriTp

Vector containing self-cloning Tp

Brett, et al.,

cassette; dhfrllb-p15A oriV

unpublished
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2.2 Identification of a B. pseudomallei Capsular Polysaccharide as a Virulence
Determinant.

2.2.1

Construction of B. pseudornallei SR1O15.

The DNA insert from pDD1O15, a

subtractive hybridization product that demonstrated homology to the wbpX gene from
Pseudomonas aeruginosa, was cloned as a Kpn I-X7zo Ifragment into a mobilizable
suicide vector, pSKM1 1 (Table 1).

The 373 bp fragment was ligated to pSKM11

digested with the same enzymes to create pSR1015.

SM10(pSR1015) was conjugated

with B. pseudomallei 1026b using apreviously described protocol (42). Transconjugants
were selected on LB agar plates containing Tc (50 tg/ml).

2.2.2 Immunogold

electron

microscopy analysis

of B. pseudornallei SR1O1S.

Immunogold electron microscopy was performed as previously described (43). Briefly,
bacteria were grown to logarithmic phase and placed on aFormvar-coated nickel grid
(400 mesh) for 2 mm.

The grid was blocked for 30 mm. with 0.5% bovine serum

albumin (BSA) in PBS, and a 1:100 dilution of the primary antibody was added for 30
mm.

The primary antibody used was polyclonal rabbit antiserum raised to a B.

pseudomallei 0-PS-CPS-flagellin protein conjugate that had been absorbed with
formalin-fixed B. thailandensis E264 to remove the antibodies directed against 0-PS (12,
21). The grid was washed three times with PBS/BSA, and a1:50 dilution of agoat antirabbit IgG gold conjugate (5 nm; Sigma) was added for 30 mm. The grid was washed
three times with PBS/BSA, three times with dH2O, and examined on aHitachi H-7000
electron microscope.
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2.2.3

Enzyme-linked immunosorbant assay.

Enzyme linked inimunosorbent assays

for the presence of EPS and 0-PS were carried out as previously described (43).
wells of amicrotiter plate were coated with approximately

106

The

bacteria in 100 jil of 0.05

M carbonate buffer pH 9.6 and incubated at 37 °C for 2hours. The wells were washed
with PBS containing 0.05% Tween-20, blocked with 3% skim milk in PBS-Tween at
37 °C for 1hour and washed again. For the detection of BPS (Gal-Gal-Gal-KDO), the
primary antibody, aB. pseudomallei BPS-specific monoclonal antibody (MAb 3015),
was added at adilution of 1/100, followed by incubation at 37 °C for 1hour (135, 136).
To determine the presence of 0-PS, the primary antibody, a B. pseudomallei 0-PS
specific MAb (Pp-PS-W), was added at adilution of 1:500 followed by incubation for 1
hour at 37 °C (21). The wells were washed, the secondary antibody, agoat anti-mouse
IgG HRP conjugate (Sigma) was added at a1:1000 dilution, and the plate was incubated
as described. The wells were washed again, and the HRP development substrate (BioRad Laboratories) was added for 30 mm.

The optical density at 405 nm (0D405) was

determined using an ELISA reader.

2.2.4

Western blot analysis of whole cell extracts.

Preparation of the samples for

Western blot analysis was carried out as previously described (21). Briefly, cells from
overnight bacterial cultures (50 jfl) were collected by centrifugation, washed once in
PBS, and resuspended in lysis buffer (4% SDS, 10% glycerol, 5% 3-mercaptoethanol and
bromophenol blue in 1M Tris buffer pH 6.8). The samples were boiled for 5mm. and
then treated with 25 jig of Proteinase K (dissolved in 10 j.xl of lysis buffer) for 1hour at
65 °C.

Samples were subjected to SDS-polyacrylamide gel electrophoresis (12%
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acrylamide) and electrophoretic transfer of the samples to anitrocellulose membrane was
performed using aTrans-Blot Cell (Bio-Rad Laboratories) operating at 40 V overnight at
4°C according to the method of Towbin et al. (141).

Immunoassay was performed as

previously described using a 1:250 dilution of the primary antibody, polyclonal rabbit
antiserum raised to aB. pseudomallei O-PS-CPS-flagellin protein conjugate (12, 21).
Tris buffered saline (TBS) was used as the buffer for all steps, and the HRP conjugated
secondary antibodies were developed with HRP color development reagent (Bio-Rad
Laboratories).

2.2.5

Relative virulence of B. pseudomallei SR1O15 in the Syrian hamster.

The

animal model of acute B. pseudomallei infection has been previously described (44).
Syrian hamsters (females, 6to 8weeks) were injected intraperitoneally (i.p.) with 100 .d
of one of anumber of serial dilutions of logarithmic-phase cultures in sterile PBS. The
control animals (5 animals) were inoculated with

101

cfu of wild type B. pseudomallei.

The test animals (5 per dilution) were inoculated with either 10 1, 102, or
mutant strain, SR1O15.

10 3

cth of the

Blood from two of the test animals was diluted and plated on

Ashdown media with and without the addition of 50 jtg/ml tetracycline to verify the
stability of pSR1015 (14).
inoculated with

10 3
,

For determination of LD 50 for SR1O1S, hamsters were

104, 10, and

106

cfu (5 hamsters per group).

After 48 hours the

LD 50 was calculated (115).

2.2.6 Growth curves of B. pseudornallei 1026b and SR1O1S. B. pseudomallei 1026b
and SR1O15 were grown overnight in LB broth or LB broth supplemented with 50 pg of
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Tc at 37 °C with shaking at 250 rpm. The next day, 250 p.1 of the overnight culture was
inoculated into 250 ml of LB broth and the cultures were grown as described. At one
hour intervals, 1ml aliquots were taken and 0D 600 measurements were determined.

2.3 Genetic Characterization of the B. pseudoinallei Capsule.

2.3.1 Tn5-0T182 mutagenesis and screening for capsule mutants. In order to screen
for mutants deficient in capsule (CPS), it was first necessary to create a strain that
produced only CPS.

This was necessary as the antiserum available was polyclonal

antiserum to a B. pseudomallel 0-PS-CPS-flagellin protein conjugate that contains
antibodies to flagellin, CPS and 0-PS.

Therefore, a strain was constructed that was

lacking in 0-PS and flagella, SR1001. Allelic exchange was carried out using two strains
that

were

previously

constructed

in

the

laboratory.

The

donor

strain,

SM1 0Xpir(pPB6 11:: Gm) has aplasmid containing acopy of the wbiE gene, involved in
the synthesis of 0-PS, which has been mutated by the insertion of agentamicin resistance
cassette (43). The recipient strain, PB401, is aB. pseudomallei strain that has adeletion
in

the fliC

gene.

SMiOXpir

(pPB611::Gm)

was

conjugated

to

PB401,

and

transconjugants were selected for by plating on LB containing gentamicin, kanamycin
and polymyxin B.

Transconjugants that were Sm', Gm', and

Kms

were selected (to

select for loss of the vector, pKAS46), and one was designated SR1001.

Transposon

mutagenesis of SR1001 was performed with Tn5-0T182 according to a previously
described protocol (42) except that transconjugants were selected on plates containing
gentamicin and tetracycline.

Transposon mutants were inoculated into 96-well plates
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containing 200 tl of LB with gentamicin and tetracycline and grown overnight at 37 °C at
250 rpm. A negative growth control well was included for each plate. The wells of a96well plate were coated with 10 tl of bacterial suspension and 90 tl of coating buffer
(0.05 M carbonate buffer, pH 9.6), and BLISA was carried out as previously described
(12). The primary antibody, polyclonal rabbit antiserum to aB. pseudomallei O-PS-CPSflagellin protein conjugate, was added at adilution of 1:1000. The secondary antibody, a
goat anti-rabbit IgG peroxidase conjugate (Sigma) was added at a dilution of 1:1000.
The plates were developed with an HIRP color development reagent (Bio-Rad
Laboratories) for 30 mm. The optical density at 405 nm (0D 405)was determined using
an ELISA reader. B. pseudomallel 1026b was included as apositive control, and E. coli
DH5a was included as anegative control. Transposon mutants that had 0D 405 readings
comparable to the negative control (0D40 5 =

2.3.2

<

0.100) were chosen for further analysis.

DNA manipulation and transformations.

Restriction enzymes and T4 DNA

ligase were purchased from Invitrogen Life Technologies (Carlsbad, CA) and New
England Biolabs

Mississauga, Ontario) and used according to the manufacturer's

instructions. DNA fragments used in cloning procedures were excised from agarose gels
and purified using the GeneClean II kit (Bio 101, Vista, California) or the Qiagen Gel
Extraction kit (Mississauga, Ontario).
previously described protocol (159).
described by Sambrook et cii. (125).

Chromosomal DNA was isolated using a

General cloning procedures were performed as
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2.3.3

Cloning of DNA flanking Tn5-0T182 and pSKM11 integrations.

The self-

cloning of B. pseudomallei flanking DNA from Tn5-0T182 mutants and from SR1O15
was performed as described previously (42). Approximately 5pg of chromosomal DNA
was digested with restriction enzyme, boiled for 5 mm, and precipitated with a 1:10
volume of 3M sodium acetate and 2volumes of 100% ethanol. The mixture was placed
at —20 °C for 30 mm., centrifuged, and washed with 100 j.il of 70% ethanol. The DNA
pellet was air dried, resuspended in dH2O, and used in ligation reactions. Transformation
was performed with 2-10 .tl of the ligation reaction using chemically competent E. coli
D115 (x, Top 10 (Jnvitrogen), or XL-10 Gold cells (Stratagene).

2.3.4 DNA sequencing and analysis of capsule genes.

Automated DNA sequencing

was performed by ACGT (Northbrook, Illinois) and the University of Calgary Core DNA
Services. DNA flanking the Tn5-0T182 insertions was sequenced using the previously
described primers 0T182-LT and 0T182-RT and with primers designed and synthesized
by ACGT (42). The DNA flanking the insertion of pSR1015 was sequenced using the
pSKM1 1primer (99). DNA and protein sequences were analyzed with DNASIS version
for IBM and with the ORF finder program at NCBI. DNA sequences were analyzed for
homology using the BLASTX program through GenBank at NCBI.

2.3.5 Nucleotide sequence accession number.

The nucleotide sequence of the B.

pseudomallei capsule genes reported here has been deposited in the GenBank database
under the accession number AF228583.
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2.3.6 Construction of allelic exchange mutants. Allelic exchange was carried out as
previously described (43).

The allelic exchange vector used in these experiments was

pKAS46, an allelic exchange vector based on rpsL for counterselection (132).

B.

pseudomallei DD503, adouble mutant that contains the iiamrR-oprA and rpsL mutations
was the recipient strain used for all allelic exchange experiments (43, 100). All of the
genes in these experiments were mutated by the insertion of aselfcloning trimethoprim
resistance cassette from p34EoriTp and p34EoriZeo(P,J. Brett, D. DeShazer and D.B.
Woods, unpublished). For each allelic exchange experiment, SM102pir transformed with
pKAS46 containing the mutated allele was conjugated to B. pseudomallei DD503
according to the method described above for the construction of SR1001, except the
transconjugants were plated on polymyxin B, kanamycin5 and trimethoprim. The Pm',
Km' Tp' transconjugants were subsequently transferred to plates containing Sm to select
for the loss of pKAS46.

Mutant alleles were confirmed by PCR amplification using

primers specific for the targeted genes and by Southern hybridization.

2.3.7

PCR amplification of capsule genes.

The wcbS, wcbT, and wcbU genes were

amplified from B. pseudomallei 1026b chromosomal DNA via polymerase chain reaction
(PCR).

The

oligodeoxyribonucleotide

primers

used

were

wcbS-K-5'

(GCGGTACCAAGCATGCGATCGA),

wcbS-X-3'

(CGAGATCTCATTGCTTCCTTCGGTGTAT),

wcbT-K-5t

(GCGGTACCAAATGCACGGCGTAACATA),

wcbT-X-3'

(CGAGATCTGAATTCGCGTACGCCGGATT),

wcb U-K-5'

(GCGGTACCGTTTCTTCATCTGCTCGA),

and

wcb U-X-3t

(CGAGATCTCGATGATGTGGCGAAATGCA) containing either Kpnl (K) or Xbal (X)
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linkers.

PCR amplification was performed in 100 pl reaction mixtures containing

approximately 100 ng of genomic DNA, 1X PCR buffer (Invitrogen Life Technologies),
a 200 mM concentration of each deoxynucleoside triphosphate (dNTP), a 0.5 mM
concentration of each primer, 2 mM MgCl2 (Invitrogen Life Technologies), IX

Q-

solution (Qiagen) and 5U of Taq DNA polymerase (Invitrogen Life Technologies). The
mixture was placed in a GeneAmp PCR system 9600 (Perkin-Elmer Cetus) thermal
cycler and subjected to a5mm. denaturation step at 95 °C followed by 30 cycles at 95 °C
for 45 s, 56 °C for 30 s, and 72 °C for 90 s. The reaction mixture was held at 72°C for 10
mm. and then placed at 4°C until analysed on a 1% agarose gel.

The resulting PCR

products were cloned into pCR2.1-TOPO using the TOPO TA Cloning Kit (Invitrogen
Life Technologies) according to the manufacturer's instructions.

The cloned PCR

products were sequenced using the T7 and M13R primers to confirm that the desired
gene was obtained.

2.4 Classification of the B. pseudomallei Capsule.

2.4.1 Silver stain analysis of B. pseudomallei whole cell extracts. Whole cell lysates of
B. pseudomallei strains were prepared as described in section 2.2.4.

Samples were

subjected to SDS-polyacrylamide gel electrophoresis (12% acrylamide) and gels were
silver stained according to the method of Tsai and Frasch (143).
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2.5 Identification of Capsule in Other Burkholderia species

2.5.1 Southern hybridization analysis of genomic DNA. For Southern hybridization
studies, Sstl digests of genomic DNA from B. pseudomallei 1026b and SR1O15, B.
thailandensis E264, B. mallei NCTC 10260, B. cepacia CEPSO9 (genomovar I) and 1(562 (genomovar III), B. stabilis LMG14294 and LMG7000, B. vietnamiensis LMG10929,
B. multivorans C5393 were transferred to GeneS creen Plus membranes (Du Pont Canada,
Lachine, Quebec, Canada), and hybridization was performed at 65 °C in 15 ml of 1%
sodium dodecyl sulfate (SDS)-10% dextran sulfate-salmon sperm DNA (0.1 mg/ml)
according to the manufacturer's recommendations. The 0.4-kb Kpnl-X7zoI fragment from
pDD1015 was used as a probe and labeled with [
32 P]dCTP using an oligonucleotide
labeling kit (Pharmacia Biotech, Inc., Baie d'Urfe, Quebec, Canada).

2.5.2

Immunogold electron microscopy of B. stabilis.

Immunogold electron

microscopy of B. stabilis was performed as outlined in 2.2.2.

2.6 Correlation between Capsule Production and Clinical Infection.

2.6.1 Bacterial strains and growth conditions. The bacterial strains and plasmids used
in Results section 3.6 are described in Table 2. B. pseudomallei, and B. thailandensis
were grown at 37 °C on Luria-Bertani (LB) broth base (Becton Dickinson) agar plates or
in LB broth. All B. pseudomallei strains were grown in the Level 3Biocontainnient
Facility at the University of Calgary Health Sciences Center.
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Table 2. Bacterial strains used in Results section 3.6
Strain
B. pseudomallei
1026b
406e
443a
375a
388a
438a
365c
230
244a
405a

Description

Source

Clinical isolate

D.A.B. Dance

"

CC

319a
422a
231a/M1
199a
443c
402a
424b
399b
392a
307a
264c
293a/M4
304f
316c
305d
420a
415c
303a
1106b
1084a
1077a
11 59a
796a
871a
1061a
894a
1104a
949a
96 0a
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2.6.2 Western blot analysis of clinical and environmental strains. Preparation of the
samples for Western blot analysis was carried out as previously described (21). Samples
were subjected to SDS-polyacrylamide gel electrophoresis (12% acrylamide) and
electrophoretic transfer of the samples to anitrocellulose membrane was performed as
outlined in 2.2.4.

Immunoassay was performed as described in 2.2.4 using a 1:250

dilution of the primary antibody, polyclonal rabbit antiserum raised to aB. pseudomallei
CPS- bovine serum albumin (BSA) conjugate.

2.6.3

PCR amplification of wzt2 gene.

The wzt2 gene was amplified from the

chromosomal DNA of B. pseudomallei 1026b, 420a, 415c, and 375a and from B.
thailandensis E264 via polymerase chain reaction (PCR) as described in 2.3.7.
oligodeoxyribonucleotide

primers

used

were

The

wzt2-K-5'

(GGGGTACCTTCATGGTGGATTGGCTTTC) containing aKpnl (K) linker and wzt2X-3' (GCTCTAGATCGAAGTTCAACCAATACAC) containing anXbal (X) linker.

2.6.4

Virulence testing of B. pseudomallei clinical strains.

Virulence testing of B.

pseudomallei 420a and 375a was carried out as described in 2.2.5.

Briefly, Syrian

hamsters (females, 6 to 8weeks) were injected i.p. with 100 pd of one of anumber of
serial dilutions of logarithmic-phase cultures in sterile PBS.

The control animals (5

animals) were inoculated with 10 1 cfu of B. pseudomallei 1026b. The test animals (5 per
dilution) were inoculated with either 10 1, 102, or
375a.
(115).

103

cfu of B. pseudomallei 420a and

The LD 50 values were calculated according to the method of Reed and Muench
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2.6.5 Biochemical analysis of clinical strains. B. pseudomallei 420a, 415c, and 375a
were plated on M9 minimal media plates containing 0.4% mannitol or 0.4% arabinose
and incubated at 37 °C for 48 hours. Utilization of these carbon sources was indicated by
visible growth of the bacteria.

2.7 Role of the B. pseudoinallei Capsule

2.7.1 Intracellular survival assay. The murine macrophage cell line J774A.l (ATCC
TIB-67) employed for intracellular survival assays was obtained from the American Type
Tissue Culture Collection (Rockville, MD).

The J774A. 1 cells were maintained in

Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal bovine
serum (FBS) containing a standard antibiotic mixture (100U penicillin, 0.1 mg
streptomycin and 0.25 j.tg of amphotericin B per ml, Sigma Chemical Co., St. Louis,
MO). 24 well plates were seeded with J774A.l cells at aconcentration of 5x io cells
per well in DMEM with FBS and grown overnight at 37 °C with 5% CO2. The ability of
B. pseudomallei DD503 and 5R209::Zeo and E. coli HB1O1 to survive within J774A.l
cells was assessed using the methods of Elsinghorst with some modifications (47). Cell
monolayers were washed with PBS, and 1ml of fresh media without antibiotics was
added to each well.

