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A Burkholderia pseudomallei mutant which was attenuated in a mouse model of
melioidosis was identified by a signature tagged mutagenesis approach. The transposon
was shown to be inserted into a gene within the capsular biosynthetic operon. Compared
with the wild-type bacteria this mutant demonstrated a 105-fold increase in the median
lethal dose in a mouse model and it did not react with a monoclonal antibody against
high mol. wt polysaccharide of B. pseudomallei. To determine the Kinetics of infection,
mice were dosed intraperitoneally (i.p.) and intravenously (i.v.) with mutant and wild-
type bacteria. After i.p challenge, the number of mutant bacteria in the peritoneal cavity
declined, whereas wild-type bacteria proliferated. When administered by the i.v. route,
the mutant was able to cause disease but the time to death was increased compared with
the wild type. Mice were dosed with the mutant and subsequently challenged with wild-
type B. pseudomallei, but the mutant failed to induce a protective immune response.

Introduction

Burkholderia pseudomallei is the causative agent of
melioidosis, a severe disease of man and animals [1].
The bacterium is present in the environment, mainly in
south-east Asia, Northern Australia, parts of Africa and
South and Central America [2—4]. Although, histori-
cally, melioidosis has been considered relatively rare,
the disease is being recognised in an increasing number
of countries and with an increasing frequency [5, 6].
This is probably due to a combination of factors, such
as recent improvements in diagnostic techniques, a
greater awareness of the disease and an increase in
global travel from areas of the world where melioidosis
is endemic. Melioidosis can present in a number of
forms varying from acute septicaemia, acute pulmon-
ary, subacute and chronic disease [1,7-9]. In some
cases a latent infection is established which may cause
disease in later life. The factors that influence the
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outcome of disease are not known, but differences in
the virulence of strains [8, 10] might be important. A
recent report has indicated that as well as the virulence
of the strain, factors such as inoculum size of the
infecting strain and host predisposition may also play a
role in susceptibility to the disease [11]. Melioidosis is
seen most frequently in diabetics, those with impaired
cellular immunity or those with a history of drug or
alcohol abuse, suggesting that differences in the
immunological status of the host might also influence
the outcome of the disease [7, 12].

Currently, little is known about the virulence mechan-
isms of B. pseudomallei. Work to identify virulence
factors may be complicated by the possibility that
disease might be dependent on the strains studied and
the choice of animal model. Several studies in the
1950s reported that culture supernatant fluid was toxic
for both mice and hamsters [7, 13] and that the level of
production of toxin was strain-dependent [13, 14]. A
31-kDa cytotoxic protein [15, 16], a cytolethal peptide
and a cytotoxic rhamnolipid [17,18] have been
reported to be produced by the organism. Several other
extracellular products such as proteases, haemolysins
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and phospholipases [7, 19] have also been suggested as
candidate toxins but their role in the pathogenesis of
disease is unclear. Furthermore, the finding that a
general secretion pathway mutant of B. pseudomallei
retained virulence for Syrian hamsters [7] suggests that,
at least in this model of disease, proteins exported by
this pathway do not play a significant role.

Components of the outer membrane have also been
considered as virulence determinants. B. pseudomallei
produces two types of lipopolysaccharide (LPS) termed
OPSI and OPSII and a capsular polysaccharide
[20, 21]. OPSII appears to play a role in resistance to
serum killing and virulence in the diabetic rat model of
infection [22,23]. The polysaccharide capsule also
appears to be an important virulence factor, and a
transposon mutant that failed to produce exopolysac-
charide was markedly attenuated in Syrian hamsters
[24].

Signature tagged mutagenesis (STM) has been used
successfully in several bacterial pathogens to identify
virulence determinants in vivo [25—33]. Briefly, a pool
of transposons is assembled, each harbouring a unique
oligonucleotide tag. Tagged bacterial mutants are
grouped into pools and used to infect an animal
model. Comparison of the oligonucleotide tags present
in the pool before animal challenge with the tags
present in the pool of mutants after animal passage
indicates those mutants that have not survived passage
in the animal. These mutants can be further char-
acterised to identify genes that are specifically
associated with virulence.

