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Abstract Members of the genus Burkholderia are
highly versatile bacteria that can be beneficial as well
as pathogenic for their eukaryotic hosts. Furthermore,
many strains exhibit a remarkable biotechnological
potential. To study the ecosystem function and
lifestyle of B. terricola, we analysed the interactions
with plants and survival in soil as well as the
mechanisms behind it. We used a combination of in
vitro and ad planta assays to study Burkholderia-plant
interaction and assess the role of poly-β-
hydroxybutyrate (PHB). Additionally, DsRed-
labelled bacteria were analysed by confocal laser
scanning microscopy (CLSM) to study root colonisa-
tion. B. terricola ZR2-12 treatment resulted in
enhanced growth of sugar beet plants with a more
than doubled biomass relative to the non-treated
control. The strain was a remarkable good root

coloniser, which was found in rhizosphere as well as
endorhiza of sugar beet up to 10 log10 CFU g−1.
Using CLSM, we observed that ZR2-12 cells form
large micro-colonies along the apoplastic spaces of
the root. Xylem vessels were colonised by smaller
aggregates and single cells, whereas in root tips
mainly single cells were present. The colonisation
patterns differed strongly between older and younger
parts of the roots. PHB production of ZR2-12 (up to
70% (w/w) of cell dry mass) provided a competitive
advantage for rhizosphere colonisation. B. terricola
ZR2-12 belongs to the plant-associated Burkholderia
cluster with biotechnological potential due to its
excellent root colonisation and plant growth promotion.
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Introduction

The genus Burkholderia, which was described by
Yabuuchi et al. in 1992, comprises a diverse group of
Betaproteobacteria with currently more than 60
validly described species. Members of the genus
Burkholderia are known for their interaction with
plants, animals and humans (Coenye and Vandamme
2003). Although some Burkholderia species are known
for their human pathogenic potential (Mahenthiralingam
et al. 2005), some other Burkholderia species exhibit
beneficial effects for their host plants. Recently, it has
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been suggested that the plant-associated Burkholderia
form a cluster that is comprised of at least 29 non-
pathogenic species (Caballero-Mellado et al. 2007;
Suárez-Moreno et al. 2010). Examples are nitrogen-
fixing Burkholderia strains like B. tropica (Reis et al.
2004) and B. silvatlantica (Perin et al. 2006), strains
capable of nodulating leaves and roots of different
plants (van Oevelen et al. 2002; Vandamme et al. 2002),
species with an intimate association with bryophytes
(Vandamme et al. 2007), and endophytic Burkholderia
strains showing high 1-aminocyclopropane-1-carboxyl-
ate (ACC) deaminase activity (Sessitsch et al. 2005).
ACC deaminase activity, which is a widespread feature
within the plant-associated cluster of Burkholderia,
reduces the level of the plant hormone ethylene and
protects plants against stress (Hontzeas et al. 2004;
Onofre-Lemus et al. 2009). In addition, many Burkhol-
deria species exhibit antifungal antibiotics, and pro-
tected plants against diseases caused by pathogenic
fungi (McLoughlin et al. 1992; Hebbar et al. 1998).
While several species have been characterised in great
detail and the genomes of many species have been
sequenced (Lin et al. 2008), less is known for other
Burkholderia species. For instance, the lifestyle as well
as ecosystem function of Burkholderia terricola, a
species described by Goris et al. (2002), are largely
unknown (Coenye and Vandamme 2003). While the
type strain was isolated from agricultural soil degrading
a wide range of carbon sources, we isolated another
strain B. terricola ZR2-12 of this species from the
rhizosphere of sugar beet, which has been shown to
produce large amounts of poly-β-hydroxybutyrate
(PHB) (Gasser et al. 2009). However, the ecological
role of this organism in the rhizosphere is yet unexplored.

