
Effects of Colonization of the Roots of Domestic Rice (Oryza sativa
L. cv. Amaroo) by Burkholderia pseudomallei

Noppadol Prasertsincharoen,a,b Constantin Constantinoiu,a Christopher Gardiner,a Jeffrey Warner,a Jennifer Ellimana

Biomedicine, College of Public Health, Medical and Veterinary Sciences, James Cook University, Townsville, Queensland, Australiaa; Veterinary Technology, Kasetsart
University, Bangkok, Thailandb

Burkholderia pseudomallei is a saprophytic bacterium that causes melioidosis and is often isolated from rice fields in South-
east Asia, where the infection incidence is high among rice field workers. The aim of this study was to investigate the rela-
tionship between this bacterium and rice through growth experiments where the effect of colonization of domestic rice
(Oryza sativa L. cv Amaroo) roots by B. pseudomallei could be observed. When B. pseudomallei was exposed to surface-steril-
ized seeds, the growth of both the root and the aerosphere was retarded compared to that in controls. The organism was
found to localize in the root hairs and endodermis of the plant. A biofilm formed around the root and root structures that
were colonized. Growth experiments with a wild rice species (Oryza meridionalis) produced similar retardation of growth,
while another domestic cultivar (O. sativa L. cv Koshihikari) did not show retarded growth. Here we report B. pseudomallei
infection and inhibition of O. sativa L. cv Amaroo, which might provide insights into plant interactions with this important
human pathogen.

Melioidosis is caused by the aerobic Gram-negative bacillus
Burkholderia pseudomallei, which is common in Northern

Australia and Southeast Asia, where the mortality rate can be as
high as 40% (1). B. pseudomallei is recognized as a soil- and wa-
terborne pathogen and is commonly isolated from the soil of rice
fields and other environmental sources where the organism is en-
demic (2–7). Exposure to the organism in rice paddies is a significant
risk to rice farmers, particularly those who are also diabetic and are
generally more predisposed to infection (8).

The rhizosphere is a rich habitat for bacteria. Microbial interac-
tion with plants can result in a variety of effects, ranging from patho-
genesis to growth promotion (9), and plants may facilitate the persis-
tence of the microorganism (10). Bacteria in the Burkholderia genus
are well known to be plant endophytes, some with plant growth
promotion capacity and some as pathogens (11). As B. pseudomal-
lei has a broad host range (12–17) and has been shown to infect
other species of plants (18, 19), it may be possible that it will infect
some cultivars of rice and a plant-microbe interaction may assist
in the persistence of B. pseudomallei in the rice fields where it is
commonly found. However, no studies have so far identified any
growth promotion or pathogenic relationship between B. pseu-
domallei and rice. Lee et al. (19) found no effects on a Japanese rice
cultivar (Oryza sativa cv. Nipponbare), while Kaestli et al. (18)
found no effects on an Australian wild rice species (Oryza rufi-
pogon). An examination of the interaction of B. pseudomallei with
more cultivars and species of rice could provide more information
about whether rice is, in general, resistant to B. pseudomallei or
identify a potential host for an infection model. The development
of a rice model of B. pseudomallei infection has the potential to
assist in further plant-microbe interaction studies and the devel-
opment of biocontrol measures.

The aims of this project were to investigate if B. pseudomallei can
infect domestic rice (O. sativa L. cv Amaroo) and to demonstrate
the effect of this infection on plant growth; this effect was also
compared with those of other species of Burkholderia and other
cultivars of rice.

MATERIALS AND METHODS

Bacteria. All of the bacterial isolates used in this study were subcultured
from the Biomedicine collection, James Cook University, Queensland,
Australia. B. pseudomallei was removed from storage (�80°C), streaked
onto Ashdown agar, and incubated at 37°C for 48 h in a biosafety level 3
(BSL3) laboratory. A single colony was subcultured into 10 ml of Luria-
Bertani (LB) broth. The culture was incubated at 37°C with agitation (166
rpm) overnight. Other Burkholderia species were processed as described
above, except that the incubation temperature of both Ashdown agar and
LB broth was 30°C. Other non-Burkholderia species were streaked onto
LB agar, incubated at 37°C for 24 h, and subcultured into LB broth at 37°C
for 24 h.