This study set out to identify bacterial mutants of B.
pseudomallei with lesions in virulence determinants by
STM. In the longer term this information could be used
to develop vaccines or to identify targets for novel
antimicrobial agents effective against melioidosis.

Materials and methods
Chemicals, enzymes and bacterial strains

Chemicals and enzymes were obtained from the Sigma-
Aldrich Chemical Company (Poole, Dorset) unless
otherwise stated. B. pseudomallei strain 576 was used
throughout this project. It was isolated initially from a
clinical case of fatal melioidosis in Thailand, and
provided by Dr T. Pitt, Central Public Health
Laboratory, Colindale, London. B. pseudomallei was
cultured at 37°C in Luria Bertani (LB) broth medium
supplemented as required with antibiotics [34].

Animal studies

BALB/c and Porton Outbred (PO) mice were age-
matched, c¢. 6-week-old females. Stock animals were
grouped together in cages of five with free access to
food and water and subjected to a 12-h light/dark

cycle. After challenge, the animals were handled under
bio-safety level III containment conditions within a
half-suit isolator, compliant with British Standard
BS5726. All investigations involving animals were
performed according to the requirements of the Animal
(Scientific Procedures) Act 1986. The median lethal
dose (MLD) was calculated by the method of Reed and
Muench [35].

To determine protection against wild-type challenge,
mice surviving the MLD experiment were challenged
with 1 X 10* cfu of B. pseudomallei strain 576. Intra-
venous (i.v.) challenges were administered by warming
the mice with an infra-red bulb before injection via the
tail vein.

Signature tagged mutagenesis (STM)

STM was performed as described previously [25]. B.
pseudomallei strain 576 was transformed by electro-
poration (2.5 kV, 200 Ohm, 25 uF capacitance) with a
BioRad Gene Pulser II (BioRad Laboratories, Hemel
Hempstead, Herts) with plasmid pUTminTnSKm2
which had been modified to incorporate one of 96
tags. Cells were prepared for electroporation by
repeatedly washing in sterile glycerol 10% v/v. After
electroporation, the cells were allowed to recover for
3 h at 37°C with shaking (220 rpm) and then plated on
LB agar containing kanamycin 700 ug/ml. B. pseudo-
mallei is resistant to ampicillin, preventing detection of
the loss of the suicide plasmid DNA by screening for
ampicillin-sensitive, kanamycin-resistant clones. To
ensure plasmid DNA loss, randomly selected bacterial
mutants were screened by PCR for the loss of the
nucleotide sequence encoding the transposase enzyme
necessary for transposon integration. No mutants were
identified which had the transposase gene sequence,
indicating complete loss of the suicide plasmid DNA.
One pool of 96 transposon mutants was assembled and
used to challenge groups of five PO mice by the
intraperitoneal (i.p.) route in this preliminary screen.
After incubation for 72 h in vivo the mice were killed
by cervical dislocation and the spleens were removed
and homogenised in 2 ml of LB broth and plated on
LB agar. Plates were incubated overnight and ¢. 10 000
colonies were harvested. DNA was purified and used in
a PCR to amplify the tags. This PCR product was
radiolabelled and used in Southern blots [34] to probe
for all possible tags. Comparison of tags present before
animal passage with tags present after animal passage
indicated those tags which were absent from the pool
of mutants recovered from the animal.

Competition index

B. pseudomallei strain 576 and transposon mutant 1E10
were cultured in broth to c. 1 X 108 cfu/ml. Each
culture was serially diluted and the cultures were mixed
to provide an inoculum containing 4.46 X 10* cfu of
B. pseudomallei strain 576 and 2.39 X 107 cfu of B.
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pseudomallei mutant 1E10. Samples of the inoculum
were plated on LB agar to calculate total viable
bacteria and on LB agar supplemented with kanamycin
700 ug/ml to calculate the number of B. pseudomallei
mutant 1E10 organisms. Unsupplemented plates were
incubated for 24 h at 37°C; supplemented plates were
incubated for 48 h.

