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    INTRODUCTION 

 The Gram-negative bacterium  Burkholderia pseudomallei  
is known to survive austere environmental conditions for pro-
longed periods. Contaminated water supplies were a feature of 
two Australian melioidosis outbreaks, 1,2  but as yet, there is only 
limited in vitro data on  B. pseudomallei  survival in liquids. 3–6  
 B. pseudomallei  has been shown to maintain culturable bacte-
rial numbers over prolonged periods in the absence of a car-
bon source and can survive in distilled water for several years, 
after which culturable bacteria have been recovered. 7  Other 
 B. pseudomallei  environmental survival studies have concen-
trated on survival on environmental surfaces 8  and in the pres-
ence of a limited range of changing environmental conditions, 
although experimental design limits how far these findings 
can be extrapolated. 6  These studies also provide some insight 
into the behavior of  B. pseudomallei  in dry conditions and may 
explain its ability to persist in soil between rainy seasons in the 
melioidosis-endemic zone. However, few studies address sur-
vival in water on the land surface, between soil particles in the 
rhizosphere, in water droplets, or in seawater. The continued 
survival of  B. pseudomallei  at 20°C and 40°C has been previ-
ously reported. 6   B. pseudomallei  isolates have been recovered 
from water sources ranging from pH 2–9. 9  Tong and others 6  
showed survival of eight strains of  B. pseudomallei  isolated 
from soil and water in China in pH 3 saline for a maximum of 
7 days. 6  Other Gram-negative bacteria including  Pseudomonas 
fluorescens  have been shown to survive for extended periods 
of time in distilled water up to 16 years, 10  but extended sur-
vival has not been reported previously in salt water. Our pre-
vious studies on  B. pseudomallei  survival in chlorine-treated 
water focused on potable water treatment because of concerns 
about the adequacy of water treatment during an investigation 
into an outbreak of melioidosis in Western Australia (WA). 3,4,11  
None of the studies cited above dealt with bacterial survival 
in the range of waters potentially relevant to known water-

related outbreaks 1,12,13  nor the other environmental variables 
(temperature range, pH, and NaCl concentration) highlighted 
as potential environmental contributors during the investiga-
tion of one specific outbreak. 2,11,14  The aim of this study was to 
investigate the viability and persistence of  B. pseudomallei  in a 
liquid environment with particular reference to fresh potable 
water, seawater, rainwater, temperature, and pH variation to 
understand the role these factors might play in raising or low-
ering the threat of environmental exposure to  B. pseudomallei  
and therefore, to subsequent development of disease. 

   MATERIALS AND METHODS 

  Bacteria.   The following strains of  B. pseudomallei  were 
studied: NCTC 10276 (clinical reference strain from a British 
citizen believed to have encountered  B. pseudomallei   in rural 
India obtained from the WA Culture Collection), NCTC 
13177 (clinical isolate from the third septicaemic patient in the 
WA outbreak of 1997, lodged in the WA Culture Collection 
by T.J.J.I. in December of 1997, and submitted to the National 
Collection of Type Cultures, Mill Hill, London, U.K. in 1998), 
and a persistently mucoid isolate BCC 11 (persistently 
mucoid phenotype, clinical isolate from septicaemic strain, 
provided by Dr. G. Lum, Royal Darwin Hospital, Northern 
Territory).  B. pseudomallei  NCTC 13177 and DM98 have 
both been fully sequenced (GenBank. NZ_ABBQ00000000. 
Read, T et al. Genomics, Naval Medical Research Center/
Biological Defense Research Directorate, 12300 Washington 
Ave., 2 nd  Floor, Rockville, MD 20852, USA). All strains were 
stored at −70°C in brain–heart infusion broth supplemented 
with 15% glycerol. After incubation on 5% horse blood agar 
(BA) for 24 hours at 37°C, a single colony was transferred 
to 15 mL tripticase soy broth (TSB) and incubated for 
24 hours at 37°C. The pellicle that formed on the broth surface 
was removed carefully before washing the culture in sterile 
distilled water (SDW). Cells were suspended again in each of 
the liquids indicated in  Results  or in broth medium to obtain a 
starting concentration of approximately 10 6  CFU/mL. 