The rhizosphere is characterised by an enhanced
abundance and activity of microorganisms relative to
bulk soil as a result of root exudation (Sørensen 1997;
Bais et al. 2006). Bacteria with antagonistic activity
against plant pathogens have been found to be
selectively enriched in the rhizosphere (Berg et al.
2002, rev. in Berg and Smalla 2009), including
beneficial Burkholderia species (Caballero-Mellado
et al. 2007) as well as PHB-producing bacteria
(Gasser et al. 2009). Synthesis of storage compounds
such as PHB is a strategy of bacteria to increase
survival in changing environments (Steinbüchel and
Valentin 2006). Only a few plant-associated Burkhol-
deria strains are known to produce PHB (Brämer et
al. 2002; Gasser et al. 2009), and little is known about

the function of PHB production in Burkholderia
species. Interestingly, for free-living nitrogen-fixing
bacteria of the genera Azospirillum, Herbaspirillum
and Rhizobium, a relationship between PHB accumu-
lation and rhizosphere colonisation has been described
(Castro-Sowinski et al. 2010). It has been suggested
that PHB can also play a role in agricultural applica-
tions like microbial inoculants for biological control
(Kadouri et al. 2005).

To understand the ecological role of B. terricola in
terrestrial ecosystems, the interaction of B. terricola
ZR2-12 (Gasser et al. 2009) with sugar beet plants
and its persistence in soil were investigated. The
ability to colonise the root—the rhizosphere as well as
the endorhiza (root tissues below the epidermis)—was
compared with Pseudomonas fluorescens WCS365,
which is known to be an excellent root coloniser
(Dekkers et al. 1998; Kamilova et al. 2005). Further-
more, using DsRed labelled Burkholderia cells in
combination with confocal laser scanning microscopy
(CLSM), plant colonisation patterns were studied in
detail. The role of PHB in root colonisation was
analysed using a PHB-negative mutant.

Material and methods

Bacterial strains

Burkholderia terricola ZR2-12 (EMBL no.
FN313521.1) was isolated from the rhizosphere of
sugar beet (Beta vulgaris L.) in Deggendorf, Germany
(Gasser et al. 2009). For soil and plant experiments, a
spontaneous rifampicin-resistant mutant of B. terri-
cola ZR2-12 was used. This mutant was characterised
by the same growth parameters and traits as the wild-
type. For colonisation assays, Pseudomonas fluores-
cens WCS365 was used for comparison because this is
a well-investigated model strain for an excellent root
coloniser (Dekkers et al. 1998; Kamilova et al. 2005).

Generation of the PHB-negative mutant B. terricola
ZR2-12_PHB-

In order to investigate the role of PHB biosynthesis in
the root colonisation ability of B. terricola, we
constructed a PHB-negative mutant of B. terricola
ZR2-12. Mutants were obtained by chemical muta-
genesis with ethyl methanesulfonate (EMS, Merck,
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Darmstadt, Germany) according to Schlegel et al.
(1970). Cell material of a 1 ml culture (grown for
24 h) was pelleted by centrifugation (2 min,
8000 rpm) and washed with phosphate buffered saline
(PBS, pH 7.2). The pellet was re-suspended in 1 ml
PBS containing 30 μg of EMS and incubated for
30 min. Afterwards the pellet was washed twice with
PBS, re-suspended in mineral salts medium (MM)
medium and plated onto MM agar plates (Schlegel et
al. 1961). After 24 h incubation at 30°C, colonies
were washed from plates with 1 ml MM and
subjected to saccharose-density-centrifugation.
(12500×g, 2 h). The lower fraction was taken for
further processing according to Steinbüchel (2001).
After chemical mutagenesis, a phenotypic screen of
over 3000 colonies resulted in six strains, which were
subjected to GC analysis, Nile red staining and
microscopic analysis (Spiekermann et al. 1999; Timm
and Steinbüchel 1990). Five of these strains produced
lowered amounts of PHB (10.3% w/w of cell dry
weight (CDW) when compared to the wild-type); one
strain (ZR2-12_PHB-) without PHB production was
selected. Nile red staining and microscopic affirma-
tion were done continuously. No difference in growth
rate in nutrient broth (Sifin, Berlin, Germany) at 30°C
between the wild-type and the PHB-negative mutant
was observed. Mutant ZR2-12_PHB- was also indis-
tinguishable from the wild-type in all other pheno-
typic features investigated (Table 1).