Groups of five PO mice were challenged with the
mixed inoculum by the i.p. route of infection. At 72 h
after challenge, the mice were killed by cervical
dislocation. The spleens were homogenised in 2 ml of
LB broth and plated on LB agar with or without
antibiotic. The plates were incubated at 37°C for 18 h
and the numbers of mutant and wild-type bacteria were
counted on LB agar with or without kanamycin.

Cloning of the genomic region interrupted by the
transposon in B. pseudomallei 1E10

DNA was prepared from 100-ml cultures of B.
pseudomallei in LB broth by a lysozyme, phenol-
chloroform extraction method [36] and digested with
Sacl restriction endonuclease. The digested DNA was
purified with Microcon 100 (Millipore UK, Watford)
spin columns and ligated with similarly pre-digested
pUC19 plasmid DNA. The ligation was purified with
Microcon 100 spin columns and used to transform
Escherichia coli Sure cells (Stratagene Europe, Am-
sterdam, The Netherlands) by electroporation. After
recovery, the E. coli were plated on LB agar sup-
plemented with kanamycin 50 ug/ml. Colonies were
selected after incubation for 24 h at 37°C. Plasmid
DNA was re-isolated with a Qiagen mini-prep kit and
used in sequencing reactions with commercially avail-
able oligonucleotide primers which hybridised to the
multiple cloning site.

Deoxynucleotide sequencing

Sequencing was performed with the Taq Dyedeoxy™
kit supplied by Applied Biosystems (Warrington).
Approximately 4.8 pmol of oligonucleotide primer
was used in each sequencing reaction along with
500 ng of recombinant plasmid, or 100 ng of PCR
product. Excess terminators were removed by ethanol
precipitation before the nucleotide sequence was
determined with a DNA sequencer model 373A
(Applied Biosystems). Sequencing results were ana-
lysed on Apple Macintosh computers with Applied
Biosystems Data Analysis software.

Immunoblotting of B. pseudomallei strains 576
and 1E10 with a monoclonal antibody

B. pseudomallei strains 576 or 1E10 were cultured in
LB broth for 18 h at 37°C and harvested by cen-
trifugation (10000 g, 10 min, 4°C). A suspension of B.
pseudomallei strain 576 or strain 1E10 (32 mg/ml) was
digested with proteinase K [37] and 7.5 ul of the digest

were used for each lane of a gel. The samples were
separated by SDS-PAGE through an acrylamide 10%
w/v gel [38] and blotted with a semi-dry transfer
system. After blocking with bovine serum albumin
(BSA) 5% w/v overnight and washing for 3 X 5 min in
BSA 0.1% w/v, the blotted membranes were probed
with monoclonal antibody (MAb) 4VIH12 [39] diluted
1 in 25 in BSA 0.1% w/v for 1-2h at room
temperature. This was followed by three 5-min washes
in BSA 0.1%w/v. A sheep anti-mouse Auroprobe™
antibody (Amersham Pharmacia Biotech) was diluted 1
in 100 in water containing gelatin (1 in 20 dilution)
and applied for 1-2 h. The blot was then washed twice
for 5Smin in BSA 0.1% w/v and twice for 5 min in
phosphate-buffered saline (PBS) prepared by the
method of Dulbecco A (Fisher Scientific). Equal
amounts of the silver enhancer and initiator (Amer-
sham Pharmacia Biotech) were applied and the
blot was agitated until colour developed.

Immunofluorescent staining

Bacterial suspensions were diluted to 1 X 10° cfu/ml in
distilled water and 40 ul of the suspension were placed
on a glass coverslip and allowed to dry. The coverslips
were washed briefly in PBS before immersing in
acetone for 2 min. After fixing, the coverslips were
washed in PBS before incubating in fetal calf serum
5% v/v in PBS (FCS/PBS) for 2 h to block non-specific
binding. After three 2-min washes in PBS, the cover-
slips were incubated with MAb 4VIH12 (1 ug/ml in
FCS/PBS 5% v/v) for 1 h at 37°C and, after three
further washes in PBS, they were incubated with anti-
mouse fluorescein isothiocyanate (FITC) conjugate
(diluted 1 in 64) for 1 h at 37°C. The coverslips were
washed three times for 2 min in PBS and mounted on
glass slides with aqueous glycerol 92% v/v. Slides were
examined by phase-contrast and fluorescent microscopy
with an Olympus Fluoview Laser scanning microscope.