Logarithmic phase bacteria were added to the monolayers in

triplicate in avolume of 100

lat amultiplicity of infection (MOI) of 10 bacteria to 1

J774A.l cell and the monolayers were incubated at 37 °C, 5% CO 2 for 2 hours.

The

monolayers were then washed with PBS, and 1ml of culture media containing 300 pg/ml
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of Km was added to kill extracellular bacteria. Following 2h of incubation at 37 °C and
5% CO2 the culture media was removed, replaced with fresh culture media containing
150 jig of Km, and the plate was incubated for another 18 h. The next day, the culture
media was removed and the wells were washed with PBS. The macrophages were lysed
by adding Triton X-100 to a 1% (vlv) final concentration.

The lysates were serially

diluted and plated onto LB agar plates or LB agar containing 25 jig of zeocin and
incubated for 24-48 h at 37 °C.

After 48 hours the numbers of surviving intracellular

bacteria were quantitated.

2.7.2 Polymorphonuclear leukocyte killing assay. Killing of B. pseudomailci 1026b
and SR1O15 and B. thailandensis E264 by polymorphonuclear leukocytes (PMNL) was
assessed by aPMNL killing assay. PMNL were isolated from human and hamster blood
by layering 30 ml of heparinized blood onto 15 ml of Ficoll-hypaque followed by
centrifugation at 800 rpm for 40 mm. The PMNL layer was harvested and the cells were
washed in 0.9% NaCl and centrifuged at 1200 rpm for 10 mm.

The PMNL were

resuspended in 6ml of 0.2% NaCl then 6ml of 1.6% NaCl and centrifuged at 1200 rpm
for 10 mm. This step was repeated twice in order to lyse the red blood cells. The PMNL
were washed once in Hank's balanced salt solution containing 0.1% gelatin (0.1%
gelatin-HBSS), centrifuged, and resuspended in about 4 ml of 0.1% gelatin-EIBSS.
Logarithmic phase bacterial cultures were diluted in PBS to 1x 106 cfu/ml and 200 jil
was added to 500 pd of PMNL diluted to 1x 107 cells/ml, corresponding to aratio of 20:1
PMNL to bacteria. Control tubes contained bacteria and gelatin-BBSS only. Tubes were
incubated at 37 °C and 100 rpm shaking for 2 h.

Following incubation, tubes were
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centrifuged and PMINL were lysed by resuspending cells in 1 ml of sterile dH2O.
Samples were diluted serially in PBS and plated on LB agar or LB agar containing 50
jg/ml Tc and plates were incubated at 37 °C for 48 hours for bacterial quantitation.

2.7.3

Antibiotic susceptibility testing of capsule mutant. B-tests for nalidixic acid,

ampicillin,

gentamicin,

erythromycin,

ceflazadine,

rifampicin,

amoxicillin,

and

polymyxin B were obtained from AB Biodisk (Solna, Sweden) and used according to the
manufacturer's instructions. In each test, the inocula were diluted in sterile PBS equal to
aMcFarland standard of 0.5 and spread onto aMuller Hinton (MH) agar plate using a
sterile cotton swab.

An B-test strip was then placed aseptically onto the MH plate

containing either B. pseudomallei 1026b or SR1O1S. The plates were incubated for 24-48
hours and the MIC values were determined.

2.7.4

Metal resistance assays.

Susceptibility testing of B. pseudomallei 1026b and

SR1O15 to Zn2 ,Mg2 ,Cd2 ,Co 2 ,and Cu2 was carried out using a standard broth
dilution method modified for the determination of metal MIC values (74, 104). Briefly,
B. pseudomallei 1026b and SR1O15 were grown in 3ml of MH broth overnight at 37 °C
with shaking at 250 rpm. The next day, 100 pA of the overnight culture was sub-cultured
into 3ml of MH broth and grown at 37 °C and 250 rpm to mid-log phase (0D 600 of 0.55)
and 20 jil of each culture was added to tubes containing MH broth and a doubling
dilution of one of the metals to a final volume of 1 ml.

Tubes were prepared by

performing serial doubling dilutions of each metal starting at 100 mM. Control tubes to
monitor growth contained MH broth and bacteria alone. Tubes were incubated at 37°C
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overnight and the next day, the MIC value for each metal was determined by visual
observation of bacterial

growth.

MIC values were determined as the

lowest

concentration of each metal which inhibited visible growth after overnight incubation.

2.7.5 Cytotoxicity assay. The cytotoxic activity of B. pseudomallei 1026b and SR1O15
and B. tl'zailandensis E264 on HeLa cells was determined using apreviously described
assay with some modification (13).

B. pseudomallei 1026b and SR1O15 and B.

tl'zailandensis E264 were grown overnight in 2ml of CASDC medium. CASDC medium
contains casein hydrosylate as the nutrient base and was prepared according to the
method outlined by Brett et al. (13). The cells were removed by centrifugation and the
cuture supernatants were filter sterilized using a 0.22 micron filter.

HeLa cells were

obtained from ATCC and were maintained in DMEM with 10% FBS.

For use in the

assay, HeLa cells were seeded in 96 well tissue culture plates at aconcentration of 5x
10 4 cells/well in DMEM plus FBS and grown to confluency at 37 °C and 5% CO2
overnight. The culture medium was removed from the wells and doubling dilutions of
the CASDC supernatants (diluted in DMEM) were added. The plates were incubated at
37 °C and 5% CO 2 for 24 h.

Cell viability was determined by visual observation of

cytotoxic activity and cytotoxicity was measured as the lowest dilution of supernatant
that induced changes in cell morphology corresponding to cytotoxic activity.
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2.8 Role of the B. pseudomallei Capsule for Persistence in the Blood

2.8.1 Animal studies.

The animal model of acute B. pseudomallei infection has been

previously described (44). To investigate the effect of purified capsule on virulence in
the animal model, female Syrian hamsters, 6 to 8 weeks old, (5 per group) were
inoculated i.p. with

101

to

104

cfu of bacteria alone or with bacteria and 100

g of

purified B. pseudomallei capsule. After 48 hours the LD 50 values were calculated, and
the animals were bled. The blood of the infected animals was diluted in sterile PBS and
plated on LB plates for 1026b or LB plates containing tetracycline (50 .ig/ml) for
SRI O15 for bacterial quantitation.

2.8.2 Tissue distribution of B. pseudomallel in the animal model.

Syrian hamsters

(females, 6to 8weeks) were divided into 6groups of 3animals and injected i.p. with 102
cfu of either B. pseudomallei 1026b or SR1O15.

At 12, 24, and 48 h one group of

animals infected with either strain was sacrificed and the blood, liver, lungs, and spleen
were extracted from each animal in the group, homogenized, diluted in sterile phosphatebuffered saline (PBS), and plated on LB agar containing polymyxin B for 1026b or LB
plates containing tetracycline for SRI 015 for bacterial quantitation.

2.9 Evasion of Complement by the B. pseudomallei Capsule

2.9.1

Serum bactericidal assays.

Serum bactericidal assays were performed as

previously described (43). Human sera was obtained from six healthy volunteers at the
University of Calgary, pooled, and stored at —70 °C. B. pseudomallei were inoculated in 2
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ml of LB media and grown overnight in arotary shaker (250 rpm) at 37 °C. The next day,
100 jil of the overnight culture was used to inoculate 3ml of LB broth and the culture
was grown to mid-log phase (0D 600 value of approximately 0.55).

The number of

bacteria per ml was predicted using astandard growth curve and the cultures were diluted
in PBS to obtain approximately 1 x

107

bacteria.

Serum bactericidal assays were

performed in triplicate in 1.5 ml microfuge tubes containing 100il of bacterial culture (1
X

10 6 bacteria), 300 tl of pooled normal human serum (NHS) and 600 p1 of PBS. Tubes

were incubated for 2hat 37 °C, and the number of viable bacteria after incubation in 30%
NHS was determined by performing serial dilutions of the samples and plating on LB
plates with the appropriate selection. Plates were incubated at 37 °C for 48 h.

Control

tubes contained bacteria and PBS without the addition of NETS.

2.9.2

Effect of capsule and 0-polysaccharide on serum resistance.

bactericidal assays were performed as described in section 2.9.1.

Serum

In order to test the

effect of purified capsule (CPS) and 0-polysaccharide (0-PS) on the survival of serum
sensitive strains, purified B. pseudomallei CPS or 0-PS was added to the samples to a
final concentration of 10, 50, and 100 p.g/ml along with the bacteria and 30% normal
human serum (NETS) and incubated for 2 h at 37 °C.

Control samples contained either

bacteria and sterile PBS alone, or contained bacteria, 30% NHS, and PBS without the
addition of purified CPS or 0-PS. In order to assess whether the capsule was affecting
the complement cascade, control samples containing NHS heat-inactivated (HI-NETS) at
56 °C for 30 mm. were included. In addition, 100 pg of purified CPS or 0-PS was pre-
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incubated (PI-CPS or P1-0-PS) with 30% NHS for 30 mm. at 37 °C before the addition of
bacteria in order to determine the effect of the purified polysaccharides on complement.

2.9.3

Resistance of B. pseudomallei in immune vs. non-immune serum.

The

resistance of B. pseudomallei 1026b, SR1O1S, SRM117 and SLR5 was determined by
performing serum bactericidal assays. The assays were performed as described in section
2.9.1 except that normal rabbit serum and rabbit serum containing antibodies to B.
pseudomallei CPS was used at afinal concentration of 30%. The assays were performed
in triplicate.

2.9.4

Addition of exogenous capsule to B. pseudomallei SR1O15.

B. pseudomallel

1026b and SR1O15 were grown overnight in 2ml LB broth at 37 °C with shaking at 250
rpm. The next day, 100

lof the overnight culture was inoculated into 3ml of LB broth

and bacteria were grown to mid-log phase (0D 600 of 0.55).

Approximately 1 x 108

bacteria were added to 1.5 ml microfuge tubes. Purified B. pseudomallei capsule (100
was added to one of the tubes containing SR1O15 and the cells were incubated at
37 °C for 60 mm.

The bacteria were centrifuged and resuspended in 1ml of a 2.5%

paraformaldehyde solution and incubated at 37 °C for 10 mm. with gentle agitation. The
bacterial pellets were centrifuged at 13,000 x gfor 5mm., and excess paraformaldehyde
was removed by washing the pellets in PBS 3 times with gentle agitation for 5 mm.
between centrifugations. The pellets were resuspended in 200 p1 of PBS-Tween (PBS0.05% Tween-20) and incubated for 1hat 37 °C. After blocking, 20p1 of the sample was
centrifuged at 13,000 x gfor 5mm.

(107

bacterial cells), and the pellet was resuspended
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in 20 p.1 of PBS-Tween containing the primary antibody, polyclonal rabbit antiserum
raised to aB. pseudomallei CPS-BSA conjugate at adilution of 1:100, and the sample
was incubated at 37 °C for 30 mm. The samples were centrifuged and washed 3X for 5
mm. in PBS-Tween. The bacteria were then centrifuged, and the pellet was resuspended
in PBS-Tween containing the secondary antibody, agoat anti-rabbit IgG FITC conjugate
(Sigma) at a dilution of 1:400 and incubated for 30 mm. at 37 °C.

The sample was

centrifuged and washed 3X in PBS-Tween. The pellet was finally washed once in sterile
dH2O for 5mm., and the bacteria were stained for 2mm. with DAPI (1:2000 dilution in
H20 of a20 mg/ml solution) (Sigma) for visualization of bacterial cells.

The samples

were centrifuged, and the bacterial pellets were resuspended in 20 p.1 of H20 and
centrifuged onto prepared poly-L-lysine coated coverslips (Sigma) set in a24-well tissue
culture plate at 2000 rpm for 10 mm. The samples were allowed to dry, 1ml of dH2O
was added to the wells, and the coverslips were gently removed, dried, and mounted on a
glass slide. Samples were visualized and photographed with aLeica DMIR]3B2 inverted
microscope and analyzed using compatible imaging software (Openlab, Improvision).
Digital images were prepared using Adobe Photoshop 5.0 (Adobe Systems Inc., San Jose,
Calif.).

2.9.5 Detection of Complement Factor C3b Deposition.

2.9.5.1 Western blot analysis. Detection of C3b deposition on the bacterial surface was
carried out according to apreviously described protocol with some modifications (149).
Bacteria were grown overnight with the appropriate selection in 2 ml of LB broth at
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37 °C. The next day, 100 pd of an overnight culture was added to 3ml of LB broth, and
the cultures were grown to late logarithmic phase (about 4-5 h). Cultures were diluted in
sterile PBS, and

107

organisms were added to pooled normal human serum (NHS) at a

concentration of either 10% or 30% in afinal volume of 1ml. Control samples included
human serum that was heat inactivated at 56 °C for 30 mm., or PBS.

Samples were

incubated at 37 °C, and the reaction of bacteria with complement factors was stopped by
the addition of EGTA to afinal concentration of 10 mM and incubation in an ice water
bath for 1mm. The bacteria were pelleted by centrifugation at 13,000 xg for 5mm. at
4°C, and the pellet was washed three times with 500 j.il of PBS.
analysis, the bacterial pellets were resuspended in 40

For Western blot

tl of sodium dodecyl sulfate-

polyacrylamide gel electrophoresis (SDS-PAGE) sample solution (0.3 M Tris HCl [pH
6.8], 2% SDS, 12.5% glycerol, 5%

-mercaptoethanol) and boiled for 5 mm.

The

samples were then separated by SDS-PAGE (10% polyacrylamide). For acontrol of the
migration of C3b in the gels, 1jil of NHS diluted 1:10 in PBS was included. Following
electrophoresis, the proteins were transferred onto nitrocellulose filters (Bio-Rad).
Immunoassay was performed with a 1:8 dilution of the primary antibody, AD 189, a
mouse monoclonal antibody to human complement factor C3b a. fragment (Autogen
Bioclear, Wiltshire, UK).

This antibody recognizes a determinant present on native

(circulating) C3 and on the fragments C3b and C3c.
determinant present on the a.-chain of the C3 molecule.

The antibody is directed to a
The secondary antibody used

was horseradish peroxidase (HRP)-conjugated goat anti-mouse immunoglobulin G (IgG)
(Sigma).
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2.9.5.2 Optical densitometry measurement of C3b deposition.

Western blots were

scanned using a Hewlett Packard ScanJet 6100 scanner (Hewlett Packard), and the
scanned image was rendered into aTIFF format. Optical densitometry measurements for
area under the curve were made from the TIFF formatted image using SigmaGel 1.0
software (SPSS Science). Measurements were analyzed using GraphPad Instat software
(GraphPad Software, San Diego, Calif.).

2.9.5.3 Immunofluorescence microscopy analysis of C3b deposition.

In order to

analyze the deposition of C3b on the bacterial surface by immunofluorescence
microscopy, the procedure for the analysis of C3b deposition described above was
followed except that

108

bacteria were used.

Following the addition of EGTA and

washing the pellets in PBS, the bacterial pellets were resuspended in 1ml of a 2.5%
paraformaldehyde solution and incubated at 37 °C for 10 mm. with gentle agitation. The
pellets were centrifuged at 13,000 x g for S mill., and excess paraformaldehyde was
removed by washing the pellets in PBS 3times with gentle agitiation for5 mm. between
centrifugations. The pellets were then resuspended in 200 tl of PBS-Tween (PBS-0.05%
Tween-20) and incubated for 1 h at 37 °C to block non-specific binding sites. After
blocking, 20 tl of the sample was centrifuged at 13,000 x g for 5 mm. (10 bacterial
cells), and the pellet was resuspended in 20 pd of PBS-Tween containing the primary
antibody, AB189, at adilution of 1:20, and the sample was incubated at 37 °C for 30 mm.
The sample was centrifuged and 5 mm. washes were carried out as described in PBSTween.

Following the washes, the bacteria were centrifuged, and the pellet was

resuspended in PBS-Tween containing the secondary antibody, rabbit anti-mouse IgG
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conjugated to Cy3 (Jackson Labs) at adilution of 1:400 and incubated at 37 °C for 30
mill. The sample was then centrifuged and washed 3times in PBS-Tween as described.
The pellet was finally washed once in sterile distilled R20 for 5mm., and the bacteria
were stained for 2 mm. with DAPI (1:2000 dilution in dH2O of a20 mg/ml solution)
(Sigma) for visualization of bacterial cells.

After centrifugation of the sample, the

resulting pellet was resuspended in 20 tl of H20 and centrifuged onto prepared poly-Liysine coated coverslips (Sigma) set in a24-well tissue culture plate at 2000 rpm for 10
mm. Once the samples were allowed to dry, 1ml of dH20 was added .to the wells, and
the coverslips were gently removed, dried, and mounted on aglass slide. Samples were
visualized and photographed with aLeica DMIREB2 inverted microscope and analyzed
using compatible imaging software (Openlab, Improvision).

Digital images were

prepared using Adobe Photoshop 5.0 (Adobe Systems Inc., San Jose, Calif.).

2.9.6

Effect of polysaccharides on C3b deposition.

The effect of exogenous

polysaccharides on complement factor C3b deposition in B. pseudomallei SR1015 was
carried out according to the protocol outlined in 2.9.5.1 except that B. pseudomallei
5R1015 was incubated in the presence of purified B. pseudomallei capsule (CPS), 0polysaccharide (0-PS), mannoheptose, or glucose and talose.

In one experiment, B.

pseudomallei SRl015 was incubated in the presence of either 10 p.g or 100 tg CPS or
100 j
i
gor 1mg of mannoheptose (Sigma) at 37 °C for 30 mm., and then incubated in the
presence of 10% normal human serum (NHS) at 37 °C for 30 mm. In another experiment,
5R1015 was incubated in the presence of either 10 jig or 100 jig of 0-PS or 100 jtg or 1
mg of glucose and talose (Sigma) at a ratio of 1:1 at 37 °C for 30 mm., followed by
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incubation in 10% NHS. The reaction of bacteria with complement factors was stopped
by the addition of EGTA, the bacteria were washed three times in PBS, and the samples
were subjected to SDS-polyacrylamide gel electrophoresis (10% polyacrylamide).
Following electrophoresis, the proteins were transferred onto nitrocellulose filters and
inmiunoassay was performed as outlined in 2.9.5.1.