Seed priming and plant growth conditions

Seeds of sugar beet (cv. Calida, KWS SAAT AG,
Einbeck, Germany) were surface disinfected by
washing in water for 5 min, incubating in 70%
ethanol for 5 min and by an additional washing step
in sterile water. To inoculate seeds with bacteria, 1 g
of seeds was incubated for 6 h in liquid culture of the
respective strains grown in mineral salts medium
(MM) (Schlegel et al. 1961) for 24 h at 30°C. For root
competition assay, sugar beet seeds were co-inoculated
with B. terricola ZR2-12 and P. fluorescens WCS365
(Dekkers et al. 1998). For control treatment, 1 g of
seeds was incubated with sterile MM medium. After
priming, inoculated seeds were dried back under
laminar flow over night and sown in 400 ml polypro-
pylene containers or in culture tubes type ‘De Wit’
(Duchefa, Haarlem, The Netherlands) containing
standardised soil substrate consisting of a mixture from T
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slightly to fully decomposed raised bog peat and
perlite at a pH-value of 5.6 (Gramoflor Vechta,
Germany). Prior planting, the substrate was auto-
claved at 121°C for 20 min. For microscopically
observations, plants were grown in seed germination
pouches (Mega International, Minneapolis, USA)
moistened with 10 ml of sterile water. Plants were
generally grown under greenhouse conditions with
14 h of light at 23°C.

Plant growth promotion and root colonization

To determine plant growth promotion ability of B.
terricola ZR2-12, sugar beet plants were grown in
polypropylene pots under greenhouse conditions with
14 h of light at 23°C. After 1, 2, and 3 weeks,
plantlets were harvested and fresh weight of all plant
parts was determined gravimetrically. The experiment
was done in three replicates each with six seeds per
pot and repeated three times.

Bacterial cell numbers were determined after 7, 14
and 21 days post-inoculation. According to the
sampling time 0.4, 3.5 or 13.0 g of root material
was sampled into sterile plastic bags and homoge-
nised with mortar after adding 3 ml, 50 ml and
100 ml, respectively, of NaCl solution (0.9%).
Suspensions were serially diluted and plated on
nutrient agar II (Sifin, Berlin, Germany). After 3 days
of incubation at 30°C colony forming units (CFU)
were determined and calculated to CFU per gram root
fresh weight. In experiments with the spontaneous
rifampicin-resistant mutant of B. terricola ZR2-12,
medium was supplemented with 80 μg ml−1 rifampi-
cin (Fluka, St. Louis, USA).

Confocal Laser Scanning Microscopy (CLSM)

For microscopic analyses of ZR2-12 and its PHB-
negative mutant (ZR2-12_PHB-) associated with
sugar beet roots (cv. Calida), DsRed-labelled strains
were employed. To this end, plasmid pIN69 (Vergunst
et al. 2010) was transferred into the wild-type and the
mutant by triparental mating as described by De
Lorenzo and Timmis (1994). Transconjugants were
selected on Pseudomonas isolation agar (PIA, Becton
Dickinson, Sparks, USA) supplemented with
100 μg ml−1 trimethoprim. In the absence of
antibiotic selection, the plasmids remained stable for
more than 2 weeks (data not shown). Resulting

transconjugants ZR2-12 [pIN69] and ZR2-12_PHB-

[pIN69], respectively, were applied to seeds prior
growing in seed germination pouches. This was done
in three replicates (six seeds per pouch). After 1, 2
and 3 weeks sugar beet roots were observed with a
TCS SPE confocal microscope (Leica Microsystems,
Germany) using the following laser lines (nm)/
detection wavelengths (nm): DsRed, 532/570−620;
plant tissues (autofluorescence), 405/425−490. Con-
focal stacks were acquired with Z-step of 0.2–0.5 μm
and sequential activation of laser lines/detection
windows. Maximum projections, volume renderings
and 3D models were created with the software
IMARIS 7.0 (Bitplane, Zurich, Switzerland). Final
figures were assembled and labelled with Adobe
Photoshop CS3, version 10.0.1 (Adobe Systems
Inc., USA).