Results
Signature tagged mutagenesis of B. pseudomallei

Purified plasmid pUTminiTn5Km2, which had been
modified to incorporate one of 96 tags, was trans-
formed into B. pseudomallei strain 576 by electropora-
tion. In total, 2000 signature tagged mutants were
generated and stored frozen until required. A pool of
96 individual bacterial mutants, each harbouring unique
nucleotide tags, was assembled and three groups of
three PO mice were infected with 1 X 10* cfu by the
i.p. route. After 48 h, bacteria recovered from the
spleens were used to prepare DNA, which was used as
a template in the PCR to amplify nucleotide tags. The
tags were radiolabelled and used in a Southern blot
against amplified nucleotide tags from the input pool.
Comparison of the membrane probed with the tags
from the input pool with the membrane probed with the
tags from the recovered pool indicated signature tags



542 T. ATKINS ET AL.

which were not present in the recovered pool (data not
shown). Some variation in the pattern of elimination of
bacteria by individual animals was seen. However, one
bacterial mutant (1E10) was identified which was
consistently absent from the recovered pool of bacteria
from all three animals.

Previous studies with other bacterial pathogens have
indicated that c¢. 2—4% of signature tagged mutants will
be attenuated by the i.p. route of infection. During this
study one bacterial mutant was isolated from a pool of
96 mutants, which was lost from the bacterial popu-
lation during animal passage. However, other signature
tags displayed reduced signal strengths, possibly indi-
cating that these mutants were attenuated, but to a
lesser extent than B. pseudomallei mutant 1E10.

Confirmation of attenuation by competition index

Three mice were challenged by the i.p. route with
100 ul of a mixture of 1 X 10% cfu of B. pseudomallei
576 and 1 X 10? cfu of B. pseudomallei 1E10. After
72 h the bacteria in the spleens were enumerated on LB
agar with and without kanamycin supplementation.
Whereas in the challenge inoculum the ratio of strain
576 to strain 1E10 was 1.86, the ratio for the two
strains, respectively, recovered from splenic tissues was
<9.17 X 10°. From these results a competition index of
<2.02 X 1071 was calculated (Table 1). This con-
firmed that mutant 1E10 was attenuated compared with
the wild-type strain by the i.p. route of infection and no
viable cells of the mutant were recovered from any of
the mice.

Identification of the gene interrupted in
B. pseudomallei mutant 1E10

Total genomic DNA was prepared from the mutant
1E10, digested with Sacl and ligated into pUCI9.
Kanamycin-resistant colonies were selected, as these
would possess plasmids with inserts containing the
transposon, which were then sequenced. The deduced
amino acid sequence was used to search the GenBank
database with  TBLASTN. The closest match was
indicated as the mannosyltransferase from Zymomonas
mobilis (e~3'). The nucleotide sequences surrounding
the putative mannosyltransferase gene were obtained
from the B. pseudomallei K96243 genome sequencing
project (http://www.sanger.ac.uk/projects/B_pseudomallei).

A map of this region of the B. pseudomallei genome
was deduced and was found to be the capsular
polysaccharide operon described for B. pseudomallei
1026b [21]. The structure of the capsular polysacchar-
ide of B. pseudomallei has been reported previously to
contain mannose [40]. Therefore, it is likely that the
transposon inserted into the genome of mutant strain
1E10 abolished its ability to synthesise capsular
polysaccharide by preventing mannose from assembling
into the KDO region of the capsular polysaccharide.