Biosafety protocols. All experimental work with B. pseudomallei was
carried out in Australia at James Cook University. Australian/New Zea-
land standard 2243.3:2010 (safety in laboratories) was adhered to, with
work on live organisms carried out in a BSL3 laboratory to a BSL3 stan-
dard. All protocols were approved by the Institutional Biosafety Commit-
tee, and biological samples were handled in a C2 cabinet with all waste
autoclaved. Confirmation of sterilization was carried out with duplicate
samples prior to the removal of any processed, killed organism from the
laboratory to a BSL2 laboratory.
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Preparation and cleaning of seeds. Rice (O. sativa L. cv Amaroo)
seeds were sown, grown, and harvested at the Biomedicine department,
James Cook University, during 2012 and 2013. Wild rice (Oryza meridio-
nalis) seeds were harvested at Woodstock, Townsville, in May 2012 and
kept for 1 year until the seed dormancy period had passed (20, 21). A
Japanese rice cultivar (O. sativa L. cv. Koshihikari) was provided by a local
supplier. The harvested and provided seeds were cleaned by a modified
form of the method of Oyebanji et al. (22) by soaking and agitation (200
rpm) in 3.5% bleach (sodium hypochlorite) at 30°C for 10 min. Disinfec-
tant solutions were discharged, and seeds were washed by soaking and
agitation in sterile distilled water for 3 min (washes were repeated four
times). The last sterile distilled water was decanted and inoculated onto
Ashdown’s agar to confirm that no B. pseudomallei bacteria were present.
Selective agar was used, as surface cleaning does not remove all of the
bacteria from inside seeds and typically other bacteria will still replicate in
nonselective medium (23, 24). Seeds were soaked at a depth of approxi-
mately 1 cm in sterile distilled water at 30°C for 2 to 6 days to encourage
uniform imbibition and germination (25). This sterile distilled water was
also tested for contamination with B. pseudomallei by incubation on Ash-
down’s agar for 48 h.

Infection of seeds for plant growth experiments. A dose trial for in-
fection was carried out on the basis of the lower dose used by Kaestli et al.
(18) and the higher dose used by Mattos et al. (26). Cleaned, primed seeds
of O. sativa L. cv Amaroo were infected by using a modified form of the
protocol of Kaestli et al. (18) by placing 10 ml of 104 or 108 CFU/ml B.
pseudomallei TSV189 in LB for an hour prior to removal from bacterial
broth. Control seeds were treated by soaking in LB for the same amount of
time. Forty-five seeds infected with each dose and 45 control seeds were
used for this study. For comparison of bacterial strains and species, 45

control seeds and 45 seeds infected by soaking with each bacterial strain
and species at 108 CFU/ml were used. The other bacteria included two
strains of B. pseudomallei (TSV192, environmental, Australia; K96243,
clinical, Thailand), as well as bacteria in the same genus (Burkholderia
cenocepacia (17sp), B. vietnamiensis (38sp), and B. ubonensis (A21). The
seeds were then transferred to experimental chambers. The seeds were
transferred for propagation on the basis of the method of Hoagland and
Arnon (27), modified by Watt et al. (28) to 1% (wt/vol) (0.25�) Hoagland
agar. Survival kinetics in 0.25� Hoagland broth were also determined,
and bacteria were not inhibited in this medium (see the supplemental
material). The seedlings were grown in Hoagland agar in sealed glass
bottles and incubated under cycles of 12 h of fluorescent light and 12 h of
darkness for 7 days at 30°C. B. pseudomallei TSV189 was also used at the
higher dose as described above to infect Australian wild rice (O. meridio-
nalis, 30 seeds per group) and Japanese rice (O. sativa L. cv. Koshihikari,
45 seeds per group). All experiments included an uninfected rice group to
control for error between experiments.