   Solutions studied.   SDW (PathWest Media preparation service, 
Perth, Western Australia, Australia) was used as a reference 
liquid. Kimberley rain water (KRW) was obtained during a 
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summer downpour by collection into a wide neck container 
placed 1 m above the ground near Argyle Village, Western 
Australia. This rainwater was sterilized by repeated filtration 
through a 0.8-μm/0.2-μm Acrodisc Supor Membrane syringe 
filter (Pall Corporation, Newquay, United Kingdom). Artificial 
sea water (ASW) was obtained by reconsti tut ing Sea Salts, an 
artificial seawater base (Sigma-Aldrich, St. Louis, MO), with 
demineralized hypo-osmolar water and then autoclaving the 
resulting solution. Fresh water has a salt content of < 0.05% w/v, 
and brine has a salt content of > 5%. Brackish water is 0.05–3% 
salt, and saline water is 3-5% salt. Washed bacterial cells were 
re-suspended in 5 mL of each of the water preparations (SDW, 
KRW, or ASW) and maintained in sealed containers at room 
temperature for the duration of the experiment. Solutions for 
pH studies were prepared in citrate–phosphate buffer (citric 
acid; BDH Chemicals, Kilsyth, Australia; dibasic sodium 
phosphate; Ajax Chemicals, Sydney, Australia) and adjusted 
to a pH of 3, 4, 5, 6, or 7 in accordance with standard methods. 15  
Solutions with concentrations of 40%, 4%, 0.4%, 0.04%, and 
0.004% artificial sea salts (S9883-500g; Sigma-Aldrich) were 
prepared with hypo-osmolar water and autoclaved. 

   Survival studies.   Survival of  B. pseudomallei  strains was 
monitored over a 28-day period in three types of water. 
Survival was tested in SDW and filter-sterilized KRW. 
Further survival studies were conducted for a similar period 
of time under conditions of varying pH, temperature, or 
salt concentration as suggested by the original outbreak 
investigations. 2,11  To inoculate the solution under investigation, 
10 6  CFU/mL of washed  B. pseudomallei  NCTC 10276, NCTC 
13177, or DM98 were used. At 0, 1, 2, 5, and 8 hours and 
1, 2, 5, 7, 14, 21, and 28 days after inoculation, a 100-μL aliquot 
was aseptically removed from each of the 5-mL experimental 
cultures. The number of viable cells was determined by plating 
serial dilutions (from 10 −2  to 10 −4 ) of each aliquot onto Plate 
Count Agar medium (PCA; PathWest Media) with a spiral-
plating device (Don Whitley Scientific Ltd., Shipley, United 
Kingdom.). All data points in each experiment were obtained in 
triplicate, and statistical calculations were made with GraphPad 
Prism version 4.00 for Windows (GraphPad Software, San 
Diego, CA).  P  values were calculated using the unpaired  t  test, 
and results were considered significant when  P  < 0.05. 

   Fluorescence microscopy.   The  Bac Light Bacterial Viability 
Kit (Invitrogen Molecular Probes, Eugene, WA) was used to 
stain  B. pseudomallei  for epifluorescent microscopy. Briefly, 
the green fluorescent dye SYTO 9 caused apple-green 
fluorescence of bacterial cells when live and was quenched 
by red fluorescence when propidium iodide penetrated the 
cytoplasm. Red cells were classified as dead, whereas green 
cells were classed as live. A 5-μL aliquot was taken from each 
bacteria/liquid series after 10 days of incubation and stained 
according to the manufacturers’ directions. The mixture was 
transferred to a clean microscope slide, covered with an acid-
washed glass cover slip, sealed with nail polish along the cover 
slip edge, and left in the dark for 15 minutes. These preparations 
were examined under bright field and fluorescent illumina-
tion at ×1000 total magnification on an Olympus BX60FS 
(Olympus Optical Company Ltd, Tokyo, Japan) microscope 
with digital image capture. The approximate red-to-green cell 
ratio (live-to-dead, respectively) as well as cell shape and size 
were recorded by direct visual examination of a minimum of 
20 high-powered fields. Images were captured by simultaneous 
fluorescent and differential interference contrast (DIC)   

microscopy and superimposed to obtain a viability assessment 
of each bacterial cell. 