Phenotypic and biochemical characterisation
of B. terricola ZR2-12

ACC (1-aminocyclopropane 1-carboxylate) deami-
nase activity was tested on Brown and Dilworth
(BD) minimal medium (Brown and Dilworth 1975)
containing 0.7 gL−1 ACC as a sole nitrogen source.
BD plates containing 0.7 gL−1 NH4Cl served as
positive controls and BD plates containing no
nitrogen source were used as negative controls.
ACC deaminase production was monitored after
7 days of incubation at 30°C. Indole-3-acetic acid
synthesis was tested by a colorimetric assay in liquid
culture according to Sarwar and Kremer (1995).
Growth medium consisting of glucose (5.0 g), yeast
extract (25.0 mg), L-tryptophane (0.2 g) and distilled
water (to 1.0 l) was inoculated with cell material from
the pre-culture (0.5x TSA, 30°C, 24 h) to an OD600
of 0.5. After cultivation at 20°C and 150 rpm for 72 h,
cell free supernatant was mixed with Salkowski
reagent (50.0 mM FeCl3, 35.0% [v/v] perchloric acid)
at the ratio of 3:2 and incubated for 30 min, due its
sensitive reaction to light, in the dark. IAA concen-
tration was measured photospectrometrically using
the microplate-reader Spectramax-250 (Molecular
devices, Union city, USA) at 530 nm and quantified
using standard curve. Production of C4-C6 AHLs was
checked by on-plate assay according to McClean et
al. (1997). Strains to be tested were cross-streaked
against the reporter strain Chromobacter violaceum
CV026 on nutrient agar II. Development of purple
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color due to violacein production of C. violaceum was
evaluated after 24 h incubation at 30°C. For assess-
ment of production of extracellular proteolytic
enzymes, ZR2-12 was screened by plating on nutrient
agar II containing 10% skim milk powder. Clearance
halos indicating protease activity were measured after
an incubation time of 3 days at 30°C. Detection of
siderophores was performed under iron-limited con-
ditions using universal siderophore assay developed
by Schwyn and Neilands (1987). Iron (III) ions form a
complex 10 with chrome-azurol-S dye. For testing,
cell material was transferred onto chrome azurol-S
medium and incubated for 3 to 5 day at 30°C. The
diameter of the discoloured zone, which is indicative
of siderophore activity, was measured. Thin layer
chromatography (TLC) of lipid extracts from whole
cells was performed as described previously (Uthoff
et al. 2005). Triolein or oleate and oleyl oleate were
applied as reference substances for triacylglycerides
and wax ester, respectively, using hexane/diethyl
ether/acetic acid (90:7.5:1 or 80:20:1, v/v/v) as
solvent system for the separation of wax esters and
triacylglycerides, respectively.

Antifungal activity in vitro was determined by a
dual-culture assay on Waksman agar (WA). Fungi
applied in this bioassay were the plant pathogens
Rhizoctonia solani AG 4 (RHI Ben 4 from sugar beet)
and Verticillium dahliae V25 (strain collection Graz
University of Technology). Zone of inhibition was
measured after 5 days of incubation at 20°C by the
method of Berg et al. (2002). Additionally, R. solani
AG4 was used for an in vitro biocontrol experiment
with 3 days old seedling of sugar beet ‘Calida’
according to Keijer et al. (2003).

Starvation and drought stress experiment

Sterilised soil substrate (15 g; Gramoflor Vechta,
Germany) was placed in a Petri dish and inoculated with
420 μl of a 24 h-culture of ZR2-12 or ZR2-12_PHB- in
three replicates. After incubation for 60 days at room
temperature, inoculated substrate was homogenised by
suspending in 0.9% NaCl solution to a final volume of
100 ml and stirring for 30 min. Substrate was separated
from the liquid by filtration through a folded filter
type 591 (Whatman, Dassel, Germany) and dried for
24 h under laminar flow. The capacity to colonise
sugar beet seedlings after the starvation period and
subsequent drought stress event was tested by

germinating surface sterilised, non-inoculated seeds
in culture tubes type ‘De Wit’. Prior transferring the
soil substrate into the culture tubes, cell number was
determined by re-suspending 0.5 g of dried soil
substrate in 3 ml 0.9% NaCl solution and plating
onto nutrient agar II. Two seeds were placed in each
of the three culture tubes per strain. After 10 days
bacterial cell counts associated with 1 g of sugar beet
roots were determined.