2.9.7 Quantitative radiolabelled phagocytic assay. Phagocytosis of B. pseudomallei
strains by PMNL was determined by a radiolabelled phagocytic assay essentially as
previously described (48). Briefly, approximately 5x 106 [
14 C]-lysine labeled bacteria
were added to 1x 106 PMNL isolated from ahealthy donor in the presence of either 10%
or 30% normal human serum (NHS) and incubated in afinal volume of 500 p.1 for 30
mm. at 37 °C in ashaking incubator. Control samples contained bacterial cells, PMNL,
and PBS alone. For each variable, identical reactions were set up in two polypropylene
scintillation vials (Biovials, Beckman, Chicago, Ill.).

Following phagocytosis, 3 ml of

ACS 11 scintillant (Amersham, Arlington Heights, Ill.) was added to one of the two tubes
to represent both cell- and non-cell-associated bacteria. To separate the cell-associated
from the non-cell-associated bacteria, 1ml of ice-cold PBS was added to the other tube
and three differential centrifugation steps (160 x g for 7 mm. at 4°C were performed
before the final addition of 3 ml of ACS 11 scintillant.
Beckman LS 6500 scintillation counter.

All tubes were counted in a

The percentage of the bacterial population

phagocytosed was calculated by the following equation: % uptake

=

[cpm following

differential centrifugation (cell associated)/cpm in noncentrifuged tubes (cell and non-cell
associated)] x 100, where cpm is counts per minute.

Experiments were performed in
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triplicate and repeated more than three times to ensure consistency.

The purity and

viability of the isolated PMNL was assessed by trypan blue exclusion.

Statistical

significance was determined using GraphPad Instat software (GraphPad Software, San
Diego, Calif.).

2.10 Identification of aPathogenicity Island in B. pseudomallei.

2.10.1 Insertional inactivation of genes identified in subtraction library. A number
of DNA sequences identified in the B. pseudomallei subtractive hybridization library
were cloned as Kpn I-Xho Ifragments into amobilizable suicide vector, pSKMll (Table
3) and conjugated to B. pseudomallei 1026b using apreviously described protocol (42).
Transconjugants were selected on LB agar plates containing Tc (50

g/ml).

2.10.2 Genetic analysis of capsule gene cluster. DNA and protein sequences from the
B. pseudomallei capsule locus were analyzed with DNASIS version 2.5 (Hitachi) and
with the ORF finder program at NCBI.

DNA sequences were analyzed for homology

using the BLASTX program through GeniBank at NCBI.

The capsule gene sequences

were also used to search the B. pseudomallei K96243 genome sequence database at the
Sanger Center [http ://www.sanger. ac.uk/proj ects/Bpseudomallei/blast_server.html] with
the BLASTN search tool.

DNA sequences flanking the capsule locus were analyzed

using the ORF finder and BLASTX programs at NCBI.
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3. RESULTS
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3.1 Identification of Virulence Determinants of B. pseudomallei.

3.1.1 Screening of the B. pseudomallei subtraction library. Subtractive hybridization
was previously carried out by D. DeShazer between the virulent B. pseudomallei and the
weakly virulent B. thailandensis in order to isolate DNA sequences encoding for
virulence determinants unique to B. pseudomallei (114). The genomic DNA sample from
B. pseudomallei, containing the sequences of interest was known as the "tester DNA",
and genomic DNA from B. thailandensis, the reference sample, was called the "driver
DNA".

Tester and driver DNA were digested and subjected to two rounds of

hybridization.

The remaining unhybridized sequences were considered tester-specific

sequences. To enrich for tester-specific sequences excess driver DNA was added in the
hybridizations.

The tester-specific sequences were then amplified by PCR and cloned

into pPCR or pZErO 2.1 (Table 1).
Screening of the subtraction library revealed anumber of DNA sequences unique
to B. pseudomallei.
(Table 3).

Fifteen distinct plasmid inserts from the library were sequenced

The DNA inserts ranged from 100 to 800 bp in length and were found to

contain an average G+C content of approximately 44-52%, which is considerably lower
that the 68% G-I-C content of the B. pseudomallei chromosome.

The DNA sequences

were analyzed using the BLASTX program, and ten of the sequences had homology to
predicted proteins present in the GenBank database.
pDD1000,

had homology to DprA,

One of the plasmid inserts,

a protein required for chromosomal DNA

transformation in Haemophilus influenzae (75). The DNA insert in pDD1001 was found
to share homology with an integrase from Xanthomonas axonopodis, and aphage-related
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integrase from X campestris (38). Another insert, pDD 1002, demonstrated homology to
GuaA, a GMP synthetase, from Bacillus subtilis (92).

The fourth, pDD 1003, had

homology to a hypothetical protein from Ralstonia metallidurans (103).

The fifth,

pDD 1004, had homology to ahypothetical protein, apredicted transcriptional regulator,
from Burkholderia fungoram (102).

Another insert, pDD 1005, had homology to a

mobilization protein found in small plasmids (2).

The insert from plasmid pDD 1009

demonstrated homology to ahypothetical protein from R. metallidurans (103). The insert
from pDD10l5 was found to share homology with WbpX, a glycosyltransferase, from
Pseudomonas aeruginosa (120). The DNA insert in pDD1016 demonstrated homology
to MtfB, a mannosyltransferase, from Aqufex aeolicus (39).

Finally, the insert from

plasmid pDD1017 had homology to a SypA, a peptide synthetase involved in the
synthesis of syringopeptin in Pseudomonas syringae (128).
Initially only four of the DNA inserts present in the subtraction library
demonstrated homology to proteins present in the GenBank database. The homologues
initially identified were DprA, WbpX, GuaA, and amobilization protein found in small
plasmids.

Recently father BLASTX searches were performed on the recombinant

plasmids from the subtraction library since the GeniBank database contains more
sequence information than was previously available.

Subsequent BLASTX searches

revealed that another six of the DNA inserts from the library demonstrated homology to
predicted proteins present in the GenBank database.

One of the homologues recently

identified was the Tnt protein from Xanthomonas sp., which encodes for an integrase.
This sequence was not analyzed further, but this sequence may be associated with a
pathogenicity island in B. pseudomallei.
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Table 3. Description of recombinant plasmids in the B. pseudomallei -B. thailandensis
subtraction library.
Plasmid

Vector

Insert Size(bp)

%G+C

Homologue

pDD1000

pPCR

326

51

DprA

pDD1001

pPCR

800

44

Tnt

pDD1002

pPCR

434

50

GuaA

pDD1003

pPCR

346

51

Hyp. protein

pDD1004

pPCR

800

44

Hyp. protein

pDD1005

pPCR

531

46

Mob protein

pDD1006

pPCR

353

48

none

pDD1007

pZBrO-2.1

325

51

none

pDD 1008

pZErO-2.1

250

44

none

pDD1009

pZErO-2.1

350

52

Hyp. protein

pDD1012

pZErO-2.1

505

47

none

pDD1015

pZBrO-2.1

373

52

WbpX

pDD1016

pZBrO-2.1

259

46

MtfB

pDD1017

pZErO-2.1

100

50

SypA

pDD1O18

pZBrO-2.1

433

50

none
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3.2 Identification of a B. pseudomallei Capsular Polysaccharide as a Virulence
Determinant.

3.2.1

Construction of B. pseudomallei SR1O15.

The DNA insert from pDD1015

demonstrated homology to the WbpX protein from P. aeruginosa (120). This sequence
was selected for further analysis because this sequence was one of the few sequences
initially that demonstrated homology to a described protein.

Since the insert from

pDD1015 was found to demonstrate homology to a glycosyltransferase from P.
aeruginosa, it was postulated that it might encode aprotein involved in carbohydrate
synthesis.

The protein encoded by this sequence was predicted to be involved in the

production of apolysaccharide of interest in B. pseudomallei. The 373 bp DNA insert
from pDD1015 was cloned into amobilizable suicide vector, pSKMll (Table 1). The
resulting plasmid, pSR1015, was mobilized into wild type B. pseudomallei 1026b to
create the mutant strain, SRi 015 (Figure 3).
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Figure 3. Construction of B. pseudomallei SR1O15.

The 373-bp DNA insert from

pDD1015 was cloned into a mobilizable suicide vector, pSKM11, and the resulting
plasmid was designated pSRl 015.

The cointegrate strain SRi 015 was created by

integration of the suicide vector pSR1015 into the chromosome of B. pseudomallei
1026b.
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3.2.2

Immunogold electron microscopy analysis of SR1O1S.

Immunogold electron

microscopy studies using rabbit polyclonal sera specific for acapsule-flagellin conjugate
was performed on the parent strain, 1026b and SR1015 (Figure 4).

B. pseudomallei

1026b reacted with antibodies to both flagellin and capsule, as was evident by the
distribution of gold particles around the bacterial surface and extending out along the
flagella (Figure 4A).

Unlike B. pseudomallei 1026b, SR1O15 only reacted with the

antibodies to flagellin, as the gold particles were found associated only with the flagella
(Figure 4B).

B. thailandensis, the negative control, did not react with either the

antibodies to flagellin or to capsule (Figure 4C).

3.2.3 Enzyme-linked immunosorbant assays. To define the phenotype of SR1O15, an
ELISA was performed with the EPS-specific monoclonal antibody 3015, which contains
antibodies to apreviously characterized B. pseudomallei exopolysaccharide (135).
pseudomallei 1026b and SRI 015 were both found to contain EPS (data not shown).

B.
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Figure 4. Immunogold electron microscopy of B. pseudomallei 1026b (A) and SR1015
(B), and B. thailandensis E264 (C).

Bacteria were reacted with polyclonal rabbit

antiserum directed against a CPS-O-PS-flagellin protein conjugate absorbed with B.
thailandensis E264 to remove the antibodies directed against 0-PS, washed, and reacted
with a goat anti-rabbit IgG-gold (5nm) conjugate.

Original magnification, X30,000.
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A.

B.

C.
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3.2.4 Western blot analysis of SR1015. Western blot analysis of proteinase K digested
whole cells from B. pseudomallei 1026b, B. thailandensis E264, and B. pseudomallei
SR1015 using rabbit polyclonal sera raised to a CPS-0-PS-flagellin protein conjugate
confirmed the lack of capsule in SR1015 (Figure 5). Capsule and 0-PS were stained in
B. pseudomallei 1026b, while only 0-PS was stained in the lanes corresponding to B.
pseudomallei SR1015 and B. thailandensis.

These results indicated that we had

identified and insertionally inactivated agene involved in the synthesis of the capsular
polysaccharide of B. pseudomallei.

3.2.5 Virulence of SR1015 in the Syrian hamster model.

SR1015 was tested for

virulence in the Syrian hamster model of acute septicemic melioidosis (Table 4).

The

LD 50 for SR1015 after 48 hours was 3.5 x 10 5,while the LD 50of the parent strain, 1026b,
was <10.

The LD 50 value for SR1015 was similar to that for the weakly virulent B.

thailandensis (6.8 x 10).

This demonstrates that SR1015 is severely attenuated for

virulence in this animal model of melioidosis and that the capsule is amajor virulence
determinant of B. pseudomallei.

77

Figure 5. Western blot analysis of whole cell extracts of B. pseudomallei 1026b and
SRi 015 and B. thailandensis E264. Bacteria were reacted with proteinase K, subjected
to SDS-polyacrylamide gel electrophoresis, electroblotted, and reacted with polyclonal
rabbit antiserum raised to aCPS-O-PS-flagellin protein conjugate from B. pseudomallei.
Lane 1, B. pseudomallei 1026b; lane 2, B. pseudomallei SR1015; lane 3, B. thailandensis
E264.

The apparent molecular masses of the prestained protein molecular weight

standards (New England Biolabs) are indicated.
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Table 4. Virulence of B. pseudomallei and B. thailandensis in the Syrian hamster model
of acute septicemic melioidosis.
Strain

LD 50 (cfu)

B. pseudomallei 1026b

<10

B. pseudomallei SR1015

3.5 x i0 5

B. thailandensis E264

6.8 x i05
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3.2.6 Growth curves of B. pseudomallei 1026b and SR1O15. Growth curves of B.
pseudomallei 1026b and SRI O15 were performed in order to determine whether
insertional inactivation of the glycosyltransferase gene in B. pseudomallei SRI O15
resulted in astrain attenuated for growth, which could explain the difference in virulence
between these two strains. Overnight cultures of each strain were inoculated at adilution
of 1:1000 into LB media and grown at 37°C with shaking. At one hour intervals, the
0D 600 for each strain was determined. As shown in Figure 6the growth curve of B.
pseudomallei SRI O15 was determined to be similar to that of 1026b. B. pseudomallei
SRI 015 was not attenuated for growth compared to 1026b, so the difference in virulence
between these strains could not be attributed to adifference in growth rates. Therefore
capsule production was shown to be responsible for the difference in virulence between
B. pseudomallei 1026b and SR1O15 in the animal model.
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Figure 6. Growth curve of B. pseudomallel 1026b and SR1O15. Overnight cultures of
each strain were inoculated at adilution of 1:1000 into LB media and grown at 37 °C with
shaking. At one hour intervals, the 0D 600 for each strain was determined.
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3.3 Genetic Characterization of the B. pseudomallei Capsule.

3.3.1 Isolation of B. pseudomallei capsule mutants. Two methods were used to clone
the genes involved in the production and export of capsule.

The DNA flanking the

insertion of pSR1O15 was cloned from SR1O15 and sequenced.

We also employed

transposon mutagenesis using Tn5-0T182 (Figure 7) to clone the genes involved in the
production of the polysaccharide. This was carried out in order to obtain any unlinked
genes that may be involved in polysaccharide production.

Approximately 1300

transposon mutants were screened for loss of capsule by ELISA.

Six mutants were

identified, and the DNA flanking the transposon insertion was cloned and sequenced.
The Tn5-0T182 mutants, SLR5, SLR8, SLR13, SLR18, and SLR19 mapped to the same
region of the chromosome (Figure 8).
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Figure 7. Physical map of Tn5-OT1 82. The arrows represent the location and direction
of transcription.

The black box represents the pBR325 origin of replication.

The

following are indicated: lacZ, promoterless gene encoding 3-galactosidase; ori,pBR325
origin of replication; bla, p-lactamase; WAR, tetracycline resistance genes from RP4; trip,
transposase (96). GenBank accession number U73849.

85
3.3.2 Sequencing of B. pseudomallei capsule biosynthetic locus. Sequence analysis of
the DNA flanking the insertion of pSRlO15 and the transposon mutants SLR5, SLR8,
SLR13, SLR18, and SLR19 revealed the presence of twenty potential open reading
frames (ORFs) involved in the synthesis and export of capsule (Figure 8).

The open

reading frames that predicted proteins involved in polysaccharide biosynthesis were
found to share similarity to proteins involved in the synthesis of polysaccharide structures
composed primarily of mannose (Table 5).

The other reading frames in the locus

predicted proteins involved in the transport of capsular polysaccharides in avariety of
bacteria, particularly those that produce group 2 and group 3 capsular polysaccharides
(Table 5, 156). The organization of the genes responsible for the production of capsule
was found to be similar to other loci encoding for capsular polysaccharides in that the
blocks of genes are divergently transcribed (Figure 8, 119). The gene cluster involved in
the production of this polysaccharide is also similar to group 3 capsule gene clusters in
that there are no genes encoding for KpsF and KpsU, which are present in group 2
capsule gene clusters (156). However, the organization of the B. pseudomallei capsule
gene cluster differs in that it does not contain two export regions flanking a single
biosynthetic region as seen in other group 3 capsule polysaccharide clusters (27).
biosynthetic

genes

identified

thus

far

are

not

organized

into

one

The

continuous

transcriptional unit; instead wcbB, manC, and wcbP are separated from the rest of the
biosynthetic genes. Another interesting feature is that kpsC is usually found next to kpsS
in other group 2 and 3clusters and this is not the case with their homologues, wcbA and
wcbO, in B. pseudomallei (Figure 8, 156). The promoter sequences of the transcriptional
regions of the capsule cluster have yet to be identified. The overall G-1-C content of this
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region is about 58%, lower than the G+C content of the rest of the chromosome (68%
G+C). The low G+C content in these clusters suggests that polysaccharide genes have a
common origin and may have been transferred horizontally between species (53).
The genes involved in the production of the capsule have been named according
to the bacterial polysaccharide gene nomenclature (BPGN) scheme (116).

The gene

products associated with the capsule cluster and their homologues are listed in Table 5.
Mutations constructed in a number of these genes have confirmed their role in the
production of capsule. One gene that is required for the production of the polysaccharide
is wcbA (Figure 8, Table 5).

The wcbA gene, along with wcbO predict proteins that

demonstrate homology to the KpsC and KpsS proteins of E. coil and the LipA and LipB
proteins of N. meningitidis, respectively (Table 5).

These proteins are involved in the

processing and export of capsular polysaccharide in these organisms (54, 119).

To

confirm the role of the wcbA gene in capsule production an allelic exchange mutant was
constructed by the insertion of a trimethoprim resistance cassette (Figure 8).

The

resulting strain, SR202::Tp, did not produce polysaccharide and demonstrated attenuated
virulence in the hamster model, similar to SR1O1 5(data not shown).
The wcbC, wcbD, wzm2 and wzt2 genes encode for proteins that demonstrate
homology to proteins involved in the transport of capsular polysaccharides (Table 5) (52,
82, 122).

The wcbC gene predicts a protein that shares homology with KpsD, a

periplasmic protein involved in capsule polysaccharide export in E. coil (53, 82, 163).
An isogenic mutant was constructed by the insertion of atrimethoprim cassette into the
wcbC gene (Figure 8). The resulting strain, SR2O 1: :Tp, was still virulent in the hamster
model and capsule was detected on Western blots (data not shown). This is in contrast to
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the phenotype observed with E. coli kpsD mutants (163). The gene products encoded for
by wzm2 and wzt2 are homologous to the KpsM and KpsT proteins of E. coil, CtrC and
CtrD of N. meningitidis, and BexA and BexB of H. influenzae (Table 5). These proteins
are ATP-binding

cassette

(ABC)

transporters

polysaccharide export system (133).

that comprise

an inner-membrane

The wzm2 and wzt2 gene products of B.

pseudomaiiei likely comprise an ABC-transporter system that is involved in the transport
of the capsule across the cytoplasmic membrane.