   Transmission electron microscopy.   A 20-mL aliquot of each 
experimental culture was removed after 10 days of incubation 
and washed by centrifugation at 3000 rcf for 10 minutes. The 
pellet was re-suspended in 2.5% glutaraldehyde in phosphate 
buffer (0.05 M; pH 7) and shaken overnight at 4°C. The cells were 
washed three times in phosphate buffer to remove the fixative. 
A 100-μL aliquot was removed, spread onto 5% horse BA, and 
incubated to ensure non-viability. The cell suspension was mixed 
with 1.1-μm polystyrene beads (Sigma-Aldrich) and deposited 
on formvar-coated electron microscope (EM)  grids (ProSciTech, 
Townsville, Australia); the excess liquid was removed. Grids 
were negatively stained with 1% phosphotungstic acid. Excess 
stain was removed by rinsing in SDW, and the grids were 
blotted dry. Samples were examined on a transmission electron 
microscope (Philips CM10, Eindhoven, The Netherlands) fitted 
with MegaView III Soft Imaging System (Olympus Soft Imag-
ing Solutions GmbH, Münster, Germany). 

   Scanning electron microscopy.   At 10 days, a 20-mL aliquot 
of each experimental culture was centrifuged at 3000 rcf for 
10 minutes. The resulting pellets were re-suspended in 1 mL 
of SDW; 5 μL aliquots were placed on Alcian blue-coated 
cover slips. The cover slips were coated with Alcian blue by 
first placing a drop of 1% aqueous Alcian blue on laboratory 
film (Parafilm, Pechiney Plastic Packaging Co., Chicago, IL ) 
and then inverting the cover glass onto the Alcian blue droplet 
for 20 minutes on each side. This was followed by three washes 
in SDW and drying. After 1 hour, cover slips with deposited 
bacterial suspension were flooded with 2.5% glutaraldehyde for 
30 minutes. Samples were rinsed in phosphate buffer (0.05 M; 
pH 7.4), then post-fixed for 30 minutes in 1% aqueous osmium 
tetroxide (ProSciTech), and rinsed another time in phosphate 
buffer. Dehydration was performed in an ethanol gradient 
(25%, 50%, 70%, 95%, and 100%). Cover slips in super-dry 
ethanol were critical-point dried, mounted on aluminum 
pin-type SEM mounts (12.6-mm diameter; ProSciTech), and 
coated with 2-nm platinum vapor (Polaron ES100, Watford, 
United Kingdom). Cover slips were examined on a scanning 
electron microscope (Zeiss SUPRA 55 Variable Pressure SEM, 
Oberkochen, Germany) at an accelerating voltage of 1.50 kV. 