Confocal microscopy with MAbs

A hybridoma cell line that secretes MADb antibody
4VIH12, reactive with cell surface polysaccharide, was
generated previously in this laboratory. B. pseudomallei
wild-type and 1E10 mutant cells were exposed to MAb
4VIHI12 and an FITC-labelled anti-mouse secondary
antibody and visualised by confocal microscopy. The
antibody bound to the outer surface of strain 576 cells
(Fig. la) but did not bind to the mutant (Fig. 1b).
Phase-contrast microscopy confirmed the presence of
bacterial cells in each of the samples. These findings
indicate that the mutant 1E10 cells failed to produce a
surface-located polysaccharide.

LPS and high mol. wt polysaccharide in
B. pseudomallei strain 1E10

Polysaccharide material was prepared from B. pseudo-
mallei strains 576 and 1E10 and analysed by SDS-
PAGE. A characteristic banding pattern typical of LPS
was observed in both preparations (Fig. 2a). Western
blots of similar gels were also probed with MADb
4VIH12 which bound to a high mol. wt component in
the extract of strain 576 but failed to react with the
strain 1E10 extract (Fig. 2b). These findings indicate
that B. pseudomallei mutant 1E10 had lost the ability
to produce capsular polysaccharide but retained the
ability to produce LPS.

Growth of B. pseudomallei strain 576 and
B. pseudomallei mutant 1E10 in vivo

In PO mice, the MLD of B. pseudomallei 1E10 by the
i.p. route was calculated as >1 X 10° cfu. No animal
deaths occurred in the group of animals that received
1 X 10° cfu and a higher dose was not given because of
the risk of death due to endotoxic shock. The MLD of

Table 1. Confirmation of attenuation of mutant B. pseudomallei 1E10 by competition index

with wild-type strain 576

Animal  B. pseudomallei B. pseudomallei  B. pseudomallei B. pseudomallei Competition index

no. 576 input cfu  1E10 input cfu 576 recovered cfu  1E10 recovered cfu® (CDH

1 4.46 X 10? 2.39 X 10? 9.17 X 10° 0 <1.09 X 10710

2 4.46 X 10? 2.39 X 10? 6.15 % 10° 0 <1.6 X 1071

3 4.46 X 107 2.39 X 107 6.4 X 10° 0 <1.5x1071°
Average CI <1.39 X 10710

*No viable bacteria were recovered but a value of 1 was assigned to calculate a ratio.
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Fig. 1. Binding of a MADb to high mol. wt polysaccharide of B. pseudomallei strains 576 and 1E10 demonstrated by confocal and
phase-contrast microscopy. a, B. pseudomallei 576; b, B. pseudomallei 1E10.

strain 576 was 7 cfu. Mice that received 1 X 10° cfu of
the mutant 1E10 were challenged 35 days later with
1 X 10* cfu of strain 576 and all succumbed to
infection.

To investigate the pattern of survival and growth of B.
pseudomallei 576 or B. pseudomallei 1E10, c. 1X
103 cfu of each strain were administered i.p. to groups
of 10 BALB/c mice. At set time points one animal
from each group was killed and bacteria in the
peritoneal cavity or spleen were recovered. The num-
bers of strain 576 increased over the course of the
experiment, whereas strain 1E10 organisms declined to
a level below the limit of detection by 36 h after
infection (Fig. 3). Furthermore, the numbers of strain
576 or 1E10 bacteria in the spleens increased until 6 h
after challenge. The mutant strain increased more
rapidly than the parent strain. Beyond 6 h, the numbers
of the mutant declined over the next 48 h. In contrast,

the wild-type bacteria increased in number throughout
the experiment (data not shown).

Virulence of B. pseudomallei 1E10 by the i.v.
challenge route

Groups of five PO mice were inoculated with a high
dose of 9 X 107 cfu or a low dose of 9 X 10° cfu of
strains 1E10 or 576 by the i.v. route of infection. After
19 days all mice had died. Mice challenged with the
high dose of strain 1E10 showed an extended time to
death compared with mice challenged with a similar
dose of strain 576, which died after just 3 days. Mice
challenged with the lower dose of strain 1E10 also
displayed an increase in time to death compared with
the control group (Fig. 4). However, challenge with
either strain by the i.v. route resulted in the sudden
death of the animal without symptoms of disease. This
was in contrast to mice infected with strain 576 by the
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Fig. 2. (a) SDS-PAGE of polysaccharide extracts of B. pseudomallei. Lane 1, strain 576; 2, strain 1E10. (b) Immunoblotting of
polysaccharide extracts of B. pseudomallei with MAD to high mol. wt polysaccharide. Lane 1, strain 576; 2, strain 1E10.