Plant measurement and statistical analysis of plant growth determi-
nation. Rice seedlings were removed from agar and photographed along-
side a scale. Images were analyzed by using the area measurement com-
mands in Adobe Photoshop CS6 to calculate area as described by Villar et
al. (29). When an analysis consisted of only a control and an experimental
group, independent t tests (P � 0.05) were performed by using IBM SPSS
version 20, and where three or more groups are compared, a one-way
analysis of variance (ANOVA) was performed (P � 0.05) by using a Ga-
briel post hoc test. When results were compared across different experi-
ments, actual areas were converted to percentages of the average within-
experiment uninfected control area. This was done to control for
variation between experiments.

TABLE 1 Reactivity of MAb MCA2823 with B. pseudomallei, neighbor Burkholderia species, and other bacteria

Isolate Species Source Location IFA result

4 B. pseudomalleia Human clinical sample Mornington Island, Australia �
8 B. pseudomalleib Human clinical sample Cloncurry, Australia �
C1 B. pseudomalleic Human clinical sample Adiba, Sanabase, Papua New Guinea �
C2 B. pseudomalleic Human clinical sample Kimama, Teleme, Papua New Guinea �
TSV189 B. pseudomalleid Alpaca necropsy Townsville, Australia �
14-289 B. pseudomalleid Parrot necropsy Townsville, Australia �
14-327 B. pseudomalleid Koala necropsy Townsville, Australia �
TSV192 B. pseudomalleid Soil Townsville, Australia �
TS5 B. pseudomalleid Soil Townsville, Australia �
K96243 B. pseudomalleie Human clinical sample Thailand �
TSV4 B. arborisf Water seep Townsville, Australia �
TSV19 B. gladiolif Bulk water Townsville, Australia �
TSV21 B. cepaciaf Water seep Townsville, Australia �
TSV87 B. pyrrociniaf Bulk water Townsville, Australia �
TSV88 B. pseudomultivoransf Bulk water Townsville, Australia �
E1 B. thailandensisc Clay Biula, Papua New Guinea �
A21 B. ubonensisf Soil Adiba, Sanabase, Papua New Guinea �
17sp B. cenocepaciaf Rhizosphere soil Townsville, Australia �
31sp B. latensf Rhizosphere soil Townsville, Australia �
38sp B. vietnamiensisf Rhizosphere soil Townsville, Australia �
A03a Bordetella speciesf Rhizosphere soil Adiba, Sanabase, Papua New Guinea �
13sp Achromobacter xylosoxidansf Rhizosphere soil Townsville, Australia �
ATCC 27895 Pseudomonas aeruginosa Control �
ATCC 25921 Escherichia coli Control �
ATCC 10876 Bacillus cereus Control �
ATCC 13076 Salmonella enterica serovar Enteritidis Control �
a The bacterium was identified to the species level by API 20 NE.
b The bacterium was identified to the species level by indirect hemagglutination assay and IgG/M enzyme immunoassay.
c The bacterium was identified to the species level by multilocus sequence typing.
d The bacterium was identified to the species level by PCR assay of the type III secretion system gene.
e The bacterium was identified to the species level by determination of its full sequence.
f The bacterium was identified to the species level by determination of its recA gene sequence.
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Reactivity of the antibody specific for B. mallei with B. pseudomallei
and other bacteria. No commercial anti-B. pseudomallei antibodies could
be obtained at the beginning of our experiments. However, antibodies
specific for B. mallei are available and considering that some lipopolysac-
charides (LPSs) are common to B. pseudomallei and B. mallei, a monoclo-
nal antibody (MAb) specific for B. mallei LPS (MCA2823; AbD Serotec/
Bio-Rad) was tested.

Various species and strains of bacteria (Table 1) were cultured and
centrifuged at 3,000 � g for 15 min, and the supernatants were discharged.
Pellets were washed three times with 0.85% NaCl, and 15-�l volumes of
bacterial suspensions were placed on slides (Menzel GmbH & Co. KG,
Braunschweig, Germany) in duplicate and allowed to dry for 1 h at room
temperature (RT).