    RESULTS 

  Natural versus distilled water.   The effect of SDW and KRW 
was investigated over a period of 28 days. The comparative 
survival of all three strains of  B. pseudomallei  is shown in
 Figure 1  . Over a period of 28 days, bacterial counts increased 
by at least two-fold in SDW and up to 30-fold for NCTC 13177 
and BCC 11 in KRW ( P  = 0.0004 for NCTC 13177;  t  = 36.50, 
df = 2, and  P  < 0.0001 for BCC 11). All three strains were 
compared in SDW ( t  = 11.35, df = 5,  P  < 0.0001 for NCTC 
10276;  t  = 3.311, df = 3,  P  < 0.0001 NCTC 13177;  t  = 18.63, 
df = 4,  P  < 0.0001 for BCC 11). The relatively high starting 
concentration of NCTC 10276 in KRW dropped after 2 hours 
and thereafter continued increasing similarly to the other 
strains during the reminder of the experiments. The majority 
(> 90%) of bacteria incubated in SDW or KRW were bacilli 
1–2 μm in length ( Figure 1C ) with smooth cell walls and 
uniform size. After prolonged survival in water, occasional 
spiral forms were observed ( Figure 1D ), although the majority 
of cells were still intact bacilli ( Figure 1E ). 
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   Survival at varying temperatures.   The survival of the same 
three strains of  B. pseudomallei  was observed at 40°C, 20°C, 
and 2°C over a 28-day period ( Figure 2  ). All three strains 
survived the entire period at all three temperatures. However, 
from time 0–28 days at 2°C, there was a significant (100- to 
9000-fold) decrease in the recovered viable count for all 
three strains ( t  = 4.508, df = 3,  P  < 0.0001 for NCTC 10276; 
 t  = 5.303, df = 3,  P  < 0.0001 for NCTC 13177;  t  = 13.45, df = 2, 
 P  < 0.0001 for BCC 11). The bacterial count at 20°C increased 
7- to 30-fold for all three strains ( t  = 2.983 df = 6,  P  = 0.0245 
for NCTC 10276;  t  = 10.21, df = 4,  P  = 0.0005 for NCTC 13177; 
 t  = 3.792, df = 3,  P  = 0.0322 for BCC 11). At 40°C, NCTC 13177 
( t  = 16.27, df = 4,  P  < 0.0001) and BCC 11 ( t  = 19.23, df = 2, 
 P  = 0.0027) showed increases of approximately 1.8-fold in 
viable count over the 28-day time period, whereas NCTC 
10276 did not. The majority of cells (circa 80%) in  Figure 2E  
were not fluorescent green, although only a small minority 
(10–20%) were red, indicating a loss of membrane integrity 
and thus, cell death. 

   Survival at varying pH.   The survival of three strains of  
B. pseudomallei  was studied at pH ranging from 3 to 7 over a 
period of 28 days ( Figure 3  ). All three strains did not survive 
until the end of the experiment (28 days) at pH 3 ( Figure 3E ). 
NCTC 10276, NCTC 13177, and BCC 11 were not recovered 
at pH 3 after 7 days, 14 days, or 5 days incubation, respectively. 
The three strains survived for the entire experimental period 
at the other pH values tested. A significant increase of between 
9- and 400-fold in the bacterial count was observed at all other 
pH values tested: NCTC 10276 at pH 4 ( t  = 5.230, df = 4, 
 P  = 0.0064), pH 5 ( t  = 4.632, df = 4,  P  = 0.0098), pH 6 ( t  = 5.478, 
df = 4,  P  = 0.0054), and pH 7 ( t  = 3.656, df = 4,  P  = 0.0216); NCTC 
13177 at pH 4 ( t  = 4.435, df = 3,  P  = 0.0213), pH 5 ( t  = 4.954, 

df = 3,  P  = 0.0158), pH 6 ( t  = 4.848, df = 5,  P  = 0.0047), and 
pH 7 ( t  = 6.452, df = 6,  P  = 0.0007); BCC 11 at pH 4 ( t  = 3.716, 
df = 5,  P  = 0.0138), pH 5 ( t  = 4.286, df = 4,  P  = 0.0128), pH 6 
( t  = 5.936, df = 5,  P  = 0.0019), and pH 7 ( t  = 7.978, df = 4,  P  = 
0.0013). Coccoid cells predominated at acidic pH. Cells with 
atypical shapes, including spiral forms, were seen under the 
stress provided at pH 3 ( Figure 3F , bottom right). Spiral forms 
remained only a very small fraction of cells present. Fluorescent 
dye treatment at pH 3 showed that a small minority of cells 
were viable at that pH after 28 days ( Figure 3F , bottom right), 
whereas the majority were either non-viable or compromised. 
After extended incubation at pH 3, the approximate cell 
number ( Figure 3E  and F, bottom right) vastly exceeded the 
viable count as determined by CFU/mL. 