Bacteria recovered (log4q cfu)

0- T T T 1
Time (h)

Fig. 3. Clearance of B. pseudomallei from mouse peritoneum
over time. Strain 576, W; strain 1E10, A.

1.p. route, which showed symptoms such as ruffled fur
and paralysis of the hind limbs before death occurred.

Discussion

STM has been used successfully for several bacterial
pathogens as a method of identifying virulence
determinants. However, the successful use of the
technique is reliant on the availability of an animal
model of disease for a population of bacteria to be
screened simultaneously. With some pathogens and
some animal models of disease, either clonal selection
or non-specific clonal elimination of the input pool

occurs early in the infection process resulting in low
representation of signature-tagged mutants in the output
pool [26,41,42]. Some workers have resolved these
problems by reducing the complexity of the input pool
to 48 [41,43]. Even when these problems can be
resolved, it is important to harvest infected tissues at an
appropriate time after challenge to allow disadvantaged
mutants to be eliminated. Overall, these findings
indicate that the successful use of STM requires
optimisation of the system and it will not be suitable
for use with all pathogens [42]. In this study, a murine
model of melioidosis was developed in which it was
possible to screen a pool of 96 mutants. No problems
with clonality were observed and one attenuated
mutant, 1E10, was identified. The method reported
here could now be used for more extensive studies to
identify additional virulence determinants of B. pseu-
domallei. However, if secreted virulence factors are
important in pathogenicity, it is possible that they
would not be identified by this technique because of
cross-complementation of mutant phenotype by other
members of the challenge population [42].

On the basis of sequence homology, the gene
interrupted in B. pseudomallei 1E10 was identified as
encoding a putative mannosyltransferase enzyme. The
electrophoretic profile of LPS from the wild-type and
mutant strains were identical, suggesting that the
enzyme was involved in capsule rather than LPS
biosynthesis. The mutant 1E10 failed to bind an
antibody reactive with high mol. wt polysaccharide
which indicated that it is unable to produce capsular
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Fig. 4. Survival of mice infected with B. pseudomallei in relation to inoculum. Strain 576 at inoculum 9.15 X 107 cfu (#),
9.15 X 10° cfu (M); strain 1E10 at inoculum 8.8 X 107 cfu (A), 8.8 X 10° cfu (X).

polysaccharide. Previous work has shown that a mutant
derived from B. pseudomallei strain 1026b that was
unable to produce capsular polysaccharide was attenu-
ated in a Syrian hamster model of disease [21]. The
results of the present study confirm this and indicate
that a capsule-negative mutant is also attenuated in the
mouse. The capsule is also important for virulence of
the related pathogen B. mallei [24] and a non-capsulate
mutant has been shown to be attenuated in the hamster
model of disease. Searching the mannosyltransferase
gene interrupted in B. pseudomallei 1E10 against the
K96243 genome sequence database showed that the
gene is part of the capsular operon described by
Reckseidler ef al. [21]. This operon is large, compris-
ing 20 potential open reading frames, yet the gene
inactivated in the present study is the same as one of
only five transposon mutants which were isolated from
1300 mutants in the earlier study [21]. This suggests
that this gene may be a hot-spot for transposition. Hot-
spotting of transposon insertion events can occur in
areas of a bacterial genome that differ in their GC base
ratio when compared with the whole genome [44, 45].
B. thailandensis, a close but non-capsulate relative of
B. pseudomallei [46], has recently been shown to
possess a truncated capsule polysaccharide operon [24]
with truncation close to the insertion site of the
transposon in B. pseudomallei 1E10. This lack of a
capsule may be one reason that B. thailandensis strains
are avirulent in mouse models.