The termination codon of the wzm2

gene overlaps the initiation codon of the wzt2 gene suggesting that these two genes are
translationally coupled. The kpsM and lcpsT genes of E. coil are organized into asingle
transcriptional unit, and both genes are translationally coupled (119). These genes have
been designated wzm2 and wzt2 since wzm and wzt have previously been identified and
are associated with the 0-PS gene cluster (43). A hydrophobicity plot of the predicted
wzm2 gene product revealed ahydrophobic protein with multiple membrane spanning
domains, like KpsM, that may act as an integral membrane protein for the export of
polysaccharide (83). Anal'sis of the primary amino acid sequence of the predicted Wzt2
protein from B. pseudomaiiei has shown that this protein contains a conserved ATPbinding motif, including an A site (GGNGAGKST) and aB site (DCFLIDB) (150). The
wzt2 gene was found to be necessary for the production of capsule in B. pseudomaiiei. In
SLR18, the inertion of Tn5-0T182 in the wzt2 gene resulted in aloss of capsule. An
allelic exchange mutant was also constructed by the insertion of a zeocin resistance
cassette in the wzt2 gene. The integration of the zeocin cassette in the resulting mutant
strain, SR209::Zeo was confirmed by PCR amplification using primers to the wzt2 gene
(Figure 9). The insertion of the zeocin cassette into the wzt2 gene rendered SR209: :Zeo
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negative for capsule production (data not shown), also illustrating the involvement of the
wzt2 gene in capsule production.
The wcbB, wcbE and wcbH genes encode for proteins that demonstrate homology
to different mannosyltranferases or glycosyltransferases from a variety of bacterial
species (Table 5). Since the capsule is ahomopolymer of mannoheptopyranosyl residues,
it is likely that these genes are involved in the biosynthesis of this polysaccharide. The
wcbB gene encodes for aprotein that shares homology to aglycosyltransferase, WbpX,
from P. aeruginosa as well as to mannosyltransferases from avariety of bacteria (120).
The function of glycosyltransferases is to catalyze the sequential transfer of sugar
residues from nucleotide precursors to the membrane-bound acceptor, und-P-P-GlcpNAc
(155). The wcbB gene product is likely involved in the transfer of mannose residues in
the synthesis of capsule. This gene was determined to be required for the synthesis of
capsule based on two lines of evidence: the insertional inactivation of this gene using
pSKM11 rendered the mutant strain, SR1015, negative for capsule production; and a
transposon mutant, SLR5 (Figure 8), lacked capsule due to the insertion of Tn5-0T182 in
the wcbB gene.

The wcbE and wcbH genes both predict proteins with homology to

mannosyltransferases and are both required for the production of capsule.

This is

supported by the fact that the insertion of Tn5-0T182 in both the wcbH and wcbE genes
(SLR1 9 and SLR1 8, respectively), resulted in mutant strains lacking capsule (Figure 8).
Furthermore, an internal fragment of the wcbE gene was cloned into pSKMll and used
to insertionally inactivate this gene in B. pseudomallei.

The resulting strain, SRi 016,

was found to lack capsule and demonstrated attenuated virulence in the animal model
(data not shown).
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Another gene required for the production of capsule is wcbP. This gene predicts a
protein that shares homology to the YooP protein of M tuberculosis (Table 5).

The

YooP protein has been characterized as aputative oxidoreductase based on sequence
comparisons (28). The function of the predicted wcbP gene product in B. pseudomallei is
unclear; however, the insertion of Tn5-0T182 into this gene in the mutant strain SLR13
rendered the organism negative for the production of capsule.
The yafJ gene encodes for a protein of 278 amino acids that demonstrates
homology to the Yafi protein from B. coil (Table 5).
amidotransferase in these organisms (7).

The YafJ protein is aputative

The yggB gene encodes for aprotein of 235

amino acids that shares homology with the YggB protein of B. coil (Table 5).

The

function of this protein is unclear, but it has been defined as ahypothetical 30.9 kDa
protein in an intergenic region (7). The G+C content of these genes is 65.7% G+C for
yafJ and 65.4% G+C for yggB, which is higher than the rest of the polysaccharide cluster
and consistent with the G+C content of the B. pseudomallel chromosome. Southern blot
analysis using these genes as probes has demonstrated that these genes are present in B.
thailandensis (data not shown). Therefore it is unlikely that these genes are required for
the production of capsule (Figure 8).

An allelic exchange mutant containing a

trimethoprim resistance cassette in the yafJ gene was constructed. The resulting strain,
SR203::Tp, was found to be virulent in hamsters (data not shown).
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Figure 8. Organization of the chromosomal region containing the genes responsible for
the synthesis and export of the B. pseudomallei capsule.

The upper part shows the

locations of the genes. The direction of transcription is represented by arrows, and the
gene names are indicated. The locations of the Tn5-OT1 82 insertions are respresented by
triangles. Mutants constructed by allelic exchange are shown. The straight line indicates
insertion of the Tp cassette into the gene of interest. The insertion of pSR1015 into the
wcbB gene is indicated by adouble arrowed line above the wcbB gene. The horizontal
line below the genetic map represents B. pseudomallei chromosomal DNA; the locations
of relevant restriction endonuclease recognition sites (Bg, BglII; E, EcoRI; H, Hindlll; K,
Kpnl; B, BamHI) are shown.
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Table 5. Genes involved in the production and export of capsule in B. pseudomallei and
homologous proteins located in the non-redundant sequence database.
Gene

Size

Homologue

Putative Function

Identity

Similarity

ManC

E. coli

mannose-1-phosphate

55%

70%

S. typhimuriuin

guanyltransferase

54%

68%

48%

65%

(bp)
manC

1427

-

ManC

-

ManC
wcbA

2015

K pneumoniae

-

KpsC E. coli

capsule polysaccharide export

37%

52%

LipA N ineningitidis

protein

39%

55%

35%

51%

-

-

PhyA
webB

1097

P. inultocida

-

WbpX P. aeruginosa

glycosyltransferase /

33%

49%

ManB

mannosyltransferase

26%

44%

30%

47%

capsule export periplasmic

26%

39%

protein

40%

58%

37%

58%

-

-

A. aeolicus

MtfA A. fulgidis
-

wcbC

1163

KpsD
CtrA

E. coli

-

N meningitidis

-

BexD -H. influenzae
'manB

203

XanA X camp estris

phosphomamiomutase

35%

48%

ManB

partial gene

29%

49%

35%

53%

capsule export inner

40%

62%

membrane protein

38%

60%

26%

48%

capsule export inner

53%

73%

membrane protein

28%

50%

28%

56%

59%

75%

57%

72%

-

-

K pneumoniae

Rfk9-E.coli
wcbD

1148

BexC
CtrB

H. influenzae

-

N meningitidis

-

KpsE -E.coli
wzm2

410

CtrC

N meningitidis

-

BexB

-

H. influenzae

KpsM -E.coli
wzt2

746

BexA
CtrD

-

-

H. influenzae
N meningitidis

ATP-binding protein
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KpsT E. coli
-

wcbE

1523

mannosyltransferase /

28%

42%

WbpX P. aeruginosa

glycosyltransferase

38%

55%

30%

48%

24%

39%

-

ManB -Synechocystisspp.
1379

66%

MtfB A. aeoiicus
-

wcbF

46%

hyp. protein

-

H. sapiens

heparan-sulfate 6sulfotransferase

putative A. thaliana

EnlSpm transposon protein

37%

52%

-

wcbG

941

SyfB H. pylori

phenylalanyl-tRNA synthetase

29%

46%

wcbH

1796

MtfA

mannosyltransferase /

23%

40%

glycosyltransferase

25%

42%

28%

41%

-

Archaeoglobus spp.

-

hyp. protein Synechocystis
-

spp.
putative S. coelicolor
-

wcbl

1187

NifQ E. aggiomerans

nitrogen fixation protein

28%

41%

wcbJ

842

Rbdl

dTDP-4-dehydrorhamnose

23%

39%

24%

40%

29%

48%

Gm4D-Y.

32%

49%

pseudotuberculosis

30%

48%

-

M.

-

thermoautotrophicum

reductase

Rm1D M. tuberculosis
-

wcbK

1013

Gm4D E. coil
-

Gm4D
wcbL

1040

V. choierae

-

C. jejuni

sugar kinase

40%

56%

M tuberculosis

lincomycin production

39%

52%

24%

36%

50%

68%

GmhA M. jannaschii

54%

72%

LpcA-H. influenzae

45%

60%

32%

46%

putative

-

Rv0 115
LmbP
gm/i,4

593

GDP-mannose-dehydratase

-

Synechocystis spp.

-

LpcA H. pylori
-

phosphoheptose isomerase

-

wcbM

692

Rm1A2 M tuberculosis
-

mannose- 1-phosphate
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guanyltransferase
putative

-

C. jejuni

sugar-phosphate

41%

58%

40%

62%

40%

58%

nucleotidyltransferase
wcbN

353

YaeD

-

YaeD
wcbO

731

KpsS
PhyB
LipB

wcbP

1950

YooP

-

-

-

E. coli

hypothetical protein intergenic

H. influenzae
E. coli

capsule polysaccharide export

34%

46%

P. inultocida

protein

29%

45%

27%

44%

37%

52%

34%

52%

N. ineningitidis

-

-

M. tuberculosis

HetN Anabaena spp.
-

oxidoreductase
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Figure 9. PCR amplification of the wzt2 gene from B. pseudomallei 1026b and
SR209::Zeo. Bacterial chromosomal DNA was isolated and PCR was performed using
primers designed to the wzt2 gene from B. pseudomallei.

Lane M, 1-kb plus ladder

(Invitrogen Life Technologies); lane 1, B. pseudomallei 1026b; lane 2, B. pseudomallei
SR209::Zeo. The 930-bp wzt2 gene PCR product is indicated as well as the 2.3-kb wzt2
gene with the insertion of the zeocin resistance cassette.
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3.3.3

Identification of B. pseudomallei capsule genes wcbS, wcbT, and wcbU.

Subsequent to the initial sequencing of the B. pseudomallei capsule locus, the B. mallei
capsule locus was identified (45).

Sequencing of the B. mallei capsule locus revealed

four other open reading frames involved in the production of the B. mallei capsule and
these genes were designated wcbQ, wcbR, wcbS, and wcbT.

PCR amplification was

performed in order to isolate the capsule genes wcbS and wcbT, as well as another gene,
wcbU from B. pseudomallei 1026b.

Chromosomal DNA was isolated from B.

pseudomallei and the genes were amplified using primers designed from the putative
gene

sequences

identified

in

the

B.

pseudomallei

1(96243

genome

sequence.

Amplification of these genes from B. pseudomallei 1026b and B. thailandensis E264 is
shown in Figure 10.

The genes wcbT and wcbU were successfully amplified from B.

pseudomallei 1026b, but not from B. thailandensis E264, which does not produce
capsule.

Amplification of wcbS resulted in anumber of non-specific PCR products in

both B. pseudomallel and B. thailandensis. The PCR products corresponding to the wcbT
and web U genes were isolated and sequenced to verify the presence of these genes in B.
pseudomallei 1026b.

An allelic exchange mutant was subsequently constructed in the

wcbT gene, whose product shares similarity with an Acyl-CoA tranferase from
Rhizobium meliloti, to confirm the role of this gene in capsule production (79). This gene
was found to be necessary for the production of the capsule since the resulting mutant
strain, SR211::Tp was found to lack capsule by western blot analysis with capsule
specific antibody (data not shown). Allelic exchange mutants were not constructed in the
wcbS or wcbU genes, but it is likely that the wcbS gene is also responsible for capsule
production in B. pseudomallei since the role of this gene in capsule production in B.
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mallei has been demonstrated, and the homology of the capsule genes between these two
organisms is greater than 99% (45). The web gene was not identified in the B. mallei
capsule locus, but analysis of this sequence using ORF finder and the BLAST program at
NCBI suggests that this gene encodes for aputative periplasmic protein. Furthermore,
sequence analysis of this region from the B. pseudomallei genome sequencing project at
the Sanger Centre indicates that the wcb U gene is separated from another cluster of
related genes by an intergenic region, suggesting that the web U gene may represent the
last gene in the B. pseudomallei capsule cluster.
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Figure 10. PCR amplification of capsule genes wcbS, wcbT, and wcbU from B.
pseudomallei 1026b.

Chromosomal DNA was isolated from B. pseudomallei and the

genes were amplified using primers designed from the putative gene sequences identified
in the B. pseudomallei 1(96243 genome sequence.
analyzed on a 1% agarose gel.

20 p1 from each PCR reaction was

Lane M, 1 kb plus DNA ladder (Invitrogen Life

Technologies); lane 1, wcbS from B. pseudomallei 102Gb; lane 2 wcbS from B.
thailandensis E264; lane 3, wcbT from 1026b; lane 4, wcbT from E264; lane 5, wcbU
from E264; lane 6, web from 1026b.
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3.3.4

Role of a polyketide synthase gene in capsule production.

Another gene

identified in the B. pseudomallei capsule locus was found to demonstrate homology to
type Ipolyketide synthases from Streptomyces sp. and Mycobacterium sp. and the wcbR
gene in the B. mallei capsule locus (15, 28, 45).

This gene was identified in B.

pseudomallei through BLASTX analysis of DNA sequence flanking the insertion of Tn50T182 in the wcbO gene. An allelic exchange mutant was constructed and this gene was
determined to be involved in capsule production in B. pseudomallei by western blot
analysis of whole cell extracts using antibody specific to capsule (Figure 11). As shown
in Figure 11, the mutant strain SR205::Tp, which contains an insertion of atrimethoprim
resistance cassette in the wcbR gene, did not demonstrate reactivity to the antibodies to
capsule, similar to the capsule mutant B. pseudomallei SR1O15, and B. thailandensis
E264.
Polyketide synthase genes have been identified in anumber of bacteria, and in
some of these organisms, these genes are involved in the production of iron scavenging
proteins called siderophores (111). B. pseudomallei is known to produce asiderophore,
designated malleobactin (167, 168).

To determine whether the B. pseudomallei wcbR

gene was involved in the production of siderophores, the polyketide synthase mutant,
SR205::Tp, was assessed for siderophore production by plating on aCAS agar plate. B.
pseudomallei SR205::Tp was found to produce siderophore along with B. pseudomallei
1026b and SR1O15 as indicated by the yellow halo surrounding the bacteria (Figure 12).
Therefore, the wcbR gene was shown to be responsible for capsule, but not siderophore
production. The presence of this gene in acapsule locus has only been identified in B.
mallei (45).
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Figure 11. Western blot analysis of capsule production in B. pseudomallei SR205 :
:Tp.
Bacteria were reacted with proteinase K,

subjected to

SDS-polyacrylamide gel

electrophoresis, electroblotted, and reacted with polyclonal rabbit antiserum raised to a
CPS-BSA conjugate from B. pseudomallei. Lane M, prestained protein molecular weight
standards (Jnvitrogen Life Technologies); lane 1, B. pseudomallei 1026b; lane 2, B.
thailandensis E264; lane 3, B. pseudomallei SRI 015; lane 4, B. pseudomallei SR205::Tp.
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Figure 12. Siderophore production by B. pseudomallei 1026b, SR1O15, SR205::Tp, and
B. thailandensis E264.

Bacterial strains were spotted onto a CAS agar plate and

incubated at 37 °C for 48 hours.
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3.4 The B. pseudomallei Capsule is aGroup 2/3 Bacterial Capsule.

3.4.1

The B. pseudomallei capsule is not an 0-polysaccharide moiety.

The

polysaccharide identified in this study was previously characterized as one of two 0polysaccharide components of the B. pseudomallei LPS known as type I0-PS (80, 109).
Silver stain analysis of whole cell extracts of wild type B. pseudomallei and the capsule
mutant was performed in order to establish whether the polysaccharide identified in this
study was a capsule or an 0-polysaccharide moiety since the genes responsible for
capsule production demonstrated significant homology to genes involved in the
biosynthesis and export of capsular polysaceharides.

The results of the silver stain

analysis of 0-polysaccharide from B. pseudomallei 1026b, SR1O15 and from B.
thailandensis E264 are indicated in Figure 13.

The 0-antigen banding patterns were

found to be similar between both wild type B. pseudomallei 1026b and the capsule
mutant, SR1O15, as well as for B. thailandensis E264, which does not produce capsule.
The

similarity in 0-antigen banding between B. pseudomallei SR1O1S

and B.

thailandensis E264 compared to wild type B. pseudomallei indicates that 0-antigen is not
altered in the absence of capsule and suggests that the capsule is therefore not an 0antigenic moiety. The method used in the structural characterization of the type Iand
type II 0-PS moieties of B. pseudomallei led to the identification of the type I0-PS as an
0-antigen because the type I0-PS was released along with the type II 0-PS during acid
hydrolysis of the sample. The results of the silver staining, the high molecular weight of
the polysaccharide (200 kDa) (Figure 5), the homologies of the genes involved in the
production of this polysaccharide to known capsule genes, the role of this polysaccharide

107
in virulence, and the fact that mutants isolated in LPS core genes still produce capsule,
suggest that this polysaccharide is acapsule rather than an 0-PS moiety (24). Therefore
this capsule was concluded to be agroup 2/3 capsular polysaccharide, since the genes
involved in the export and modification of the capsule demonstrated homology to those
of group 2 and group 3capsules. The chemical structure of the B. pseudomallei capsule
identified in this study is shown in Figure 14.

The chemical structure of this

polysaccharide was determined by Perry et al. and Knirel et al. (80, 109).

The B.

pseudomallei capsule is an unbranched homopolymer with the structure —3)2-O-acetyl-6deoxy-f3-D-manno-heptopyranose-(1-.
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Figure 13. Silver stain analysis of 0-polysaccharide from B. pseudomallei 1026b,
SR1O15 and from B. thailandensis E264. Whole cell extracts were prepared as described
in Materials and Methods, subjected to SDS-polyacrylamide gel electrophoresis, and
were silver stained according to apreviously described protocol. Lane 1, B. pseudomallei
1026b; lane 2, B. pseudomallei SR1O15; lane 3, B. thailandensis E264.
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Figure 14. Chemical structure of B. pseudomalici CPS.
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homopolymer
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3.5 Identification of Capsule in Other Burkholderia species.