Fixation, antibody concentration, and incubations were optimized by
using B. pseudomallei TSV189 and B. ubonensis A21. After this, all bacteria
were fixed in acetone for 4 h, blocked with goat serum, and incubated with
MAb MCA2823 diluted 1/100 overnight at 4°C in a humidified chamber.
After being washed in phosphate-buffered saline (PBS), the bacteria were
incubated with goat anti-mouse IgG1 conjugated with Alexa Fluor 595
diluted 1/300 for 45 min at RT, washed in PBS, mounted with fluorescent
mounting medium (KPL), and observed under an epifluorescence micro-
scope (AxioImager.Z1; Zeiss). Pictures were taken with a digital camera
(AxioCam MRm; Zeiss). As a negative control, a mouse MAb of the same
isotype (IgG1) (MM1A, anti-CD3 receptor; Washington State University)
was used at the same concentration as MAb MCA2823. The reactivity of
all species and strains of bacteria with MAb MCA2823 was checked in
duplicate.

Infection of seeds with B. pseudomallei for immunofluorescence
assay (IFA). Cleaned, primed seeds were incubated in petri dishes for 2
days for primary root germination. After that, the roots of three seedlings
were inoculated with about 107 CFU of B. pseudomallei (isolate TSV189;
100 �l of a 108-CFU/ml concentration) as described by Kaestli et al. (18),
while another three were not infected. The six seedlings were then trans-
ferred for propagation and incubated as described for the plant growth
experiment.

Preparation of plant samples for IFA. Plantlets were gently lifted
from the agar surface, and their roots were washed in 0.85% NaCl three
times to remove any loose bacteria or agar. Root pieces were cut to 0.5 to
1 cm long and fixed in acetone at –20°C for 3 days, until the sterility of the
samples was confirmed. Further, the samples were embedded in optimum
cutting temperature compound (Tissue-Tek, Sakura, Japan) and stored
at �80°C until sections were cut. Five-micrometer-thick cryosections
were cut from roots with a cryostat (Leica CM1850) at �20°C and trans-
ferred to slides (Menzel GmbH & Co. KG, Braunschweig, Germany). Sec-
tions were dried overnight at room temperature under a fan.

IFA of root sections. Sections were immersed in PBS and blocked for
30 min at RT in 10% (vol/vol) goat serum diluted in 1% bovine serum
albumin (BSA) in PBS. After a brief wash in PBS, the sections were incu-
bated at RT for 40 min and then overnight at 4°C with MAb MCA2823
diluted 1:100 in 1% BSA in PBS (final concentration, 10 �g/ml). Negative
controls using MAb MM1A as the primary antibody were processed sim-
ilarly. The slides were washed gently with PBS, and the sections were
incubated with goat anti-mouse IgG1 conjugated with Alexa Fluor 595
(Invitrogen) diluted 1/300 in 1% BSA in PBS for 45 min at room temper-
ature. After three gentle washes with PBS, slides were mounted with flu-
orescent mounting medium (KPL) and observed under an epifluores-
cence microscope (AxioImager.Z1; Zeiss) as described above.

RESULTS
Preparation of seeds. None of the seeds used showed any evi-
dence of prior contamination with B. pseudomallei, so all of the
B. pseudomallei bacteria found were deemed to be present because
of infection. No uninfected plantlets showed any evidence of the
presence of B. pseudomallei, further supporting this conclusion.

The pilot dose study determined that growth was inhibited at
108 CFU/ml but not at 104 CFU/ml (Fig. 1a and b). A concentra-
tion of 108 CFU/ml was selected for plant infection trials. Rice
infected with B. vietnamiensis displayed growth that was not sig-
nificantly different from that of uninfected control rice, indicating

FIG 1 Infection of O. sativa L. cv Amaroo with low (104 CFU/ml) and high (108 CFU/ml) concentrations of B. pseudomallei TSV189 (a, root; b, leaf) and a high
concentration of B. vietnamiensis 38sp (108 CFU/ml) (c, root; d, leaf), as well as control uninfected groups for each infection. Area measurements include mean
values with 95% confidence intervals. The low concentration of B. pseudomallei does not significantly stunt the root or leaf (root, P � 0.760; leaf, P � 0.746), while
the high concentration of B. pseudomallei significantly stunts both roots and leaves (P � 0.001). The high concentration of B. vietnamiensis does not significantly
stunt root or leaf growth (root, P � 0.291; leaf, P � 0.064; independent t tests, P � 0.05).
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that the 108-CFU/ml dose of Gram-negative bacteria selected was
not, in and of itself, able to stunt growth (Fig. 1c and d).