   Effect of salt concentration.    B. pseudomallei  NCTC 13177 
was not culturable in 40% salt after 48 hours ( Figure 4A  ). 
The number of CFU/mL recovered after a 28-day period 
of incubation in 4% salt was significantly lower than at the 
beginning of the experiment ( t  = 4.181, df = 3,  P  = 0.0249). 
Survival of  B. pseudomallei  was shown at a range of salt 
concentrations (0.4%, 0.04%, and 0.004%) over a 28-day 
period. At these salt concentrations, the number of culturable 
cells did not differ significantly ( P  > 0.05) from each other or 
from the no-salt control from time 0 to the end of the 28-day 
period. The effects of stress produced by high salt concentra-
tion on cell viability and morphology can be seen in  Figure 4C . 

    DISCUSSION 

 Previous survival studies of  B. pseudomallei  have concen-
trated on either live bacteria survival in potable water or dried 
bacteria survival under varying environmental conditions on 

 Figure 1.    ( A ) Survival of three reference strains of  B. pseudomallei  in SDW over a 28-day period. ( B ) Survival of three reference strains of 
 B. pseudomallei  in filter-sterilized KRW over a 28-day period. ( C ) Washed  B. pseudomallei  NCTC 13177 in SDW at time = 0. The dark circular 
objects are 1-μm diameter standard-sizing beads. ( D ) Spiral bacilli seen as occasional morphologic variants in SDW solutions after incubation for 
28 days. ( E ) Conventional bacillary morphology of  B. pseudomallei  at time = 0 by scanning electron microscopy.    
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solid surfaces. 3,4,6–8  It was previously indicated that local drink-
ing water or seawater could have contributed to an outbreak 
of melioidosis. 2,11,14  In that outbreak, the implicated water sup-
ply was drinking water of extreme acidity (pH = 3.5–4.0). The 
affected community was close to the sea, so the surface water 
was contaminated by seawater. Mid-day temperatures were 
around 42°C in the shade, and nighttime temperatures rarely 
fell below 20°C at that time of year. 2,11,14  

 In the present study, we examined  B. pseudomallei  sur-
vival by varying the temperature, pH, and salt concentration 
of the suspending liquid to simulate the physical environment 
encountered by  B. pseudomallei  at the time of the melioidosis 
outbreak. 14  Although the potable water supply implicated in 
the outbreak was of an unusually acidic pH, 14  results obtained 
here indicate that a pH of 4.0 is unable to completely suppress 
the strain of  B. pseudomallei  that caused the outbreak (NCTC 
13177). 

 An increase in culturable  B. pseudomallei  count was recorded 
for all strains in KRW and SDW, which is in agreement with 
previous observations of an increase in viable bacterial by 
CFU/mL during the first 3 weeks of  B. pseudomallei  survival 

in SDW. 7  No exogenous nutrients were supplied to the bacte-
ria in our water–survival experiments, and preparatory nutri-
ent medium was removed by washing the bacteria in SDW. 
It was postulated that survival and increase in number of 
 B. pseudomallei  in the absence of nutrients may be caused by 
dying cells providing enough substrates for continued replica-
tion of the surviving organisms. 7  An alternative reason for the 
modest increase in the observed count of colony-forming units 
is reductive division. Reductive division is a rise in cell num-
bers without a rise in biomass, and it is commonly associated 
with a change in bacterial morphology from rods to cocci. 16  

 It is known that  B. pseudomallei  cells are of optimal size for 
inhalation and subsequent retention in the lungs. 17  The size of 
 B. pseudomallei  in water may, thus, determine persistence and 
respirability of aerosolized bacterial cells, although cells are 
likely to change in size when airborne. The reduced survivabil-
ity of  B. pseudomallei  in ASW raises an additional possibil-
ity that seashore communities such as the one affected in the 
WA melioidosis outbreak 11  may not benefit from a suppres-
sion of  B. pseudomallei  by sea water after the salt content has 
been diluted by fresh water onshore. Moreover, the in vitro 