3.5.1

Southern hybridization analysis of other Burkijolderia species. Southern blot

analysis using a probe containing the A-Trich glycosyltransferase fragment from
pDD1015 was performed by T. Darling to confirm that the fragment was present in B.
pseudomallei 1026b and SRI 015 but not in B. thailandensis (Figure 15). Isolates of B.
mallei and the B. cepacia complex were also tested for the presence of this fragment. It
was found that the probe hybridized to an Sstl fragment in B. mallei and the B. stabilis
(formerly genomovar IV) strains LMG7000 and LMG14294. None of the strains tested
from B. cepacia genomovars Iand III, B. multivorans, or B. vietnamiensis were found to
contain this DNA fragment. Southern blot analysis was carried out by T. Darling on five
other B. stabilis strains: CEPO717, CEP0467, CEP0726, and LMG14291. All of the B.
stabilis strains tested hybridized to the probe from pDD1O15.
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Figure 15. Southern hybridization analysis of genomic DNA from Burkholderia spp.
digested with sstl. A 0.4-kb Kpnl-Xhol fragment from pDD1015 was used as aprobe.
Lane 1, B. mallei NCTC 10260; lane2, B. pseudomallel 1026b; lane 3, B. pseudomalici
SR1O15; lane 4, B. thailandensis E264; lane 5, B. vietnamiensis LMG10929; lane 6, B.
cepacia CEP5O9 (genomovar I); lane 7, B. cepacia K56-2 (genomovar III); lane 8, B.
stabilis LMG14294; lane 9, B. stabilis LMG7000; lane 10, B. inultivorans C5393.
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3.5.2 Immunogold electron microscopy of B. stabilis. The presence of the capsule was
confirmed in the B. stabilis strain LMG7000 by immunogold electron microscopy. As
seen in Figure 16, B. stabilis LMG7000 showed reactivity to the capsule antibodies, but
lacked auniform distribution of the polysaccharide on the cell surface. Therefore, either
B. stabilis LMG7000 produces less of this polysaccharide than B. pseudomallei 1026b, or
the structure of the B. stabilis capsule differs, resulting in incomplete reactivity with the
antibodies to the B. pseudomallei capsule.

3.5.3

Capsule genes in B. pseudomallei and B. thailandensis. Further Southern blot

experiments were carried out to confirm the absence of the capsule in B. thailandensis.
B. thailandensis was hybridized with probes corresponding to a number of genes
involved in the synthesis of the capsule.

The following genes were demonstrated by

Southern hybridization to be present in B. pseudomallei but absent in B. thailandensis:
wcbA, wcbC, wcbD, wzm2, wzt2, wcbE, wcbF, wcbH, wcbK, gmhA, and wcbO (Table 6).
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Figure 16. Immunogold electron microscopy of B. stabilis LMG7000. Bacteria were
reacted with polyclonal rabbit antiserum directed against an O-PS-CPS-flagellin protein
conjugate absorbed with B. thailandensis E264 to remove the antibodies directed against
0-PS, washed, and reacted with agoat anti-rabbit IgG-gold (5nm) conjugate. Original
magnification, X30,000.
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Table 6. Summary of southern hybridization experiments demonstrating the presence of
capsule genes in B. pseudomallei and B. thailandensis.
Gene

B. pseudomallei 1026b

wcbA

+

wcbC

+

wcbD

+

wzm2

+

wzt2

+

wcbE

+

wcbF

+

wcbH

+

wcbK

+

gmhA

+

wcbO

+

B. thailandensis E264

-

-.

-

-

-

-

-

-

-

-
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3.6 Capsule Production by B. pseudomallei Correlates with Clinical Infection.

3.6.1 Capsule production by clinical strains of B. pseudomallei.

To establish a

correlation between capsule production and clinical infection anumber of strains of B.
pseudomallei isolated from a variety of clinical specimens were tested for capsule
production by western blot analysis with polyclonal rabbit antisera to B. pseudomallei
capsule. The results of western blot analysis of whole cells extracts of eight strains of B.
pseudomallei are shown in Figure 17. Only three of the strains examined, 420a, 415c,
and 375a were found to be negative for capsule production, similar to B. thailandensis
E264, as evident by the absence of the 200 lcDa band corresponding to the capsule. This
band was present for the five B. pseudomallei strains shown in Figure 17 (1026b, 316c,
422a, 949a, and 1027a) as well as for the other 48 strains not shown.
strains tested for capsule production, 52 were found to produce capsule.

Out of the 55
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Figure 17. Western blot analysis of capsule production in B. pseudomallei clinical strains.
Bacteria were reacted with proteinase K, subjected to

SDS-polyacrylamide gel

electrophoresis, electroblotted, and reacted with polyclonal rabbit antiserum raised to a
CPS-BSA conjugate from B. pseudomallei.

Lane M, prestained molecular weight

standards (New England Biolabs); lane 1, B. pseudomallei 1026b; lane 2, B. thailandensis
E264; lane 3, B. pseudomallei 316c; lane 4, B. pseudomallei 422a; lane 5, B.
pseudomallei 949a; lane 6, B. pseudomallei 1027a; lane 7, B. pseudomallei 375a; lane 8,
B. pseudomallei 420a; lane 9, B. pseudomallel 415c. The apparent molecular masses of
the prestained proteins are indicated.
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3.6.2 PCR analysis of clinical strains. To determine whether strains 420a, 415c, and
375a contained the genes encoding for the capsule, PCR amplification of one of the
capsule genes was carried out on these three strains.

PCR amplification of the B.

pseudomallei wzt2 gene from B. pseudomallei 1026b, 420a, 415c, and 375à, and B.
thailandensis E264 is shown in Figure 18. The predicted 930 bp wzt2 PCR product was
successfully amplified from all three of the strains that were negative for capsule
production by western blot.

As expected the wzt2 gene was present in the positive

control B. pseudomallei 1026b and absent in B. thailandensis E264,

3.6.3 Virulence of clinical strains in the Syrian hamster model. The presence of the
wzt2 gene in B. pseudomallei 420a, 415c, and 375a suggested negative regulation of the
capsule genes in these strains. To test whether the capsule genes of these strains could be
turned on in vivo, two of the strains, 420a and 375a were evaluated for virulence in the
Syrian hamster model of acute septicemic melioidosis compared to B. pseudomallei
1026b (Table 7). After 48 hours the LD 50 value for 420a was <10 cfu, the same as for
1026b, while the LID 50 value for 375a was calculated to be 2.9 x 102, 10-fold higher than
1026b (Table 7).

The LID 50 values of 420a and 375a were significantly lower than B.

pseudomallei SR1O15, the capsule mutant strain and for B. thailandensis E264 (Table 4),
which suggested that the capsule was likely produced in vivo. To confirm this bacteria
from the blood of the infected animals was isolated and western blot analysis was
performed using polyclonal antibody specific to the capsule. Both B. pseudomallei 420a
and 375a were found to produce capsule by western blot following infection in the
animals, suggesting that the B. pseudomallei capsule may be regulated in some strains
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and that expression of the capsule is induced in vivo (data not shown). Therefore all of
the 55 B. pseudomallei strains tested were found to produce capsule, establishing a100%
correlation between capsule production and clinical infection (Figure 17).
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Figure 18. PCR Amplification of the B. pseudomallei wzt2 gene from B. pseudomallei
and B. thailandensis.

Chromosomal DNA was isolated from B. pseudomallei and B.

thailandensis and PCR amplification was performed using primers designed to the wzt2
gene from B. pseudomallei 1026b.

The 930 bp wzt2 PCR product is indicated by the

arrow. Lane M, 1kb plus ladder (Invitrogen Life Technologies); lane 1, B. pseudomallei
1026b; lane 2, B. thailandensis E264; lane 3, B. pseudomallei 415c; lane 4, B.
pseudomallei 420a; lane 5, B. pseudomallel 375a.
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Table 7. Virulence of B. pseudomallei 1026b, 420a, and 375a in the Syrian hamster
model of acute septicemic melioidosis.
Strain

LD 50 (cfu)

B. pseudomallei 1026b

<10

B. pseudomallei 420a

<10

B. pseudomallei 375a

2.9 x 102
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3.6.4 Biochemical characterization of clinical strains.

In order to explain the

difference in LD 50 values between B. pseudomallei 375a and 420a, these strains were
plated on differential media. B. pseudomallei 420a did not assimilate arabinose, which is
characteristic of virulent B. pseudomallei strains, while 375a utilized the arabinose,
similar to the avirulent. B. thailandensis (13, 14).

To determine whether 375a was

another species of Buritholderia, specifically, B. uboniae, which is virulent and utilizes
maltose these strains were plated on 0.4% maltose (166). B. pseudomallei 375a did not
utilize the maltose, and therefore it is unlikely that this strain is B. uboniae. A summary
of results is presented in Table 8.

The ability of strain 375a to utilize arabinose and

demonstrate virulence in animals relative to B. thailandensis makes this strain unique
compared to other B. pseudomallei clinical strains. Although the strain was not defined
any further, it is interesting that it shares properties of virulent B. pseudomallei strains
such as capsule production and virulence in animals, while it is able to assimilate
arabinose, similar to the avirulent, unencapsulated B. thailandensis.
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Table 8. Capsule production and sugar assimilation of B. pseudomallei 1026b, 420a,
375a, and B. thailandensis E264.
Strain

CPS

Wzt2 gene

Arabinose

Maltose

CPS after

utilization

utilization

animal
passage

1026b
420a
375a
E264

+

-

-

-

+
+
+

-

-

-

-

-

+
+

-

-

+
+
+

ND
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3.6.5 Capsule production by B. thailandensis.

To further establish a correlation

between virulence and capsule production, whole cell extracts of 10 isolates of B.
thailandensis, a non-pathogenic, environmental organism were tested for capsule
production.

Shown in Figure 19 are the results of western blot analysis of capsule

production for seven isolates of B. thailandensis using polyclonal antibodies specific to
capsule.

All of the seven isolates tested negative for capsule production, similar to B.

thailandensis E264, the negative control. The only sample that showed reactivity to the
antibodies to capsule were the whole cell extracts from B. pseudomallei 1026b, the
positive control. None of the 10 isolates of B. thailandensis tested were found to produce
capsule.
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Figure 19. Western blot analysis of capsule production in B. thailandensis strains.
Bacteria were reacted with proteinase K, subjected to

SDS-polyacrylamide gel

electrophoresis, electroblotted, and reacted with polyclonal rabbit antiserum raised to a
CPS-BSA conjugate from B. pseudomallei.

Lane M, prestained molecular weight

standards (New England Biolabs); lane 1, B. pseudomallel 1026b; lane 2, B. thailandensis
E264; lane 3, B. thailandensis E265; lane 4, B. thailandensis E266; lane 5, B.
thailandensis E290; lane 6, B. thailandensis E285; lane 7, B. thailandensis E251; lane 8,
B. thailandensis E257; lane 9, B. thailandensis E293. The apparent molecular masses of
the prestained proteins are indicated.
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3.7 Role of the B. pseudomallei Capsule.

3.7.1 Intracellular survival of capsule mutant. B. pseudomallei has been shown to be
capable of survival inside macrophages and this may contribute to the ability of the
organism to evade the host immune response (73, 110). In order to determine whether
capsule production contributes to resistance to the oxidative killing mechanisms of
macrophages, capsule mutants were assessed for their ability to survive in the
intracellular environment compared to wild type B. pseudomallei.

Survival of B.

pseudomallei strains in J774.1 murine macrophages was assessed following an 18 h
incubation using kanamycin to kill extracellular bacteria.

The survival of a capsule

mutant strain, B. pseudomallei SR209::Zeo, an allelic exchange mutant containing the
insertion of azeocin resistance cassette in the wzt2 gene, was compared to the survival of
B. pseudomallei DD503, the recipient strain used for the construction of allelic exchange
mutants. These strains were selected for study because of their enhanced sensitivity to
kanamycin, due to the deletion of an aminoglycoside resistance pump in DD503 (Table
1) (100). The survival of both SR209::Zeo and DD503 in J774.l macrophages was found
to be similar after 18 hours of incubation (Table 9). Both strains survived the oxidative
killing mechanisms of the macrophages compared to E. coli Ma, the negative control,
and there was no significant difference in survival between the wild type DD503 and the
capsule mutant SR209::Zeo.
incubation was 1.1 x

106

The number of DD503 recovered following an 18 h

cfu/ml, corresponding to a survival rate of 3.2%, and the

number of SR209::Zeo was 1.1 x 106 cfu/ml, corresponding to asurvival rate of 4.2%.
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These results suggested that the capsule was not involved in intracellular survival of B.
pseudomallei.

3.7.2 Capsule production and killing by polymorphonuclear leukocytes (PMNL). In
order to define the role of the capsule in virulence, PMNL killing assays were performed
using PMNLs isolated from both hamster and human blood. PIVINLs are one of the major
components of the innate immunity of the host, which represents the first line of defense
against invading bacteria.

B. pseudomallei SRi 015, the capsule mutant, as well as B.

thailandensis E264 were found to be resistant to killing by human PMNLs, like B.
pseudomallei 1026b (Table 10). The number of SR1O15 recovered following incubation
in the presence of PMNLs was 2.5 x 10 5 cfu/ml, similar to the number of 1026b and E264
recovered (4.9 x 105 cfu/ml and 5.0 x 10 5 cfu/ml, respectively). Opsonization by serum
did increase killing by PMNLs, but there were no observed differences in killing between
strains.

The number of SR1O15 following incubation by PMNLs in the presence of

normal human serum (NUS) was 1.1 x 105 cfu/ml.

The number of 1026b and E264

recovered was 2.7 x 104 cfu/ml, and 2.7 x 10 5 cfu/ml, respectively. The results of PMINL
killing using hamster PMNLs were similar in that there was no difference in survival
between B. pseudomallei 1026b, SR1015, or B. thailandensis E264 (data not shown).
The results of these assays suggested that capsule production is not responsible for
resistance to killing by PMNLs.
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Table 9. Survival of B. pseudomallei wild type and acapsule mutant strain in J774A.1
macrophages.
Strain

Inoculum

(cfu/ml)*

Macrophage

% Survival

survival (cfu/ml)*
B. coli DH5a

2.5 x 10 7

1.4 x iO 3

0.0056

B. pseudomallei

3.4x

1.1 x 10 6

3.2

1.1 x 10 6

4.2

10 7

DD503
B. pseudomallei

2.6 x

SR209: :Zeo
*

Data represent the average du/ml for three separate experiments.
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Table 10. Resistance of B. pseudomallei and B. thailandensis to killing by
polymorphonuclear leukocytes (PMNL) in the presence and absence of normal human
serum (NETS).
No PMNL

+PMNL

+NHS

+PMNL+NHS

(
cf
u/
m l)*

(
cf
u/
m l)*

(
cf
u/
m l)*

(
cf
u/
m l)*

1026b

5.1x10 5

4.9x10 5

3.6x10 5

2.7x104

SR1O15

3.0 x i0 5

2.5 x i0 5

6.0 x

1.1 x 10 ,

E264

8.9x10 5

5.0x10 5

7.6x10 5

2.7x10 5

Strain

*

Data represent the average cfu/ml for three separate experiments.
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3.7.3

Antibiotic susceptibilities of B. pseudomallei 1026b and SR1O15.

B.

pseudomallei has been shown to be resistant to anumber of antibiotics (86). Antibiotic
susceptibilities of B. pseudomallei SRi 015 to avariety of antibiotics were determined to
observe whether the absence of the capsule led to differences in susceptibility compared
to B. pseudomallei 1026b. The MIC values for B. pseudomallei 1026b and SRI 015 for a
number of antibiotics representing a variety of functional properties are indicated in
Table 11.

The MIC values were essentially the same for both the wild type and the

capsule mutant.

The only observed difference in MIC values was for the 3-lactam

antibiotics. However, the increased resistance of SRi 015 to ampicillin and amoxicillin
can be attributed to the presence of the plasmid pSKM1 1, which was used for the
construction of SR1015, in the chromosome. Therefore capsule production had no effect
on the resistance of B. pseudomallei to the antibiotics tested in this study.
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Table 11. Antibiotic susceptibilities of B. pseudomallei 1026b and SRI 015.
Antibiotic

MIC (kg/ml)

MIC (jg/m1)

B. pseudornallei 1026b

B. pseudornallei SR1O15

Nalidixic acid

8

8

Ampicillin

96

>256

Gentamicin

256

>256

Erythromycin

>256

>256

Ceftazadine

1.5

2

Rifampicin

6

12

Amoxicillin

96

>256

PolymyxinB

>1024

>1024
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3.7.4 Metal resistance of B. pseudomallei SR1O1S. B. pseudomallei 1026b has been
shown to be resistant to anumber of heavy metals including Zn2 ,Mg2 ,and Cu2 (74).
Therefore the MIC values of B. pseudomallei SRI 015 to anumber of metals were
determined and compared to those of 1026b to test whether the presence of the capsule
contributed to resistance to metals by affecting the permeability of the cell membrane.
The MIC values for both strains for anumber of metals are shown in Table 12. The MIC
values for B. pseudomallei 1026b and SRI 015 were identical for all of the metals tested,
indicating that capsule production by B. pseudomallei does not contribute to resistance to
heavy metals.

3.7.5 Cytotoxicty of B. pseudomallei SR1O15. Previously B. pseudomallei 1026b was
shown to be cytotoxic to HeLa cells, ahuman epithelial cell line (13). In order to
determine whether the B. pseudomallei capsule was responsible for the observed
cytotoxicity, the capsule mutant strain B. pseudomallel SRI 015 was tested for cytotoxic
activity compared to B. pseudomallei 1026b and B. thailandensis E264. The cytotoxic
activity of these strains was assessed using aHeLa tissue culture assay. Cytotoxicity was
measured by observing the lowest dilution of filter-sterilized supernatants that caused
cytotoxic effects. As shown in Table 13 there was no difference in cytotoxicity between
all three strains. The results of these assays suggested that capsule production by B.
pseudomallei is not responsible for cytotoxicity to HeLa cells.
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Table 12. Metal MICs for B. pseudomallei 1026b and SR1015.
Metal

MIC (MM)

MIC (MM)

B. pseudonallei 1026b

B. pseudomallei SR1O15

Zn 2

25

25

Mg 2

>100

>100

Cd2

50

50

3.125

3.125

12.5

12.5

CO 2-t-

Cu 2
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Table 13. Cytotoxicity of B. pseudomallei and B. thailandensis on cultured epithelial
cells (HeLa cells).
Strain

Lowest dilution of supernatant cytotoxic
to HeLa cells

B. pseudomallei 1026b

1:8

B. pseudomallei SRi 015

1:8

B. thailandensis E264

1:4

141
3.8 The B. pseudomallei Capsule is Responsible for Persistence in the Blood.

3.8.1 Effects of capsule on virulence in animal model. The B. pseudomallei capsule
was found to contribute to virulence in the Syrian hamster model of acute septicemic
melioidosis.

Capsule production by B. pseudomallei was shown to contribute to

virulence as well as survival in the blood of infected animals.
were inoculated intraperitoneally with
1026b or the capsule mutant SR1O15.

101

to

10 4

Syrian golden hamsters

of either wild type B. pseudomallei

One group of animals inoculated with SR1O15

also received 100 pg of purified B. pseudomallei capsule.

After 48 hours, the LD 50

values were calculated, and the blood of the infected animals was diluted and plated for
bacterial quantitation. As shown in Table 14 the addition of purified capsule significantly
increased the virulence of the capsule mutant strain SRi 015.

The

LD50

value was

calculated to be 34 cfii, similar to the LD 50value of wild type B. pseudomallei 1026b
(<10 cfu).