Trials of O. sativa L. cv Amaroo infection with Burkholderia
species. When germination of seeds infected with all strains of B.

pseudomallei did occur, the majority of the plantlets did not show
fully expanded leaves and had shorter roots than the controls. An
example is shown in Fig. 2a and b. Infection with all of the Burk-
holderia species and strains except B. vietnamiensis showed statis-
tically significant inhibition of growth relative to that of the con-
trol (Table 2). Of the species tested, B. pseudomallei and B.
cenocepacia caused the most inhibition, followed by B. ubonensis
(Fig. 3a and b; Table 3).

Bacterial inhibition of other strains and species of rice. While
wild Australian rice (O. meridionalis) was inhibited by B. pseu-
domallei TSV189, Japanese rice (O. sativa L. cv. Koshihikari) was
not inhibited in either root or leaf growth (Fig. 4).

B. pseudomallei IFA. The reactivity of MAb MCA2823 was
tested with a variety of isolates of B. pseudomallei, as well as other
species of bacteria that are closely related to B. pseudomallei or can
be found in the soil. B. mallei is not found in Australia, where this
work was done, and was not available for testing because of re-
strictions on the importation of potentially pathogenic microor-
ganisms. The IFA using this antibody was positive for B. pseu-
domallei and negative for B. pseudomallei near-neighbor species
and other organisms (Table 1). In addition, no bacteria fluoresced
in the roots of uninfected plants when the IFA was used; thus, it
was possible to use MAb MCA2823 as a tool to detect B. pseu-
domallei in our plants.

Examination of infected plants by IFA showed the presence of
B. pseudomallei as a multilayered structure around the epidermis
and root hairs (Fig. 5a to c). Individual bacteria were also found
inside the root hairs (Fig. 5d to f) and exodermis (Fig. 5g to i),
indicating infection of the plant rather than just surface coloniza-
tion.

FIG 2 Effect of B. pseudomallei TSV189 on rice seedlings. The growth of
seedlings after 7 days without (a) and with (b) B. pseudomallei is shown. Seed-
lings exposed to B. pseudomallei have a shorter leaf and fewer and shorter roots
than the unexposed control (a). Bars, 1 cm.

TABLE 2 Summary statistics of infection of O. sativa L. cv Amaroo with
various Burkholderia isolatesa

Strain and plant part t df P value
Sized effect
(r)

B. vietnamiensis 38sp
Root 1.066 57 0.291 0.140
Leaf 1.888 57 0.064 0.243

B. ubonensis A21
Root 11.565 60.958 �0.001 0.829
Leaf 6.396 52.259 �0.001 0.663

B. cenocepacia 17sp
Root 20.336 57 �0.001 0.937
Leaf 10.651 46.409 �0.001 0.842

B. pseudomallei K96243
Root 14.846 28.128 �0.001 0.942
Leaf 7.477 28.693 �0.001 0.813

B. pseudomallei TSV192
Root 14.968 32.779 �0.001 0.934
Leaf 5.695 28.925 �0.001 0.727

B. pseudomallei TSV189
Root 15.373 31.618 �0.001 0.939
Leaf 5.918 28.134 �0.001 0.745

a Root and leaf areas of infected samples are compared to uninfected root and leaf areas
in each case. Area measurements were compared by independent t test (P � 0.05).
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DISCUSSION