 Figure 2.    ( A ) Survival of three reference strains of  B. pseudomallei  in SDW over a 28-day period at a constant 40°C. ( B ) Survival of three refer-
ence strains of  B. pseudomallei  in SDW over a 28-day period at a constant 20°C. ( C ) Survival of three reference strains of  B. pseudomallei  in SDW 
over a 28-day period at a constant 2°C. ( D ) Suspension of  B. pseudomallei  NCTC 13177 cells at 0 days in SDW showing predominant viable cells 
(green). ( E ) Suspension of  B. pseudomallei  NCTC 13177 cells after 28 days in SDW showing a similar ratio of live to dead cells (i.e., predominantly 
non-viable cells [red] against scanty viable cells [green]).    
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 Figure 3.    ( A ) Survival of three reference strains of  B. pseudomallei  in SDW buffered to pH 7 over a 28-day period. ( B ) Survival of three refer-
ence strains of  B. pseudomallei  in SDW buffered to pH 6 over a 28-day period. ( C ) Survival of three reference strains of  B. pseudomallei  in SDW 
buffered to pH 5 over a 28-day period. ( D ) Survival of three reference strains of  B. pseudomallei  in SDW buffered to pH 4 over a 28-day period. 
( E ) Survival of three reference strains of  B. pseudomallei  in SDW buffered to pH 3 over a 28-day period. ( F ) Live/dead bacterial cell viability 
results showing  B. pseudomallei  at time = 0 and pH 7 (top left), time = 28 days and pH 7 (top right), time = 0 and pH 3 (bottom left), and time = 
28 days and pH 3 (bottom right). At pH 7, predominantly live cells are lost and replaced by a mixture of live and dead cells, whereas at pH 3, live 
cells and a lot of indeterminate cells are replaced by mainly non-viable cells. However, after 28 days at pH 3, apparently viable bacterial cells are 
still present.    
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suppressive effect took hours to cause a reduction in bacterial 
count, ruling out the probability of any immediate antibacte-
rial effect. The salt–survival curve showed reduced survival at 
a concentration of 4%. Bacterial numbers decreased signifi-
cantly ( P  = 0.0249), but culturable cells were still present at the 
end of the experimental period, which is in accordance with the 
ASW survival study and previously reported data. 5  Tolerance 
of relatively high salt conditions may allow  B. pseudomallei  

to survive for prolonged periods at high salt concentrations, 
such as those encountered in coastal locations. 14  Survival at the 
opposite end of the NaCl concentration spectrum has effec-
tively been observed in SDW for several years without demon-
strable loss of bacterial count. 7  Other Gram-negative bacteria 
have been shown to survive for extended periods of time in 
SDW, including  Pseudomonas fluorescens  for 16 years, 10  but 
extended survival has not been reported previously in salt 
water. 

 Results from this study expand on previous observations on 
the ability of  B. pseudomallei  to survive in a range of envi-
ronmental conditions. 6,9  All strains of  B. pseudomallei  survived 
for at least 5 days in relatively acidic conditions, although sur-
vival at pH 3 varied with the strains tested.  B. pseudomallei  
isolates have been recovered from water sources ranging from 
pH 2 to 9. 6  Tong and others 6  showed survival of eight strains of 
 B. pseudomallei  isolated from soil and water in China in pH 3 
saline for a maximum of 7 days. The strains used in the pres-
ent study survived for a shorter period. Possible explana tions 
include strain-to-strain variation, differences in inoculum prep-
aration (this study took great care to wash bacteria before 
inoculation of liquids), and variations in trace micronutrients 
present in water used for survival experiments. Moreover, an 
acid pH may be encountered in a wide range of environments 
such as in the acidic vacuoles of the  Acanthamoeba  species, 18  
in soil, 19  and in water. 6,14  