Quantitative and qualitative analysis of PHB

Cells of ZR2-12 and ZR2-12_PHB- grown on MM
with different NH4Cl concentrations (0.05% (w/v)
for storage conditions; 0.1% (w/v) for growth
conditions) were harvested by centrifugation
(15 min, 6000g, 4°C), washed in 0.9% (w/v) NaCl,
and then lyophilized for 24 h. Analysis of PHB
content was performed by methanolysis of 5 to
10 mg lyophilized cells in presence of 2 ml (85:15,
v/v) methanol/sulfuric acid and 2 ml chloroform. The
resulting methyl esters were analysed by gas chro-
matography using an Agilent 6850 GC (Agilent
Technologies, Waldbronn, Germany) as described
previously (Timm and Steinbüchel 1990). For qual-
itative determination of methyl esters, a coupled GC/
MS was performed using an HP6890 gas chromato-
graph equipped with a model 5973 EI MSD mass
selective detector (Hewlett Packard). The mass
spectra obtained were evaluated using the NIST
Mass Spectral Search program (Stein et al. 1998).
Isolation of the accumulated polymer from lyophi-
lized cells was done by chloroform extraction
(50 ml) followed by shaking for 24 h and precipita-
tion with 10 × ice cold ethanol. Proton 1H NMR was
used to quantify the levels of 3-hydroxyproprionate
and 3HAMCL present in the isolated polymer. NMR
experiments were performed employing the Varian
Unity Plus 600 spectrometer.

Statistics

Plant and colonisation experiments were done in three
replicates and independently repeated three times.
Results shown represent mean values of all replicates.
For all statistical analysis of data (analysis of variance -
ANOVA, Mann Whitney test, Tukey test, Student’s t-
test) the statistical package SPSS (SPSS Inc., Chicago,
USA), was used.
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Results

Effect of B. terricola treatment on plant growth

The effect of bacterial treatment on growth of sugar
beet plants was monitored in sterilised soil substrate.
Fresh mass of plants grown from seeds inoculated
with 3.87±0.27 log10 CFU seed−1 was determined
gravimetrically, and compared to the non-treated con-
trol. As shown in Fig. 1, B. terricola ZR2-12 inoculants
stimulated growth of sugar beet seedlings. Three weeks
post-inoculation, Burkholderia-primed seeds resulted
in a statistically significant higher weight of seedlings
(P=0.0019) relative to the non-treated control (1.26 g
and 0.53 g on average per plant, respectively). The
plant weight correlated with leaf length: leaves of B.
terricola treated plants were on average 1.4 cm longer
than those of the non-treated control plants. Under non-
sterile conditions a plant growth promoting effect of B.
terricola ZR2-12 was also significant, although the
effect was less pronounced (data not shown).

Rhizosphere competence of B. terricola ZR2-12

Rhizosphere competence, the ability to colonise and
persist in the root system under a wide range of
conditions (Sørensen 1997), was assessed by moni-
toring the abundance of B. terricola ZR2-12 in the
sugar beet root system. This experiment was carried
out in comparison to Pseudomonas fluorescens
WCS365, which has been documented to be a good

root coloniser (Dekkers et al. 1998). After 10 days,
bacterial treatment resulted in comparable numbers
for both strains. Sugar beet roots were colonised with
9.86±0.97 log10 CFU g−1 fresh weight (fw) root P.
fluorescens WCS365 cells and with 9.59±0.92 log10
CFU g−1 fw root B. terricola ZR2-12. No statistically
significant difference for the rhizosphere competence
of both strains (P=0.30) was calculated.