The plant-microbe interaction between rice and B. pseudomallei is
of interest, as B. pseudomallei is often found in rice fields and
workers are exposed (2–4). Understanding more about the ecol-
ogy of any interaction could improve our understanding of the
persistence of the bacterium in this environment. Our study
found that B. pseudomallei TSV189 retards the growth of Austra-
lian domestic rice (O. sativa L. cv Amaroo) and native Australian
wild rice (O. meridionalis) but not that of Japanese rice (O. sativa
L. cv. Koshihikari). The resistance of the Japanese rice cultivar O.
sativa L. cv Nipponbare has previously been reported by Lee et al.
(19); this cultivar is similar to Koshihikari (30). The wild rice (O.
rufipogon) model of Kaestli et al. (18) was also not affected by B.
pseudomallei inoculation; however, this wild rice species is differ-
ent from the one we tested. Both of these other studies also utilized
other models that were affected by B. pseudomallei, indicating that

the B. pseudomallei isolates used were able to inhibit at least some
host plant species. It is clear that there is a species and cultivar
variation within the Oryza genus that determines the ability of B.
pseudomallei to inhibit growth.

We also determined that both clinical and environmental Aus-
tralian B. pseudomallei isolates and a Thai clinical isolate equally
inhibited O. sativa L. cv Amaroo, indicating that B. pseudomallei
may be generally inhibitory to some rice cultivars. This leads to the
question of whether different rice cultivars will succeed in areas
where B. pseudomallei is endemic.

As an example, the iRiceZoning map has three major rice
group production areas in Thailand (http://carsr.agri.cmu.ac.th
/projects/iRPZ/MAPRiceVarGroup.aspx). Aromatic rice and glu-
tinous rice are produced in northeastern Thailand (an area where
B. pseudomallei is highly endemic) (2, 31), while nonaromatic rice
grows in the central part of Thailand, where B. pseudomallei is less

FIG 3 Comparison of the inhibition of O. sativa L. cv Amaroo growth by a range of Burkholderia species relative to that of uninfected-control growth.
Percentages of root (a) and leaf (b) areas � 95% confidence intervals are displayed, as are growth inhibition significance values. B. vietnamiensis does not
significantly inhibit growth (leaf, P � 0.064; root, P � 0.291), while all of the other species do (P values also presented in Table 2) (independent t tests, P � 0.05).
Inhibition by B. ubonensis is also significantly different from that by all of the other species tested (Table 3). B. cenocepacia and the B. pseudomallei strains are not
significantly different from each other in inhibition (Table 3) (ANOVA and Gabriel post hoc test, P � 0.05).

TABLE 3 Gabriel post hoc test results of one-way ANOVA comparing the relative growth (root and leaf) of O. sativa L. cv Amaroo upon inoculation
with different Burkholderia species and strainsa

Strain whose effect on leaf area
growth was measured

P value for comparison of effect of following strain on root area growth:

B. vietnamiensis
39sp

B. ubonensis
A21

B. cenocepacia
17sp

B. pseudomallei
K96243

B. pseudomallei
TSV192

B. pseudomallei
TSV189

B. vietnamiensis 39sp �0.001 �0.001 �0.001 �0.001 �0.001
B. ubonensis A21 �0.001 �0.001 �0.001 �0.001 �0.001
B. cenocepacia 17sp �0.001 0.003 0.914 0.999 0.988
B. pseudomallei K96243 �0.001 �0.001 0.995 1.000 1.000
B. pseudomallei TSV192 �0.001 0.002 1.000 0.988 1.000
B. pseudomallei TSV189 �0.001 0.001 1.000 0.999 1.000
a P values for comparisons of leaf area growth percentages are shown in the bottom left half, and P values for comparisons of root area growth percentages are shown in the top
right half.
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commonly found (31). While there are differences in rainfall, ir-
rigation patterns, and soil types in these regions (32), it is interest-
ing to postulate that B. pseudomallei may also play a role in the
success of different cultivars. Rice currently grown in northeastern

Thailand may be more resistant to the effects of B. pseudomallei,
and an infection trial of the different rice types and varieties would
be useful in answering this question.

Low doses of B. pseudomallei did not inhibit the growth of O.