 The continued survival of  B. pseudomallei  at 20°C and 
40°C is consistent with previous observations. 6  This tempera-
ture range reflects the ground temperatures prevailing in the 
region between 20°N and 20°S of the equator where melioido-
sis is endemic. 20  At 2°C, all three strains of  B.  pseudomallei  sur-
vived for the 28-day duration of the experiment. In contrast, 
Tong and others 6  found  B. pseudomallei  strains that survived 
at 0°C for a mean of 18 days, although one strain survived 
for 42 days. It is, therefore, likely that there is strain-to-strain 
variation in low temperature survival of  B. pseudomallei . 
 B. pseudomallei  has been isolated from a non-endemic tem-
perate location over a period of 25 years, 21  showing long-term 
survival in subtropical conditions where ground temperature 
can fall as low as 0°C in winter. 

 Bacterial cells subjected to stressful conditions were thought 
to become sublethally damaged and unsuited to culture. 7,22,23  
In the current study, fluorescence microscopy using a red/
green viability stain revealed bacterial cells that stained yel-
low or orange, suggesting an intermediate or indeterminate 
state. Berney and others 24  found that the bacterial outer mem-
brane can act as a barrier to the epifluorescent SYTO 9 stain 
and that outer membrane damage is characteristic of interme-
diate cellular states for stationary phase  Escherichia coli  and 
 Salmonella enterica  serovar Typhimurium. Viable cells dam-
aged by stressful environmental conditions or in stationary 
phase may, therefore, have been underestimated by the cur-
rent study’s culture-based method. Thus, bacterial survival 
may be greater than shown by the culture-based methods used 
in the present study. 

 The morphological variations seen in vitro under extreme 
conditions appear to be an exaggerated version of normal bac-
terial morphology, with the exception of the occasional spiral 
forms that we observed. These bizarre shapes did not appear 
under conditions closer to the normal range of temperature, 
pH, and salinity encountered in environmental samples. The 
significance of spiral forms, blebs, and other unusual morpho-

 Figure 4.    ( A ) Survival of  B. pseudomallei  NCTC 13177 at increas-
ing ranges of sea-salt concentrations over a 28-day period. ( B ) Live/
dead bacterial cell viability results showing predominantly viable 
 B. pseudomallei  cells at time = 0 in 40% sea salts. ( C ) Bacterial cells 
after exposure to sea salt for a 28-day incubation period showing 
mainly non-viable bacteria. Note the presence of apparently viable 
bacterial cells despite an absence of culturable bacteria.    
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logical variations has yet to be determined. At present, we 
can only surmise that these represent alterations in the cell 
wall, but it is not clear whether or not these are an adaptive 
response or the consequence of environmentally mediated 
damage. The effect of environmental conditions on bacterial-
cell integrity, metabolism, gene expression, and stress response 
needs more detailed characterization with additional bacterial 
strains and quantitative cell biology methods. 

 The present study concentrated on key aspects of the physi-
cal environment considered to have contributed to the genesis 
of a melioidosis outbreak that occurred in Western Australia. 
Temperature, water type, and pH are all likely to have affected 
the persistence of  B. pseudomallei  in the environment and thus, 
will have made their contribution to the sequence of events 
that resulted in a total of five cases of septicaemia, three of 
which were fatal. The likely distribution of the infective agent 
through the community’s water supply argues in favor of the 
relevance of bacterial survival in liquid media. However, the 
behavior of  B. pseudomallei  in surface water or raindrops at 
the microenvironment level is difficult to model. This study 
provides some insight into bacterial survival, persistence, 
and dissemination in liquid and semi-solid environments and 
thus, lays the foundation for an understanding of variation in 
 B. pseudomallei  viability and morphology before dissemina-
tion and dispersal in rain, wet soil, and surface-accumulated 
water. The notable ability of  B. pseudomallei  to persist and 
even multiply across a wide range of liquid environmental 
conditions is a likely determinant of the environmental threat 
of  B. pseudomallei  infection. 
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