Microscopic analyses of root colonisation patterns

To analyse the colonisation pattern of B. terricola ZR2-
12 in detail, CLSM (Confocal Laser Scanning Micros-
copy) was used in combination with seeds primed with
a DsRed-tagged derivative of ZR2-12, ZR2-12
(pIN69). Inoculated plant roots of sugar beets were
analysed after 3 weeks grown under gnotobiotic
conditions. Surprisingly, cells of ZR2-12 [pIN69] were
not only found on the root surface but also in the
endorhiza. Indeed, a more detailed analysis using the
Imaris software package revealed an extremely dense
colonisation of the endorhiza (Fig. 2). Large micro-
colonies consisting of hundreds of Burkholderia cells
were found along the apoplastic spaces of the root. In
addition, xylem vessels were colonised by smaller
aggregates and single cells, whereas in the root tips
mainly single cells were present. Interestingly, Burkhol-
deria cells were not found in the living plant parts
(symplast) like phloem or inside cells.

Phenotypic characterisation of B. terricola ZR2-12

Several in vitro assays to investigate the physiological
and biochemical potential of B. terricola ZR2-12 were
performed (Table 1). We observed neither auxin
production nor nitrogen fixation. No antagonistic
activity against the soil-borne plant pathogenic fungi
Verticillium dahliae and Rhizoctonia solani was ob-
served (data not shown). B. terricola ZR2-12 was also
not able to control R. solani in a biocontrol assay on
sugar beet seedlings under greenhouse conditions, as
described by Keijer et al. (2003). Furthermore, the
strain did wether produce extracellular proteases nor it
was resistant to high salinity. After 3 days of incubation
on siderophore detection medium, decoloured halos of
1 mm in diameter were formed, suggesting production
of siderophores. Strain ZR2-12 was able to grow on
medium containing ACC as a sole nitrogen source,
suggesting that the strain has ACC deaminase activity.

Fig. 1 Plant growth promoting effect of B. terricola ZR2-12.
Seeds of sugar beet ‘Calida’ were primed with strain ZR2-12
before sowing, and fresh weight of seedling shoots was examined
after 1, 2, and 3 weeks in comparison to the non-treated control.
Error bars represent confidence intervals at P≤0.05. Significance
of difference between ZR2-12 and negative control in week 3
was 0.0019
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B. terricola is capable of producing PHB up to 70%
(w/w) of cell dry mass when grown under polymer
storage conditions by feeding with 1% (w/v) glucose
and 0.05% (w/v) NH4Cl. Up to 32% PHB (w/w) of cell
dry weight was synthesized by ZR2-12 cultivated in
MM with 0.1% (w/v) NH4Cl and 1% (w/v) glucose
(growth conditions). Performing TLC, common fatty
acids but neither wax esters nor triglycerides could be
detected (data not shown).

Comparative studies of the wild-type
and the PHB-negative mutant ZR2-12_PHB-

on plant colonisation

To assess whether the ability of PHB-production
influences the colonisation competence of B. terri-
cola, sugar beet roots grown from primed seeds were
inoculated by similar amounts of either the wild-type or
the PHB-negative mutant strain. This treatment resulted

into comparable bacterial abundances in the rhizosphere
after 3 weeks (6.05±0.59 and 6.03±0.57 log10 CFU g−1

fw root) (Table 2, experiment A). To assess whether
PHB-production may facilitate faster colonisation of
roots, sterile seeds of sugar beets were planted into B.
terricola containing soil (Table 2, experiment B). After
10 days, cell numbers of roots of germinated seedlings
were determined. Both the wild-type and PHB--mutant
colonised the plants well with 9.45 and 9.69 log10
CFU g−1 fw root, respectively. These data suggest that
PHB production does not affect the strains ability to
colonise plant roots.

As formation of storage compounds like PHB can
be linked to response to fluctuating nutrient supply,
we tested the survival rate of both strains under
drought stress in plant free soil. Burkholderia treated
sterilised soil (Table 2, experiment C) was long-term
incubated and air dried for 24 h. After starvation and
drought stress, survival was determined by plating,

Fig. 2 Endophytic colonisation of sugar beet roots ‘Calida’ by
B. terricola ZR2-12 [pIN69] observed by confocal laser
scanning microscopy. a–c: dense colonies of B. terricola
ZR2-12 in the apoplast of the older parts of the root, 3 weeks
after plant germination; d–f: small colonies and single cells of
B. terricola ZR2-12 colonising the inside of the xylem vessel in

the middle part of the root, 2 weeks after plant germination; g–i
endophytic cells of B. terricola ZR2-12 in the vicinity of the
root tip, 3 weeks after plant germination. (a, d and g: volume
rendering; b, c, e, f, h and i: 3D-reconstructions created with the
software IMARIS 7.0 (Bitplane, Zurich, Switzerland))
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resulting in a reduction of cell numbers ranging from
9.64 to 5.49 log10 CFU g−1 fw soil for wild-type and
from 9.56 to 5.40 log10 CFU g−1 fw soil for the
mutant (Table 2, experiment C and D).