FIG 4 Inhibition of the growth of three rice species/cultivars by B. pseudomallei TSV189 relative to the control growth of each rice species/cultivar. Percentages
of root (a) and leaf (b) areas � 95% confidence intervals are displayed, as are the growth inhibition significance values. Cultivar Koshihikari growth is not
significantly reduced relative to that of its control (root, P � 0.571; leaf, P � 0.599), while that of both other rice species/cultivars, O. sativa L. cv Amaroo (root,
P � 0.001; leaf, P � 0.001) and O. meridionalis (root, P � 0.001; leaf, P � 0.001), is (independent t tests, P � 0.05).

FIG 5 MAb MCA2823 immunofluorescence results. Panels a, d, and g show B. pseudomallei labeled by IFA; panels b, e, and h are pictures of the same field taken
by Nomarski interference contrast; and panels c, f, and i are combined images. A biofilm of B. pseudomallei can be seen on the epidermis and root hairs in panels
a, b, and c. B. pseudomallei can also be seen inside the plant root hair in panels d, e, and f, and inside the exodermis in panels g, h, and i. Bars, 10 �m.
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sativa L. cv Amaroo, which may be due to competition with en-
dophytic bacteria already present in seeds. Unfortunately, it was
not possible to remove all of the potentially competing bacteria
without killing the seeds. Previous experiments in which cleaning
of seeds was studied have also identified this limitation (24). The
high dose selected was designed to skew any potential interaction
in favor of B. pseudomallei and was similar to the dose used in
other plant-B pseudomallei experiments (18, 19, 26). B. pseu-
domallei has been found in soil at levels of up to 105 CFU/g (6), so
growth retardation in natural soils may not be as obvious or may
allow persistent interactions between the plant and the microbe.
The brevity of this experiment (7 days) and growth in Hoagland
agar, although it is also commonly used (26, 33, 34), are not ade-
quate for full rice growth and may not mimic growth in soil. It
would be interesting to study B. pseudomallei-O. sativa L. cv Ama-
roo interactions at this bacterial load over the life of rice in a soil
environment; however, this was not possible with our facilities.

Rhizospheres usually produce nutrient sources for soil bacteria
such as root exudates (sugar, amino acids, oxygen, etc.), border
cells (root cap cells), and root debris (cell contents, lysates, etc.)
(35). This can result in biofilm formation around the epidermis
and root hairs. Root hairs develop during plant growth and auto-
lyze, resulting in the proliferation of bacteria, which can then in-
vade the epidermis and cortex (36). Using IFA, we found that in
root sections, B. pseudomallei formed multiple layers around the
epidermis. These were not removed by washing in 0.85% NaCl,
which is indicative of a biofilm, although the presence of exopo-
lysaccharide was not tested to confirm this. B. pseudomallei bacte-
ria were also found inside root hairs and in the endodermis; how-
ever, images of the cortex were insufficient to clearly confirm the
presence of B. pseudomallei in the cortex (data not shown). This is
similar to results obtained by Kaestli et al. (18), who reported the
presence of B. pseudomallei in the root hairs and cortex of grasses
in epidemic areas.

This study successfully experimentally colonized the roots of a
domestic rice cultivar with B. pseudomallei and identified differ-
ential inhibition of the growth of different species and cultivars of
rice. However, the incubation period was short and the plants
were grown in hydroponic agar. Growth in soil typical of rice
paddies for longer periods may produce different results. In addi-
tion, this experiment used a high dose of bacteria, though other
studies have also used relatively high inoculum concentrations
and/or wounding of tissue to encourage inoculation or invasion
(18, 19, 26, 34, 37). Natural environmental conditions may result
in lower exposure levels. While B. pseudomallei can infect the roots
of O. sativa L. cv Amaroo via root hairs and retard its growth, it
does not retard the growth of Oryza sativa L. cv. Koshihikari. This
cultivar difference could be a factor in the successful or unsuccess-
ful growth of particular cultivars of rice in regions where B. pseu-
domallei is endemic. The relative susceptibility of plants may also
affect the persistence, and thus the biogeographical boundaries, of
B. pseudomallei. A susceptible rice cultivar also means that biocon-
trol experiments can be carried out with rice, and work is under
way in this area.
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