After i.p. challenge of mice, both wild-type and mutant
bacteria could be recovered from the i.p. cavity and
bacteria appeared in splenic tissues soon after chal-
lenge. B. pseudomallei has been reported previously to
be a facultative intracellular pathogen, and tissues
taken from infected animals or human patients fre-
quently reveal bacteria within professional and non-
professional phagocytic cells [47—49]. The finding in

the present study that bacteria appeared within spleens
after ip. challenge confirms the findings of other
studies [49, 50]. The numbers of B. pseudomallei 1E10
bacteria in the peritoneal cavity or in spleens were
higher than the numbers of wild-type bacteria in these
tissues 3 h after challenge, suggesting that the mutant
possessed a growth advantage early in infection. This
may be due to a reduced biochemical burden with the
mutant not having to expend energy in synthesising the
capsule, but this was not indicated by the in-vitro
competition index experiment where mutant and wild-
type bacteria grew equally well. However, after this
time the numbers of strain 1E10 declined, presumably
due to serum or macrophage killing of ingested
bacteria. In contrast, the numbers of B. pseudomallei
strain 576 increased. The polysaccharide capsules
produced by many pathogens appear to play a role in
resistance to phagocyosis [51-53]. However, it has
been reported that capsulate and genetically undefined
non-capsulate B. pseudomallei are equally susceptible
to uptake by polymorphonuclear phagocytes [7]. With-
in phagocytes, capsulate bacteria appear to be resistant
to phagocyte killing mechanisms and are able to
replicate [54, 55]. Therefore, the precise role of the
polysaccharide capsule in virulence of B. pseudomallei
requires further study.

In some bacterial species, such as Actinobacillus
pleuropneumoniae [56] and Erysipelothrix rhusiopath-
iae [57], non-capsulate mutants have been shown to
have potential as candidate live attenuated vaccines.
However, in this study, mice that received even 10° cfu
of strain 1E10 were not protected against a subsequent
challenge with 1 X 10* cfu of strain 576. Preliminary
studies have indicated that a MADb against a high mol.
wt polysaccharide is able to provide some protection
against experimental melioidosis [58]. The finding that
the non-capsulate mutant of B. pseudomallei does not
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induce protection against infection may indicate that
capsular polysaccharide is a major protective antigen
expressed by this pathogen.

Although attenuated by the i.p. route, when given by
the i.v. route B. pseudomallei 1E10 caused a lethal
infection, although the time to death was markedly
extended in comparison with wild-type bacteria. Mice
that had been challenged by the i.v. route with this
mutant showed symptoms of disease different from
those seen after i.p challenge with this mutant or after
i.p or iv. challenge with the wild-type strain. The
rapidity with which death followed the appearance of
symptoms suggests a toxin-mediated disease. It seems
unlikely that this effect was due to the release of LPS
from the challenge inoculum, because deaths were not
recorded until at least 7 days after challenge. Some
forms of melioidosis are characterised by the rapid
onset of symptoms and it has been suggested that
toxins produced by the bacterium play a role in the
pathogenesis of this form of the disease [17]. Whether
toxins are responsible for the deaths of mice seen after
i.v. challenge with B. pseudomallei 1E10 is not clear at
this time.

In summary, this study has developed a method to
allow the use of signature tagged mutagenesis with the
bacterial pathogen B. pseudomallei. 1t has shown that
the capsular polysaccharide is a major virulence
determinant in this organism and it is probably a
major protective antigen. The finding that a non-
capsulate mutant of B. pseudomallei was still virulent
by the iv. route of infection demonstrates that
virulence in this organism is multifactorial, perhaps
reflecting the diverse nature of melioidosis in man.

The authors wish to thank Dr Gill Hartley for assistance with the
confocal microscope, Margaret Morley, Dougie Brown and Debbie
Bell for technical assistance in their areas of expertise. We also thank
Dr Jackie Shea for plasmid pUTminiTnSKm2 and for advice on the
STM technique.
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