In a next step, competitive assays were used to
determine the effect of PHB production on plant
colonisation competence. In two independent and
three times repeated experiments, seeds were primed
with ZR2-12 [pIN69] and ZR2-12_PHB- or with
ZR2-12_PHB- [pIN69] and ZR2-12 and grown in
seed germination pouches under gnotobiotic condi-
tions for up to 3 weeks. When the DsRed tagged
PHB-negative mutant was co-inoculated with the
wild-type strain, the former was out-competed and
no fluorescent cells were detected after 3 weeks.
When the DsRed tagged wild-type was used in the
competition assays, fluorescent cells were found to
colonise the plant, albeit the colonisation patterns
differed between older and younger parts of the root
(Fig. 3). While dense colonies were present in the
apoplastic spaces of the older root parts (Fig. 3), small
colonies and single cells were found in the middle
part of the roots. In the vicinity of the root tip, only
single cells were present. Colonisation density in-
creased with plant age. Older, middle aged and
younger parts of roots from 3 weeks old plants were
stronger colonised than those from 2 weeks or 1 week
old plants, indicating a succession of colonisation in
dependence of plant age and root part. Analysis with
Imaris software showed a dense colonisation of the
root surface and the endorhiza by B. terricola. By

serially diluting crushed roots and plating on nutrient
agar an average cell number of 9.86 log10 CFU g−1 fw
root was determined.

Discussion

In addition to plant and human pathogens, the genus
Burkholderia harbours various species, which are able
to enhance plant growth and health. This study showed
that the so far poorly analysed species B. terricola
belongs to the recently established Burkholderia cluster
of plant beneficial bacteria (Suárez-Moreno et al. 2008).
Their members are characterised by (i) their ability to
colonise the rhizosphere or the internal intercellular
spaces in several plants and promote plant growth, (ii)
the potential to increase plant nutrient availability via
nitrogen fixation and/or phosphate solubilisation,
(iii) the capacity to degrade aromatic compounds,
or (iv) the ability to form symbiotic interactions with
plants (van Oevelen et al. 2002; Caballero-Mellado
et al. 2007; Hontzeas et al. 2004; Reis et al. 2004;
Sessitsch et al. 2005; Perin et al. 2006). B. terricola
ZR2-12 belongs to the first group; the strain was able
to promote plant growth and exhibited an endophytic
lifestyle with enormous ability in colonisation of
endophytic habitats. Such endophytes, which are de-
fined as microorganisms living inside of plant organs
and tissues without causing disease symptoms, have
become highly interesting models to study plant-
microbe interactions (Mei and Flinn 2010).

Table 2 Comparison of colonisation competence between
wild-type strain B. terricola ZR2-12 and its PHB-negative
mutant ZR2-12_PHB-. For experiments A and B abundances of

B. terricola on roots and for C and D abundance in soil (log10
CFU g−1 soil±SD) were determined

Experimental design Abundance of B. terricola log10 CFU g−1 root or soil

ZR2-12 ZR2-12_PHB-

A: Rhizosphere competence (seed priming)1) 6.05±0.598 6.03±0.578

B: Rhizosphere competence (root inoculation)2) 9.45±0.927 9.69±0.967

C: Soil colonisation before drought stress3) 9.64±0.906 9.56±0.877

D: Soil colonisation after drought stress3) 5.49±0.507 5.40±0.510

1) Sugar beet seeds ‘Calida’ were primed with both Burkholderia strains (3.87±0.27 log10 CFU seed−1 ) and germinated in sterile soil.
Bacterial cell numbers per g root fresh weight were determined after 3 weeks
2) Sugar beet seeds ‘Calida’ were set into soil inoculated with the Burkholderia strains. Bacterial cell numbers per g root fresh weight
were determined after 10 days
3) Sterilised soil substrate was placed in a Petri dish and inoculated with a 24 h-culture of the Burkholderia strains. After incubation for
60 day at room temperature, bacterial cell numbers were determined before and after air drying (24 h under laminar flow)