In contrast, the LD 50 value for SR1O15 without the addition of purified

capsule was calculated to be 3.5 x 10 5 cfu, 10,000-fold higher than when capsule was
added to the inoculum.

In addition to this, purified capsule enhanced the survival of

SR10l5 in the blood.

Bacteria could not be detected in the blood of hamsters inoculated

with 5R1015 alone.

However, the number of SR1015 recovered from the blood of

infected animals was 9.0 x

102

cfu/ml when capsule was added to the inoculum, an

almost 1000-fold increase (Table 14).

This number was comparable to the number of

wild type B. pseudomallei 1026b recovered from the blood (5.5 x

103

cfu/ml).

The

addition of capsule was not toxic to the hamsters, as hamsters inoculated with 100 xg of
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purified capsule alone survived the duration of the experiment without any ill effects
(data not shown).
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Table 14. The effect of purified capsule on the virulence of B. pseudomallei SR1015 in
the Syrian hamster model of acute septicemic melioidosis.

Strain

CPS added

LD 50 (cfu)

1026b

No

<10

Blood bacterial
count (cfu/ml)
5.55x10 3

SR1015

No

3.50x 10

0

SR1015

Yes

34

9.00x 102
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3.8.2 Tissue distribution of the capsule mutant in the animal model.

To further

demonstrate the role of the capsule in infection by B. pseudomallei, an experiment was
designed to investigate differences in tissue distribution between the capsule mutant
strain and the wild type in infected hamsters. Animals were inoculated with

102

cfu of

either wild type B. pseudomallei 1026b or the capsule mutant SRi 015. At different time
points, the animals were sacrificed, and the number of bacteria in the blood, liver, lungs,
and spleen of each animal was determined.

As seen in Figure 20, the number of B.

pseudomallei 1026b and SRI 015 was nearly undetectable at 12 hours (Figure 20A). By
24 hours, the number of 1026b recovered from the blood and spleen increased to 1.5 x
10 2 and 1.9 x 10 3 cfu/ml, respectively, while the number of SRI 015 was only increased in
the spleen (1.7 x

102

cfu/ml) (Figure 20B).

The number of B. pseudomallei 1026b

increased steadily in all of the organs examined over time.

By 48 hours very high

numbers of 1026b were recovered from all of the organs taken, representing adramatic
increase compared to the inoculum (Figure 20C). The number of 1026b recovered from
the lung, liver, and spleen was 1.0 x10 4 3.3 x l0, and 5.9 x 10 5 cfu/ml, respectively. In
contrast, all of the organs taken from hamsters infected with SRi 015 contained less
bacteria (Figure 20C). The number of SR1015 recovered from the lung, liver, and spleen
was 2.6 x 101, 2.2 x 101, and 2.1 x 102 cfu/ml, respectively. Of particular interest was
that the number of SRi0i5 recovered from the blood at 48 hours was lower than the
inoculum, suggesting that the capsule mutant was cleared from the blood compared to the
wild type. The number of wild type B. pseudomallei 1026b recovered from the blood at
48 hours was 4.2 x 105 cfu/ml, while the number of the capsule mutant SR10i5 detected
in the blood was 3.3 cfu/ml (Figure 20C). The number of SRl0l5 recovered from the
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spleen (2.1 x 102 cfu/ml) was higher than the number of SR1O1S in the blood, suggesting
that SR1O15 was being cleared from the blood and sequestered in the spleen. After 48
hours, it was noted that the animals inoculated with 1026b also demonstrated
considerable splenomegaly compared to the animals inoculated with SR1O15 (data not
shown). The difference in virulence between the two strains can be attributed to capsule
production, since the capsule mutant strain was not attenuated for growth compared to the
wild type strain 1026b (Figure 6).
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Figure 20. Differences in tissue distribution between B. pseudomallei strains 1026b and
SRi 015 in the Syrian hamster model of acute septicemie melioidosis.
hamsters (3 per group) were inoculated i.p. with

102

Female Syrian

of either strain and at 12, 24, and 48

hours two groups of animals were sacrificed and bacterial quantitation of the tissues was
determined. The data represent the average number of bacteria found in each tissue and
the standard deviation at agiven time point.
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3.9 The B. pseudomallei Capsule Inhibits Opsonization and Phagocytosis.

3.9.1 Serum resistance of B. pseudomallei capsule mutant.

B. pseudomallei was

previously shown to be resistant to the bactericidal effects of normal human serum due to
the presence of the 0-polysaccharide moiety of its LPS (43). Since the B. pseudomallei
capsule was found to contribute to the persistence of the organism in the blood, the
capsule mutant strain, SR1O15, was tested for resistance to killing by normal human
serum (NHS).

B. pseudomallei SR1O15 was found to be resistant to killing by NHS,

similar to B. pseudomallei 1026b (Table 15).

The number of SR1O15 following

incubation in the presence of 30% NETS was determined to be 2.0 x 106 cfulml and the
number of 1026b was determined to be 3.0 x

106

cfu/ml, while the number of the

negative control, B. pseudomallei SRM117, a serum sensitive mutant lacking 0polysaccharide, was determined to be 70 cfu/ml.

The results of the serum resistance

assays indicated that the capsule mutant, SR1O1S, was resistant to the bactericidal effects
of human serum and that the presence of the capsule in B. pseudomallei was not
responsible for serum resistance by preventing lysis by the MAC complex.
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Table 15. Survival of B. pseudomallei strains incubated in 30% normal human serum.
Strain

Initial Cfu/ml

Cfu/ml after 2h in 30%
NHS

1026b

9.0x10 5

3.0x10 6

SRM117

7.Ox iø

70

SR1O15

1.0x10 6

2.0x106
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3.9.2

Effect of capsule and 0-polysaccharide on serum resistance.

Capsule

production by B. pseudomallei was shown to enhance serum resistance of the organism
and was found to be responsible for the persistence of B. pseudomallei in the blood
through evasion of the complement cascade. In order to define the role of the capsule for
persistence in the blood, serum bactericidal assays were performed with the addition of
purified capsule (CPS) or 0-polysaccharide (0-PS) to determine if capsule had an effect
on the survival of serum sensitive strains of B. pseudomallei. For these experiments we
utilized B. pseudomallei mutants lacking capsule or 0-polysaccharide moieties: SRi 015,
the CPS mutant; SRM117, aserum sensitive mutant lacking 0-PS; and SLR5, adouble
mutant that we constructed in the laboratory, which lacks both CPS and 0-PS. As shown
in Figure 21, SR1O1S was resistant to the effects of 30% NHS, and the survival of this
strain was not affected by the addition of purified CPS. However, the survival of both
SRM117 and SLR5 was significantly enhanced by the addition of purified CPS.

The

survival of SRM117 in 30% NHS (3.1 x 10 3 cfu/ml) was increased to 1.8 x 106 cfulml
with the addition of 50 p.g CPS and to 5.4 x 106 cfulml in the presence of 100 p.g CPS, a
1000-fold increase. The survival of SLR5 in 30% NETS (1.2 x 101 cfulml) was increased
to 5.9 x 101 cfu/ml with the addition of 50 j.xg CPS and to 1.9 x 103 cfu/ml with the
addition of 100 ..tg CPS, a1000-fold increase. The same effect was not observed when
50 or 100 jig of purified 0-PS was added to these strains. Figure 22 illustrates the effect
of 0-PS on the survival of B. pseudomallei SRM117, SR1O15, and SLR5 in 30% NHS.
Therefore the survival of SRM117 and SLR5 was specifically enhanced by the addition
of CPS. In addition the survival of SRM1 17, the 0-PS mutant, in 30% NHS was greater
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than that of SLR5, the 0-PS and CPS double mutant, indicating that capsule contributed
to survival in NHS.
Serum bactericidal assays were performed utilizing only SLR5 to further
investigate the ability of purified CPS to enhance survival in NHS. As shown in Figure
23, the survival of SLR5 was extremely poor (1.2 x 101 cfu/ml) when incubated in the
presence of 30% normal human serum (NHS). However, the addition of purified CPS
increased the survival of SLR5 in NHS. The addition of 50 jig of CPS to the reaction
increased the numbers of SLR5 slightly to 5.9 x 101 cth/ml, and the addition of 100 tg of
CPS increased the survival of SLR5 by nearly 1000-fold to

1.9 x

103

cfulml.

Furthermore, pre-incubation of 30% NHS with 100 j.tg of capsule (PI-CPS) before the
addition of bacteria increased the survival of SLR5 100,000-fold to 4.4 x 106 cfulml.
This was similar to the survival of SLR5 when incubated with serum that was heatinactivated.

The survival of SLR5 when incubated in the presence of heat-inactivated

serum (HI-NHS) was increased to 6.2 x 106 cfu/ml.

Since heat-inactivation of serum

disables the complement cascade, we concluded that capsule was contributing to
persistence in the blood by affecting the complement cascade through amechanism other
than bacterial lysis. These effects were found to be specific to capsule, since the addition
of 50 or 100 tg of purified B. pseudomallei 0-PS or pre-incubation of the serum with 0PS (P1-0-PS) did not increase the survival of serum sensitive SLR5 (Figure 23).

The

numbers of SLR5 recovered following incubation in 30% NHS in the presence of 50 p.g
of 0-PS and 100 tg of 0-PS were 1.8 x 101 cfu/ml and 1.3 x 101 cfulml, respectively.
The number of SLR5 recovered following pre-incubation of the serum with 0-PS prior to
the addition of bacteria was 2.5 x 101 cfu/ml.
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Figure 21. Effect of purified B. pseudomallei capsule on survival in 30% normal human
serum (NHS) of B. pseudomallei mutants lacking capsule or 0-polysaccharide moieties.
Purified B. pseudomallei capsule (CPS) was added at aconcentration of either 50 j.i.g or
100 jtg/ml to iø bacteria and 30% NHS and incubated for 2 hours at 37 °C.

Bars

represent the average cfu/ml after 2 hours and the standard deviation of three separate
experiments.
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Figure 22. Effect of purified B. pseudomallei 0-polysaccharide on survival in 30%
normal human serum (NHS) of B. pseudomallei mutants lacking capsule or 0polysaccharide moieties. Purified B. pseudomallei 0-polysaccharide (0-PS) was added
at a concentration of either 50 jig or 100 j.ig/ml to

106

bacteria and 30% NHS and

incubated for 2hours at 37 °C. Bars represent the average cfu/ml after 2 hours and the
standard deviation of three separate experiments.
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Figure 23. Purified B. pseudomallei capsule enhances the survival of B. pseudomallei
SLRS in 30% normal human serum (NHS). Purified B. pseudomallei capsule (CPS) or
0-polysaccharide (0-PS) was added at at concentration of either 50 or 100 tg/ml to
bacteria and 30% NETS. Purified CPS or 0-PS was also incubated with 30% NETS (P1CPS or P1-0-PS) for 30 mm. at 37 °C before the addition of bacteria. HI-NETS denotes
bacteria incubated in 30% NETS that was heat-inactivated at 56 °C for 30 mm. Bars
represent the average cfu/ml and the standard deviation of three separate experiments.
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3.9.3 Survival of B. pseudomallei in immune vs. non-immune serum. Serum
bactericidal assays were performed using normal rabbit serum (NRS) and immune rabbit
serum containing antibodies to the B. pseudomallei capsule (IRS). Wild type B.
pseudomallei 1026b was tested as well as B. pseudomallei SRI O1S, SRM117, and SLR5.
As expected 1026b and SR1O15 were resistant to the rabbit serum while SRM117 and
SLR5 were readily killed (Figure 24). There was aslight increase in killing of 1026b,
5R1015, and SLR5 by the IRS. The number of 1026b recovered following incubation in
the presence of 30% NRS was 1.2 x 107 cfu/ml and the number of 1026b after incubation
with 30% IRS was 8.8.x

106

cfu/ml. The number of SRI O15 decreased from 1.1 x

10 7

cfu/ml after incubation in 30% NRS to 8.4 x 106 cfu/ml after incubation in 30% IRS. The
survival of SLR5 in 30% IRS was 6.8 x 101 cfu/ml, and 2.1 x 102 cfu/ml in 30% NRS.
The survival of SRM117 was higher in the presence of 30% IRS (4.2 x 106 cfu/ml) than
in 30% MRS (3.0 x 104 cfu/ml), which was different than that observed for the other
strains tested. Overall, there was no significant difference in killing by IRS. These
results indicated that antibodies to the capsule are likely op sonic rather than contributing
to direct killing by bacterial lysis. A more significant increase in killing may have been
observed in the presence of PMt'TLs.
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Figure 24. Survival of B. pseudomallel 1026b, SRM117, SR1O1S, and SLR5 in 30%
normal human serum and 30% immune rabbit serum. Approximately

106

bacteria were

incubated for 2hours at 37 °C in the presence of either 30% normal rabbit serum (NRS) or
30% immune rabbit serum (IRS) and cfu/ml was determined. Bars represent the average
cfulml and the standard deviation of three separate experiments.
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3.9.4 Exogenous capsule does not associate with the bacterial cell. Jnimunofluorescence
microscopy was carried out to determine the mechanism by which purified capsule
enhanced the survival of serum sensitive strains of B. pseudomallei.

Purified B.

pseudomallei capsule (100 jig) was added to bacterial cells and the cells were incubated
at 37 °C for 60 minutes.

Bacterial cells were then reacted with polyclonal rabbit sera

specific to capsule and agoat anti-rabbit FITC conjugate and stained with DAPI. The
results of immunofluorescence microscopy analysis of B. pseudomallei SR1O1S in the
presence of exogenously added B. pseudomallei capsule (CPS) are shown in Figure 25.
As expected, B. pseudomallei 1026b reacted with the antibodies to capsule (panels B and
Q. The blue DAPI-stained bacterial cells surrounded by agreen capsule can be seen in
panel C. B. pseudomallel SRi 015, the capsule mutant, did not react with the antibodies
to the capsule (panels E and F).

The addition of purified capsule to B. pseudomallei

SR1O15 can be seen in panels G through I. The exogenous capsule did not associate with
SR1O1S, as indicated by the overall lack of green fluorescence in panels H and I.
Therefore the capsule may act away from the bacterial cell to prevent complement attack.
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Figure 25. Immunofluorescence microscopy analysis of B. pseudomallei SRI 015 in the
presence of exogenously added B. pseudomallei capsule (CPS). Purified B. pseudomallei
capsule (100 p.g) was added to bacterial cells and incubated at 37 °C for 60 minutes.
Bacteria were fixed in paraformaldehyde, washed, and reacted with polyclonal rabbit
antiserum raised to aCPS-BSA conjugate. Bacterial cells were then reacted with agoat
anti-rabbit FITC conjugate (Sigma) and stained with DAPI (Sigma). Panel A, B.
pseudomallei 1026b visualized with DAPI; panel B, 1026b visualized with FITC; panel
C, 1026b visualized with DAN and FITC; panel D, B. pseudoinàllei SR1O15 visualized
with DAPI; panel E, SR1O15 visualized with FITC; panel F, SR1O15 visualized with
DAPI and FITC; panel G, B. pseudomallei SR1O15 and purified CPS visualized with
DAN; panel H, SR1O15 and purified CPS visualized with FITC; panel I, SR1O15 and
purified CPS visualized with DAPI and FITC. The blue fluorescence indicates the DAPIstained whole bacterial cells and the green fluorescence indicates the presence of CPS.
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3.9.5 Role of capsule in C3b deposition.

3.9.5.1 Western blot analysis of C3b deposition in B. pseudomallei. Capsule production
by B. pseudomallei was found to contribute to survival in the blood through the inhibition
of complement factor C3b binding. Since capsule mutants of B. pseudomallei are serum
resistant in that they are not susceptible to lysis by the MAC complex, we postulated that
the ability of the capsule to enhance survival in the blood could be due to its ability to
inhibit C3b deposition and opsonization. In order to investigate whether the capsule was
responsible for inhibition of C3b deposition, the amount of C3b deposition in wild type
B. pseudomallei 1026b and the capsule mutant, SR1O15, in the presence of serum was
determined by western blot analysis using a mouse monoclonal antibody specific to
human complement factor C3b.

The deposition of C3b was found to be more

pronounced in the capsule mutant SR1O15 compared to wild type in both 10% and 30%
NHS (Figures 26 and 27). In addition, C3b was found to bind the capsule mutant at a
higher rate compared to the wild type. As seen in Figure 26, C3b could be detected on
the surface of the capsule mutant incubated in 10% NHS by 30 minutes, but was not
detectable on the surface of the wild type strain. By 60 minutes, some C3b was bound to
the surface of the wild type strain, but considerably less compared to the capsule mutant.
When 1026b was incubated in 30% NUS more C3b was deposited on the surface at both
30 minutes and 60 minutes, however, C3b deposition was still more pronounced at these
time points on the surface of the capsule mutant, SRi 015 (Figure 27).

Optical

densitometry measurements were performed in order to quantitate the difference in C3b
deposition between the strains (Figure 28). The average amount of C3b deposited on the
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surface of wild type B. pseudomallei in 10% NETS was determined to be 146.5 units. The
amount of C3b deposition on the capsule mutant was determined to be 970.3 units,
significantly higher compared to the wild type strain (P<0.Ol). When the wild type was
incubated in 30% NHS, the amount of C3b deposition was determined by optical
densitometry to be 410.3 units.

The average amount of C3b deposited on the capsule

mutant in 30% NUS was determined to be 1356.0 units, significantly higher compared to
the wild type (P<0.001). Therefore, increased C3b deposition on the capsule mutant may
account for increased opsonization and eventually increased clearance of capsule mutants
from the blood.

In addition, there was a shift in molecular weight of C3b, which

normally runs at 185 kDa, indicating a covalent attachment of this molecule to the
bacterial surface (Figures 26 and 27) (123).

The nature of this attachment was not

investigated; however, C3b is thought to covalently attach to the bacterial surface through
an ester or amide linkage (70).
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Figure 26. Western blot analysis of the inhibition of complement factor C3b deposition in
10% normal human serum (NHS) by the B. pseudomallei capsule.

B. pseudomallei

1026b and SR1015 were incubated in 10% NHS, washed, subjected to SDSpolyacrylamide gel electrophoresis, electroblotted, and reacted with amouse monoclonal
antibody to human complement factor C3b.

Lane M, prestained molecular weight

standards (Invitrogen); lane 1, B. pseudomallei 1026b incubated in PBS; lane 2, 1026b
incubated in 10% NHS for 30 mm.; lane 3, 1026b incubated in 10% NETS for 60 mm.;
lane 4, B. pseudomallei SR1O15 incubated in PBS; lane 5, SR1O15 incubated in 10%
NHS for 30 mm.; lane 6, SR1O15 incubated in 10% NETS for 60 mill.; lane 7, C3b
positive control. The apparent molecular masses of the prestained proteins are indicated.
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Figure 27. Western blot analysis of the inhibition of complement factor C3b deposition in
30% normal human serum (NHS) by the B. pseudomallei capsule.