132 Plant Soil (2011) 347:125–136



B. terricola ZR2-12 was able to significantly
enhance plant growth. The observed ACC deaminase
activity may, at least for a part, explain this plant
growth promotion effect. Our investigations improve
no evidence that B. terricola ZR2-12 could provide
nutrient uptake of the plant like nitrogen and/or

phosphate or to production of phytohormones like
auxin. However, additional work will be required to
determine factors involved in plant growth promotion.
No antifungal activity against plant pathogens was
detected, which has been described for other Bur-
kholderia species (Vandamme et al. 2007; Schmidt et

Fig. 3 Time course of colonisation of different parts of
sugar beet roots ‘Calida’ by B. terricola ZR2-12 [pIN69]
investigated by confocal laser scanning microscopy over a
time period of 1 to 3 weeks. 3D models and volume

renderings were created with the software IMARIS 7.0
(Bitplane, Zurich, Switzerland), which show cross sections
of different areas of the root (oldest, middle, and youngest)
densely colonised by B. terricola ZR2-12 [pIN69]
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al. 2009). In addition, we found no AHL activity in
our applied test systems. In contrast to the pathogenic
Burkholderia cluster, little is known about the role of
AHLs in members of the non-pathogenic, plant-
associated Burkholderia cluster, which is character-
ised by conserved AHL-dependent regulatory system
(Sokol et al. 2007; Suárez-Moreno et al. 2008).

The most remarkable feature of ZR2-1 is the
production of up to 70% (w/w) of cell dry mass of
PHB. Therefore, we decided to study the role of PHB
production for rhizosphere competence, the ability to
colonize roots under a wide range of conditions, in
more detail. When tested in separate systems, no
statistically significant differences between wild-type
strain and a PHB-negative mutant were observed for
rhizosphere competence, tolerance of drought stress in
soil, ability to survive in soil and time curve of root
colonisation. However, when both strains were tested
in a competitive assay, B. terricola ZR2-12 wild-type
was able to out-compete the PHB-negative mutant.
These findings are in accordance with results obtained
with nitrogen-fixing bacteria of the genera Azospir-
illum, Azotobacter, Herbaspirillum and Rhizobium,
for which a positive correlation between PHB
accumulation and root colonisation has been demon-
strated (rev. in Castro-Sowinski et al. 2010). Further-
more, we could show that a high competition for
colonisation was correlated with plant growth promo-
tion, which has been predicted previously (Dekkers et
al. 1998; Lugtenberg and Kamilova 2009).

The mutant employed in this study was generated
by chemical mutagenesis and the genetic defect(s) of
the mutant has not been identified. Intriguingly, using
Tn5 mutagenesis we were not able to generate a PHB-
deficient mutant. We therefore speculate that the
strain may contain more than one set of PHB
biosynthesis genes, which may also explain the
enormous amounts of PHB produced.

Microbial inoculants on the basis of plant growth
promoting or biocontrol agents have a great potential
for sustainable and environmentally friendly agricul-
ture (rev. in Berg 2009). In addition, microorganisms
can act as stress-protecting agents, indicating that
plant associated bacteria are an important factor for
the response of plants to climate change (rev. in
Compant et al. 2010). B. terricola ZR2-12 is a
promising candidate to develop a strategy for plant
growth promotion because i) it is a potent root
coloniser, ii) exhibits an endophytic lifestyle, iii) can

well survive in plant-associated microhabitats with
changing conditions, iv) produces no antibiotics or
toxins, v) is harmless for humans and the environ-
ment, and vi) is easy to cultivate. The interaction
between plant-associated microorganisms themselves
as well as with their host plants is highly complex
(Sørensen 1997). Here we showed that this research
may not only be important to understand the
ecological function of the bacterium but also for
biotechnological applications.
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