B. pseudomallei

1026b and SR1015 were incubated in 30% NHS, washed, subjected to SDS
polyacrylamide gel electrophoresis, electroblotted, and reacted with amouse monoclonal
antibody to human complement factor Ob.

Lane M, prestained molecular weight

standards (Jnvitrogen); lane 1, B. pseudomallei 1026b incubated in PBS; lane 2, 1026b
incubated in 30% NHS for 30 mm.; lane 3, 1026b incubated in 30% NHS for 60 mm.;
lane 4, B. pseudomallei SR1O15 incubated in PBS; lane 5, SR1O15 incubated in 30%
NHS for 30 mm.; lane 6, SR1O15 incubated in 30% NETS for 60 mm.; lane 7, C3b
positive control. The apparent molecular masses of the prestained proteins are indicated.

169

kDa

190
120
85
60
50
40
25

M

1

2

34567

170

Figure 28. Optical densitometry measurements of C3b deposition in B. pseudomallei
strains 1026b and SR1015 incubated in the presence of 10% and 30% normal human
serum. Western blots were scanned and optical densitometry measurements were made
for area under the curve using SigmaGel software.

The bars represent the average

amount of C3b deposition for each of B. pseudomallei 1026b and SR1015 in 10% and
30% normal human serum.
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3.9.5.2

Immunofluorescence microscopy of C3b deposition.

Immunofluorescence

microscopy analysis was also performed to demonstrate inhibition of C3b deposition by
the B. pseudomallei capsule. The same experiment was performed as described above,
and samples were reacted with the mouse monoclonal antibody to human complement
factor C3b, except that the samples were reacted with asecondary antibody conjugated to
Cy-3, and stained with DAPI for visualization of bacterial cells. As shown in Figure 29,
the B. pseudomallei capsule mutant SR1O15 demonstrated more reactivity to the antibody
to human C3b in the presence of serum compared to the wild type 1026b. This is evident
by the red fluorescence that corresponds to the C3b bound to the bacterial surface
surrounding the blue DAPI stained cells seen when the capsule mutant was incubated in
the presence of 10% NHS (Figure 29E-F). In contrast, the amount of red fluorescence
surrounding the DAPI-stained wild type cells was minimal in the presence of 10% NHS
(Figure 29B-C). There was adramatic difference in the amount of C3b deposited on the
surface of the capsule mutant compared to the wild type, which was detectable after only
15 minutes of incubation of the bacteria with human serum (Figure 29B and 29E). By 60
minutes, there was some C3b deposition on wild type B. pseudomallei, however, there
was still more C3b deposited on the surface of the capsule mutant (Figure 29C and 29F).
This experiment was not performed with 30% NHS due to excessive clumping of the
samples during the fixation process, which resulted in inconsistent and poor staining of
the cells. Both the fluorescent microscopy and western blot analysis results demonstrate
that the B. pseudomallei capsule contributes to persistence in the serum through the
inhibition of complement factor C3b binding and opsonization.
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Figure 29.

Immunofluorescence microscopy analysis of the inhibition of complement

factor C3b deposition in 10% normal human serum by B. pseudomallei capsule.

B.

pseudomallei 1026b and SR1O15 were incubated in 10% normal human serum (NHS),
reacted with amouse monoclonal antibody to human complement factor C3b, reacted
with arabbit anti-mouse IgG conjugated to Cy-3 (Jackson Labs), and stained with DAPI
for visualization of whole bacterial cells (Sigma).

Panel A, B. pseudomallei 1026b

incubated in PBS; panel B, 1026b incubated in 10% NHS for 15 mm.; panel C, 1026b
incubated in 10% NHS for 60 mm.; panel D, B. pseudomallei SR1O15 incubated in PBS;
panel E, SR1O15 incubated in 10% NHS for 15 mm.; panel F, SR1O15 incubated in 10%
NHS for 60 mill. The blue fluorescence indicates the DAPI-stained bacteria and the red
fluorescence indicates the binding of complement factor C3b to the bacterial surface.
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3.9.5.3

Western blot analysis of C3b deposition in B. thailandensis.

Western blot

analysis was also performed to determine the amount of complement factor C3b
deposition on the surface of B. thailandensis E264. The amount of C3b deposition in B.
thailandensis E264 was more pronounced compared to B. pseudomallei 1026b and was
similar to the amount of C3b deposited on the surface of the capsule mutant, B.
pseudomallei SR1O1S, in the presence of human serum (Figure 30). The amount of C3b
deposition that occurred on the surface of B. thailandensis was expected, since this
organism is known to lack the mannoheptose capsule, and these results further indicate
the importance of the capsule in the inhibition of C3b deposition and opsonization.
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Figure 30. Western blot analysis of complement factor C3b deposition in B. pseudomallei
and B. thailandensis incubated in 10% normal human serum (NETS).

B. pseudomallei

1026b and B. thailandensis E264 were incubated in PBS, heat inactivated NETS (INETS), or 10% NHS, subjected to SDS-polyacrylamide gel electrophoresis, electroblotted,
and reacted with amouse monoclonal antibody to human complement factor Ob. Lane
M, prestained molecular weight standards (Jnvitrogen); lane 1, B. pseudomallei 1026b
incubated in PBS; lane 2, 1026b incubated in HI-NETS for 30 mm.; lane 3, 1026b
incubated in 10% NETS for 30 mm.; lane 4, B. thailandensis E264 incubated in PBS; lane
5, E264 incubated in HI-NETS for 30 mm.; lane 6, E264 incubated in 10% NHS for 30
mm.; lane 7, blank; lane 8, C3b positive control. The apparent molecular masses of the
prestained proteins are indicated.
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3.9.6

Exogenous capsule does not alter C3b deposition.

Western blot analysis of

complement factor C3b deposition in B. pseudomallei SRI O15 in the presence of purified
B. pseudomallei capsule (CPS) or maimoheptose was performed to assess whether
exogenously added CPS or the CPS component sugar, mannoheptose, was capable of
inhibiting C3b deposition.

Figure 31 shows the results of B. pseudomallei SR1O15

incubated in the presence of either CPS or mannoheptose followed by incubation in the
presence of 10% normal human serum (NHS).

The addition of either CPS or

mannoheptose did not inhibit C3b deposition in SRI 015.
Western blot analysis of complement factor C3b deposition in B. pseudomallei
SRI O15 in the presence of purified B. pseudomallei 0-PS or the 0-PS component sugars,
glucose and talose, was also performed.

Figure 32 shows complement factor C3b

deposition in B. pseudomallei SR1O15 in the presence of purified B. pseudomallei 0-PS
or glucose and talose. The addition of 0-PS or acombination of glucose and talose did
not inhibit C3b deposition in SR1O15.
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Figure 31.

Complement factor C3b deposition in B. pseudomallei SR1015 in the

presence of purified B. pseudomallei capsule (CPS) or mannoheptose.

Bacteria were

incubated in the presence of either CPS or mannoheptose at 37 °C for 30 mill., incubated
in the presence of 10% normal human serum (NHS) at 37 °C for 30 mill., washed,
subjected to SDS-polyacrylamide gel electrophoresis, electroblotted, and reacted with a
mouse monoclonal antibody to human complement factor C3b (Autogen, Bioclear, UK).
Lane M, prestained protein molecular weight standards (Invitrogen Life Technologies);
lane 1, B. pseudomallei SR1015 incubated in PBS; lane 2, SR1015 incubated in 10%
NHS; lane 3, SR1015 incubated in 10% NHS with 10pg purified CPS; lane 4, SR1015
incubated in 10% NETS with 100 pg CPS; lane 5, SR1015 incubated in 10% with 100 jig
of mannoheptose (Sigma); lane 6, SR1015 incubated in 10% NETS with 1 mg of
mannoheptose; lane 7, complement factor C3b control. The apparent molecular masses
of the prestained proteins are indicated.
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Figure 32. Complement factor C3b deposition in B. pseudomallei SR1O15 in the presence
of purified B. pseudomallei 0-polysaccharide (0-PS) or glucose and talose.

Bacteria

were incubated in the presence of either 0-PS or glucose and talose and 37 °C for 30 mm.,
incubated in the presence of 10% normal human serum (NHS) at 37 °C for 30 mm.,
washed, subjected to SDS-polyacrylamide gel electrophoresis, electroblotted, and reacted
with amouse monoclonal antibody to human complement factor C3b (Autogen, Bioclear,
UK).

Lane M, prestained protein molecular weight standards (Jnvitrogen Life

Technologies); lane 1, B. pseudomallel SR1O15 incubated in PBS; lane 2, SR1O15
incubated in 10% NHS; lane 3, SR1O15 incubated in 10% NHS with 10tg purified 0-PS;
lane 4, SR1O1S incubated in 10% NETS with 100 .ig 0-Ps; lane 5, SR1O15 incubated in
10% with 100 j.tg of glucose and talose (Sigma); lane 6, SR1O15 incubated in 10% NETS
with 1mg of glucose and talose; lane 7, complement factor C3b control. The apparent
molecular masses of the prestained proteins are indicated.
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3.9.7 Role of capsule in opsonophagocytosis. Capsule production by B. pseudomallei
was

also

shown

to

be

responsible

for

the

inhibition

of

phagocytosis

by

polymorphonuclear leukocytes (PMNL). The capsule mutant SR1O1S was phagocytosed
more significantly by PMNL compared to the wild type strain. The proportion of wild
type B.pseudomallei 1026b phagocytosed in the presence of 10% NETS was 35.9%, while
the proportion of the capsule mutant SR1O15 phagocytosed was 51.7% (P<0.001),
(Figure 33). When each strain was incubated in the presence of 30% NETS, 59.3% of the
wild type strain 1026b was phagocytosed by the PMNL after 30 minutes, compared to
82.3% for the capsule mutant (P<O.001) (Figure 33). These results demonstrated that the
B. pseudomallei capsule inhibits phagocytosis of the bacteria by PMNL in the presence of
normal human serum.

Therefore, we concluded that the B. pseudomallei capsule is

antiphagocytic in that it inhibits opsonization for effective phagocytosis.
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Figure

33.

Capsule

inhibits

opsonophagocytosis

polymorphonuclear leukocytes (PMTh1L).

of

B.

pseudomallei

by

Bacteria labeled with [
14 C]-lysine were

incubated with human PMNL in the presence of 10% or 30% normal human serum
(NUS) and subjected to differential centrifugation. Samples were counted in aBeckman
LS 6500 scintillation counter and the percentage of the bacterial population phagocytosed
was calculated by the following equation: % uptake
centrifugation

(cell

associated)/cpm

=

[cpm following differential

in noncentrifuged tubes

(cell

and

non-cell

associated)] x 100, where cpm is counts per minute. The data represent the means and
the standard deviations from three separate experiments, each performed in triplicate.
The difference in opsonophagocytosis between B. pseudomallel 1026b and SR1O1S was
determined to be significant at both 10% NETS (P<Z0.001) and 30% NETS (P<0.001).
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3.10 The B. pseudomallei Capsule is Associated with aPathogenicity Island.
Virulence genes of anumber of pathogenic bacteria are located on pathogenicity
islands. Pathogenicity islands (PATs) are regions on the bacterial chromosome that are
present in the genome of pathogenic strains, but absent or rarely present in those of nonpathogenic strains, and typically demonstrate aG+C content different from the rest of the
chromosome (58).

3.10.1

Analysis of other subtraction clones.

The 259-bp insert from pDD1016 was

cloned into pSKM1 1 and used to insertionally inactivate the wcbE gene, a putative
mannosyltransferase, in the B. pseudomallei capsule locus (Table 5). The resulting strain,
SRI 016, like SRI 015, was attenuated for virulence in the Syrian hamster model (data not
shown). The fact that inactivation of these sequences resulted in weakly virulent strains
indicates that the capsule locus resides on aPM, since PAls are synonymous with the
carriage of virulence genes.

3.10.2

Genetic analysis of the capsule operon.

Analysis of the B. pseudomallei

subtractive hybridization library led to the identification of anumber of sequences that
were found to be A-T rich compared to the rest of the B. pseudomallei chromosome
(Table 3).

The B. pseudomallei capsule locus was found to contain an average G+C

content of approximately 58%, lower than the G+C content of the rest of the chromosome
(68%). The low G+C content of the capsule locus suggests that these genes may have
been acquired by B. pseudomallei through horizontal transfer, which is characteristic of
PATs. PATs may often contain mobility genes such as insertion sequence (IS) elements,
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integrases, transposases and plasmid origins of replication, however, none of these
elements were found to be present in the capsule locus.

In addition, PATs may be

associated with tRNA genes or IS elements at their boundaries.

However, genetic

analysis of the DNA sequences flanking the capsule locus did not reveal either of these
elements.
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4. DISCUSSION
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Although melioidosis is less common outside of Southeast Asia and northern
Australia, it may be underdiagnosed in other regions, and it poses a concern due to
increased travel and military involvement in endemic regions (33). Even with intensive
antibiotic therapy, the mortality rate attributed to this disease is extremely high, and there
is achance of relapsing infection (153).
This study focused on the identification of genetic determinants that contribute to
the pathogenesis of B. pseudomallei infections.

A subtractive hybridization library

between this organism and a related non-pathogenic organism, B. thailandensis, was
screened in order to obtain virulence determinants unique to B. pseudomallei.
Analysis of the subtractive hybridization library revealed that B. pseudomallei
contains anumber of DNA sequences that are not found in B. thailandensis. One of the
subtraction clones, pDD1015, demonstrated weak homology to a glycosyltransferase,
WbpX, from Pseudomonas aeruginosa (120). The insert from pDD1015 was cloned into
a mobilizable

suicide

vector,

pSKM11,

for

insertional

inactivation

of

the

glycosyltransferase gene in wild type B. pseudomallei. The resulting strain, SRI 015, was
markedly less virulent in the Syrian hamster model compared to the parent strain, 1026b.
This demonstrated that B. pseudomallei contains DNA sequences encoding for virulence
determinants that are not found in B. thailandensis, and that the glycosyltransferase gene
may encode for an important virulence determinant in B. pseudomallei. Using antibodies
to capsule we determined by immunogold electron microscopy and western blot analysis
that SR1O1S harbored amutation in aglycosyltransferase gene involved in the production
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of

a capsular

polysaccharide

with

the

structure

—3)-2-O-acety1-6-deoxy-3-D-

mannoheptopyranose-(1-.
Sequence analysis of the DNA flanking the glycosyltransferase gene revealed the
presence of at least twenty open reading frames involved in the synthesis and export of
capsule. The genes identified encode for proteins that are similar to proteins involved in
the biosynthesis and export of capsular polysaccharides, particularly those involved in the
production of group 2 and 3capsular polysaccharides. Group 3 capsules include the E.
coil K10 capsule, and may also include the H. influenzae group bcapsule, and the capsule
produced by N. meningitidis serogroup B (156).

In E. coli, group 3 capsules are co-

expressed with various 0 serogroups, are not thennoregulated, are transported by an
ABC-2 exporter system, do not contain the kpsU and kpsF genes, and usually the gene
clusters map near the serA locus (156). Thus far, aserA locus has not been identified that
is associated with the B. pseudomaiiei capsule cluster, but this polysaccharide is coexpressed with 0 antigen, lacks the kpsU and kpsF genes, and genes encoding for a
putative ABC-2 transporter have been identified. The genes involved in the production
of group 2 and 3 capsules are organized into regions and are divergently transcribed.
Regions 1 and 3 are generally conserved and contain genes involved in export of the
polysaccharide. These regions flank region 2, which contains the biosynthetic genes and
is not conserved between serotypes (119).

The genetic organization of the B.

pseudomaliei capsule is also similar to that of other capsule gene clusters in that the
genes are organized into more than one transcriptional unit and appear to be divergently
transcribed. However, the organization of the B. pseudomaiiei capsule cluster differs in
that the biosynthetic genes identified thus far are not organized into one biosynthetic
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region. yafJ and yggB are likely not involved in the production of the capsule since they
have ahigh G-I-C content (62-65%), are present in B. thailandensis, and amutation in
yafJ(SR203::Tp) did not reduce virulence in hamsters (data not shown).
Four other genes associated with the B. pseudomallei capsule cluster were
identified that are likely involved in the production of the capsule.

These genes are

wcbR, wcbS, wcbT, and web U. An allelic exchange mutant was constructed in the wcbR
gene by insertion of atrimethoprim resistance cassette. The resulting strain, SR205::Tp
was found to lack capsule by western blot analysis, indicating that this gene is also
responsible for capsule production. The presence of apolyketide synthase gene, wcbR, in
acapsule gene locus is unique for bacterial capsules. Further studies would be beneficial
to determine the function of this gene in relation to the B. pseudomallei capsule. Since
the biosynthetic pathway of polyketides is similar to that for lipid biosynthesis, it is
possible that the wcbR gene may be involved in the synthesis of alipid anchor. An allelic
exchange mutant was also constructed in the wcbT gene by insertion of atrimethoprim
resistance cassette.

The resulting strain, SR211::Tp, was also found to lack capsule,

indicating that the wcbT gene is necessary for the production of capsule. The web gene
was also successfully amplified from the chromosomal DNA of B. pseudomallei, but a
mutant in this gene was not constructed.

However, it is possible that this gene is

necessary for capsule production and represents the last gene in the B. pseudomallei
capsule locus since sequence analysis of the DNA flanking the B. pseudomallei capsule
locus revealed the presence of an intergenic region beyond the web gene. Construction
of astrain harboring amutation in this gene is necessary to determine whether wcbU is
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required for capsule production, especially since this gene was not identified in the B.
mallei capsule locus (45).
The

polysaccharide

mannoheptopyranose-(l-

was

with

the

structure

originally isolated

and

—3)-2-O-acetyl-6-deoxy-13-Dcharacterized

as

an

0-PS

component of LPS in B. pseudomallei and designated type I0-Ps (109). However, our
results suggest that this polysaccharide is a capsule rather than an 0-PS moiety.

The

genes involved in the production of this capsule demonstrate strong homology to the
genes involved in the production of capsular polysaccharides in many organisms,
including N. meningitidis, H. influenzae, and E. coli.

In addition, the export genes

associated with this cluster are not associated with the previously characterized 0-PS
gene cluster (43). Western blot analysis of proteinase K cell extracts and silver staining
results have shown that this polysaccharide has ahigh molecular weight (200 kDa) and
lacks the banding pattern seen with 0-PS moieties.

Furthermore, silver stain analysis

demonstrated similar 0-PS profiles between wild type B. pseudomallei and the capsule
mutant.

This conclusion was further supported by Isshiki et al who separated this

polysaccharide from a smooth lipopolysaccharide preparation of B. pseudomallei (67).
Separation by gel-permeation chromatography and chemical analysis revealed that this
polysaccharide is likely acapsule rather than an 0-PS component of LPS because it lacks
alipid A moiety and was not capable of macrophage activation (67).

Studies by our

laboratory have indicated that mutants in the production of the core oligosaccharide of
the LPS are still capable of producing this polysaccharide (24).

Based on the above

criteria and the genetic similarity to group 3capsules, we propose that this polysaccharide
is agroup 2/3 capsule.
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Genomic DNA from B. mallei NCTC 10260 and seven strains of B. stabilis were
shown to hybridize to the glycosyltransferase probe from pDD1015.

Immunoelectron

microscopic analysis demonstrated that B. stabilis LMG7000 contained this capsule.
Interestingly, B. stabilis LMG7000 was noted to produce less of this polysaccharide than
B. pseudomallei, and lacked a uniform distribution of the polysaccharide on the cell
surface. The importance of the capsule in infection by B. stabilis has yet to be elucidated.
The results of our study demonstrating the presence of this capsule in B. stabilis
corresponds with its recent classification as anovel species (146). This capsule may be
an additional tool to aid in the identification of B. stabilis strains. Further studies on this
capsule are necessary to define its chemical structure and to determine whether this
capsule is required for virulence.
To establish a correlation between capsule production and clinical infection a
number of strains of B. pseudomallei isolated from avariety of clinical specimens were
tested for capsule production by western blot analysis with polyclonal rabbit antisera to
B. pseudomallei capsule.

Initially only three of the strains examined, 420a, 415c, and

375a were found to be negative for capsule production, similar to B. thailandensis E264.
However, the wzt2 capsule gene was successfully amplified from the chromosomal DNA
of these three strains, and two of these strains were found to produce capsule following
inoculation into hamsters. Therefore, all of the 55 strains tested were found to produce
capsule, establishing a 100% correlation between capsule production and clinical
infection.
production.

In addition to this, 10 strains of B. thailandensis were tested for capsule
As expected, none of these strains produced capsule, illustrating the

importance of capsule for virulence.

Further studies on the regulation of the B.
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pseudomallei capsule are necessary to investigate the mechanism by which capsule
production is expressed since 420a, and 375a were found to produce capsule following
passage in the animal model, which suggests that capsule production may be phase
variable. Studies by DeShazer et al have indicated that capsule production by B. mallei is
regulated by the presence of an insertion sequence element, IS407, which may act to
suppress capsule production (45).

Further studies on capsule expression in B.

pseudomallei utilizing these strains would be beneficial.
Capsule production has been correlated with virulence in many bacteria,
particularly those causing serious invasive infections of man (10).

Our studies have

demonstrated that this capsule is critical for the virulence of B. pseudomallei. A number
of functions have been suggested for polysaccharide capsules. These include: prevention
of desiccation for transmission and survival, adherence for colonization, resistance to
complement-mediated phagocytosis and complement-mediated killing, and resistance to
specific host immunity due to apoor antibody response to the capsule (119).
Bacterial capsules may affect the penetration of both useful and toxic metal ions
to the cell surface due to the anionic nature of the capsule (154).

However, capsule

production by B. pseudomallei was not found to be responsible for resistance to metal
ions since the capsule mutant SR1O1S demonstrated similar MIC values compared to
wild type.

It has also been suggested that the presence of a capsule may effect the

diffusion of antibacterial agents through to the cell surface (154). The B. pseudomallei
capsule was not found to contribute to resistance to antibiotics since the MIC values for
B. pseudomallei 1026b and SR1O1S were comparable for avariety of antibiotics.

B.

pseudomallei has been shown to be cytotoxic to HeLa cells. This cytotoxicity cannot be
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attributed to capsule production by the organism since the capsule mutant demonstrated
cytotoxity to HeLa cells. These results were not surprising since B. thailandensis, which
lacks capsule, has been shown to be more cytotoxic to HeLa cells than B. pseudomallei
(13).
In this study we have provided evidence that this capsule is important for B.
pseudomallei survival in the host as it inhibits opsonization and clearance of the organism
from the blood.

Capsule production by B. pseudomallei was shown to contribute to

persistence of the organisms in the blood. The addition of purified capsule was shown to
increase the virulence of acapsule mutant strain, SRI 015, in the Syrian hamster model of
acute septicemic melioidosis.

Differences in tissue distribution between wild-type B.

pseudomallei and the capsule mutant in infected Syrian hamsters also suggest that the
capsule contributes to survival in the blood. The numbers of wild-type B. pseudomallei
increased considerably in the blood and spleen by 48 hours, while the numbers of
SR1O15 declined in the blood by 48 hours. The numbers of SR1O1S slightly increased in
the spleen by 48 hours, suggesting that SR1O1S was readily cleared from the blood and
sequestered in the spleen.

Early studies on host defense against bacteremia in both

animals and humans demonstrated that the liver and the spleen were the major sites of
sequestration and that complement is acritical determinant of reticuloendothelial organ
sequestration (16, 121).

It appears as though the splenic macrophages are unable to

completely clear capsule mutants of B. pseudomallei however, since the numbers of
SR1O1S in the spleen increased from 24 to 48 hours and because animals infected with
SR1015 eventually succumb to infection. This is likely because capsule mutants of B.
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pseudomallei, although significantly less virulent in the animal model, were shown to be
able to resist killing in vitro by macrophages and polymorphonuclear leukocytes.
Capsule production by B. pseudomallei was shown to be responsible for
persistence in the blood through evasion of the complement cascade.

The addition of

purified capsule to serum bactericidal assays showed that the capsule contributes to
increased resistance of serum sensitive strains lacking the 0-polysaccharide moiety (0PS) of LPS to the bactericidal effects of normal human serum. The addition of 100 pg of
purified capsule increased the survival of B. pseudomallei SLR5 and SRM1 17, serum
sensitive strains, by 1000-fold. Incubation of 30% NUS with 100 jig of capsule for 30
minutes before the addition of bacteria resulted in a 100,000-fold increase in survival of
SLR5. The survival of SLR5 under these conditions was similar to its survival in heatinactivated serum, further suggesting that the capsule was affecting the complement
cascade. Since SR1O15, the capsule negative mutant, was found to be serum resistant in
that it was not sensitive to lysis by the MAC complex and because the 0-antigen of LPS
of B. pseudomallei has been previously implicated in serum resistance, it was concluded
that the capsule was affecting the complement cascade through some other mechanism
(43).

This effect was found to be specific to capsule, since the addition of purified B.

pseudomallei 0-PS did not increase the survival of serum sensitive strains SRM1 17 and
SLR5.

In addition, serum bactericidal assay results showed that the double mutant in

capsule and 0-PS, SLR5, was more serum sensitive than the mutant lacking only 0-PS,
SRM1 17, indicating the importance of capsule in preventing the bactericidal effects of
complement.
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Capsular polysaccharides are often shed during the growth of the organism as
well as during complement attack, which serves to prevent complement attack at the
bacterial surface. In addition, surface molecules released into the environment may act to
deploy complement activation away from the intact organism (41, 72). Shedding of the
capsule may have a role in preventing complement attack against invading B.
pseudomallei. There is evidence to suggest that the 200 kDa capsular polysaccharide of
B. pseudomallei is shed into the culture medium during growth (1). hnmunofluorescence
microscopy studies using polyclonal rabbit sera specific to the capsule demonstrated that
when purified B. pseudomallei capsule is added exogenously, it does not reassociate with
the bacterial cell.

This could explain the ability of exogenous capsule to inhibit

complement attack and enhance the survival of SLR5 and SRM1 17 in 30% normal
human serum.
There are essentially two functions of the complement cascade, opsonization and
direct cell damage of invading organisms (70).

Through the alternative pathway,

bacterial lysis occurs through assembly of the MAC complex and opsonization occurs
through deposition of complement factor C3b and generation of the C3 convertase.
Deposition of complement factor C3b on the bacterial surface allows for increased
phagocytosis because phagocytes have the receptor CR1 on their surface, which is
specific for C3b (41). The generation of the C3 convertase results in the production of
more C3b and C3a, an anaphylatoxin, which results in the recruitment of phagocytes to
the area (70).

Since capsule mutants of B. pseudomallei were previously found to be

serum resistant, we postulated that the capsule enhanced B. pseudomallei survival in the
blood by inhibiting C3b deposition and opsonization.
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Both western blot analysis and immunofluorescence microscopy experiments
using amouse monoclonal antibody to human C3b demonstrated the inhibition of C3b
deposition by the B. pseudomallei capsule.

In both experiments C3b deposition was

more pronounced on the surface of the capsule mutant strain compared to the wild type.
Optical densitometry measurements confirmed asignificant difference in the amount of
C3b deposited on the surface of the wild type strain compared to the capsule mutant in
both 10% and 30% NHS.

Western blot analysis also demonstrated the covalent

attachment of C3b to the bacterial surface, as was evident by a shift in the molecular
weight of C3b when bacterial cells were incubated with human serum. The nature of this
covalent attachment was not determined; however, the binding of C3b to the bacterial
surface is thought to occur via an amide or ester linkage through the carboxyl of a
thiolester group (32, 70). Also evident by western blot analysis and inimunofluorescence
microscopy was that some C3b deposition occurred in wild type B. pseudomallei. These
results indicate that the B. pseudomallei capsule does not completely prevent the
association of C3b to the bacterial surface, but that the presence of the capsule inhibits
the amount of C3b deposited. This can be expected since bacterial capsules are known to
allow the diffusion of some C3b molecules through to the bacterial surface (124). This
would explain the fact that C3b deposition occurred earlier and was more pronounced in
the capsule mutant compared to the wild type. Furthermore, previous studies have shown
that B. pseudomallei is capable of activating the alternative pathway of complement, and
this results in the assembly of complement factors C5b-C9, the MAC complex, on the
surface of the invading organism (43, 48). The MAC can still form on abacterial surface
that is covered by acapsule due to the diffusion of some complement proteins. Thus,
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encapsulated bacteria do not automatically become serum resistant (124).

Therefore,

capsule production by B. pseudomallei does not completely prevent complement
activation, but it inhibits the effects of complement through the inhibition of C3b
deposition and opsonization of the organisms for effective clearance. The accumulation
of C3b affects the amplification step of the complement cascade and therefore, the less
C3b deposited, the less MAC complex is assembled, and the less C3a and C5a are
generated for phagocyte recruitment (41, 124).

This would explain the increased

clearance of capsule mutants from the blood of infected animals compared to the wild
type.

This conclusion is supported by the fact that B. thailandensis, a related non-

pathogenic organism which lacks the capsule, has been shown to be serum resistant, but
is not capable of establishing a bacteremia in the Syrian hamster model of acute
melioidosis (13, 43, 114).

Our studies demonstrated increased C3b deposition on the

surface of B. thailandensis compared to wild type B. pseudomallei, similar to that
observed with the B. pseudomallei capsule mutant.
Complement factor iC3b, one of the degredation products of C3b, also acts as an
opsonin by covalently binding to the surface of an invading microorganism and
promoting phagocytosis through the CR3 receptor (41).

Deposition of iC3b may also

occur on the surface of B. pseudomallei (48). Since the monoclonal antibody to C3b used
in our studies may also react with iC3b, it is possible that one of the two bands present on
the western blots may correspond to iC3b covalently bound to the surface of B.
pseudomallei.

Future studies involving the deposition of iC3b as well as C3b on the

surface of B. pseudomallei are warranted.
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Effective opsonization of invading bacteria results in enhanced phagocytosis and
clearance

of

the organisms from the blood of the infected host (70).

Quantitative

radiolabelled phagocytic assays were performed to establish a correlation between
opsonization of the bacteria and phagocytosis by polymorphonuclear leukocytes. In the
presence of serum, the capsule mutant was phagocytosed more significantly than wild
type B. pseudomallei. Since phagocytes have areceptor, CR1, specific for C3b, it was
expected that the capsule mutant would be phagocytosed to a greater extent (41, 70).
From these experiments we were able to conclude that the B. pseudomallei capsule is
antiphagocytic in that it inhibits opsonization for effective phagocytosis of the bacteria.
In addition to this, the capsule may act as abarrier blocking access of the CR1 receptor
on phagocytes to the C3b deposited on the bacterial surface (41). Verbrugh et al. showed
that acapsule producing strain of Staphylococcus aureus incubated with normal human
serum had C3 localized on the cell wall, beneath the capsular layer (148).

These

researchers determined that the capsule was antiphagocytic because it interfered with the
recognition of cell wall-bound C3b and iC3b molecules by phagocytic cell receptors.
Further experiments are necessary to determine whether the B. pseudomallei capsule has
adual function of blocking phagocytosis through the CRior CR3 receptors as well as
inhibiting opsonization of the bacteria.
The importance of bacterial capsules in virulence has been demonstrated for many
pathogens (31, 101, 119, 140, 151, 152). For many bacterial species capsule production
is important for the inhibition of opsonization and phagocytosis, preventing effective
clearance of the organism from the blood of the infected host.

The polysaccharide

capsule of Pasteurella multocida has been shown to be amajor virulence determinant and
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capsule production in P. multocida has been correlated with the persistence of the
bacteria in the blood in vivo (11). Following intraperitoneal challenge of mice, acapsular
bacteria were removed efficiently from the blood, while wild type bacteria multiplied
rapidly (11).

Similar to B. pseudomallei SR1O1S, aP. multocida capsule mutant was

found to be resistant to the bactericidal effects of serum and to killing by murine
peritoneal macrophages, but more sensitive to phagocytosis (11).

The reduction in

virulence of the capsule mutant was attributed to the rapid removal of the acapsular
bacteria from the blood and other organs due to an increased susceptibility to
phagocytosis (11). Studies on the serotype 5capsular polysaccharide of Staphylococcus
aureus have correlated capsule production with increased virulence in the animal model,
amore pronounced bacteremia, and an increased resistance to opsonophagocytic killing
(140). Capsule production in S. aureus has been shown to be associated with reduced C3
deposition and opsonization (32). The type 7capsule of Streptococcus pneumoniae has
also been correlated with decreased C3 binding (18).

In addition, Escherichia coli K.1

strains are not opsonized for phagocytosis by complement because the presence of the Ki
capsule prevents the deposition of surface-exposed stable C3b (72, 144).
Capsule production by B. pseudomallei was found to contribute to the persistence
of the organism in the blood through the inhibition of complement factor C3b deposition
and phagocytosis. The presence of the capsule enables B. pseudomallei to survive in the
blood and spread to other organs, which may result in the overwhelming septicemia that
is common in culture-positive melioidosis patients (139). Therefore capsule production
is

important

for

the

pathogenesis

of

acute

septicemic

melioidosis.

Further

characterization of the B. pseudomallei capsule is essential for understanding the
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pathogenesis of B. pseudomallei infections and the development of preventative
strategies for the treatment of melioidosis since this polysaccharide is one of the
components of aB. pseudomallei subunit vaccine (12).
Virulence genes of anumber of pathogenic bacteria are located on pathogenicity
islands. Pathogenicity islands (PAls) are regions on the bacterial chromosome that are
present in the genome of pathogenic strains, but absent or rarely present in those of nonpathogenic strains. The PAls may range in size from about 30 kb to 200 kb in size, the
G+C contents of which often differ from that of the remaining bacterial genome, and
these are often associated with the carriage of many virulence genes. These genetic units
are often flanked by direct repeats and may be associated with tRNA genes or insertion
sequence (IS) elements at their boundaries.

They may also be associated with the

presence of "mobility" genes, such as IS elements, integrases, transposases and origins of
plasmid replication. These DNA regions are considered to be unstable in that they may
delete with high frequencies or undergo duplications and amplifications (58). A number
of PAls have been described for both gram-positive and gram-negative bacteria, and the
application of subtraction hybridization has been used to successfully identify such
genetic elements (58, 90). The subtractive hybridization that was carried out between B.
pseudomallei and B. thailandensis led to the identification of anumber of sequences that
were found to be A-T rich compared to the rest of the B. pseudomallei chromosome.
This, combined with the fact that insertional mutagenesis of the glycosyltransferase gene,
wcbB, and a mannosyltranserase gene, wcbE, identified by this method resulted in
avirulent strains, suggests that we may have identified DNA sequences from aputative
pathogenicity island and that the capsular polysaccharide gene cluster may be located on
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such an island.

It is possible that B. pseudomallei, B. mallei and B. stabilis acquired

DNA encoding for capsule as well as other potential, yet unidentified virulence factors by
horizontal transfer recently in evolution.

B. pseudomallei is known to contain IS

elements that are present in B. cepacia but not in B. thailandensis (89).

However, IS

elements have not yet been identified in association with the capsule gene cluster.
Sequencing of the subtraction library also led to the identification of a DNA
sequence encoding for a putative integrase gene which demonstrated significant
homology to an integrase from X axonopodis and a phage-related integrase from X
campestris (38).

There were no integrase sequences found to be associated with the

capsule gene cluster, therefore, it is possible that this sequence may represent another
putative PAl in B. pseudomallei.

Insertional inactivation of this ORF and virulence

testing in the Syrian hamster is necessary to determine whether this gene is important for
B. pseudomallei pathogenesis.

In addition, further analysis of this ORF and the B.

pseudomallei subtraction library is needed in order to determine whether other putative
PATs are present in this organism.
The identification of bacterial virulence genes has traditionally relied upon
empirical predictions of putative virulence determinants and inactivation of the genes
encoding for these putative virulence determinants by any number of methods, followed
by comparisons of virulence between mutant and wild-type infection models (49).
Technologies such as IVET (in vivo expression technology) and DFI (differential
fluorescence technology) have been developed to facilitate the identification of expressed
sequences under a given set of circumstances within a test host; however, these
approaches do not necessarily lead to the identification of virulence determinants (137).
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The method for identification of virulence genes described herein should be applicable to
a broad range of pathogenic bacteria.

The combination of PCR-based subtractive

hybridization, insertional mutagenesis and an animal infection model provides for the
efficient detection of virulence genes. While we have applied the method to the pathogen
Burkholderia pseudomallei in our current studies, this methodology could be applied to
any species and for which only a few prerequisites are in place.

These prerequisites

include related virulent and avirulent strains, suitable suicide vectors for insertional
inactivation and an infection model for differentiation of virulent and avirulent strains.
The described method should lead to the identification of relevant virulence determinants
for a number of bacterial species
pathogenesis.

and further the understanding of molecular
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