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of rhizobacteria with in vitro antagonistic activity
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Abstract To assess potential effects of genetically
modified (GM) potatoes on the abundance and
diversity of rhizobacteria with in vitro antagonistic
activity in relation to natural variability among

cultivars, two GM potato lines accumulating the
carotenoid zeaxanthin in their tubers, the parental
cultivar and four additional commercial cultivars were
planted at two field sites in Germany. Rhizosphere
samples were taken at three developmental stages of
the plants. A total of 3,985 bacteria isolated from the
rhizosphere were screened for their in vitro antago-
nistic activity towards Rhizoctonia solani, Verticillium
dahliae and Phytophthora infestans using a dual-
culture assay. Genotypic characterisation, 16S rRNA
gene sequencing and antifungal metabolite analysis
was performed to characterize the 595 antagonists
obtained. The 16S rRNA gene-based identification of
in vitro antagonists revealed strong site-dependent
differences in their taxonomic composition. This
study showed that the site was the overriding factor
determining the proportion and diversity of antago-
nists from the rhizosphere of potato while the effect of
the genetic modification on the proportion of antag-
onists obtained did not exceed natural variability
among the five commercial cultivars tested.

Keywords Genetically modified potatoes . In vitro
antagonists . BOX . 16S rRNA gene

Introduction

The rhizosphere, which is defined as part of the soil
influenced by the plant, has a central role as interface
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between the soil and the plant (Hiltner 1904;
Brimecombe et al. 2001). In the rhizosphere the
abundance and metabolic activity of some soil micro-
organisms is enhanced in response to root exudates
and deposits. In turn rhizosphere microorganisms
contribute to plant nutrition, health and growth and
can induce systemic resistance (Van Loon et al. 1998;
Whipps 2001). Cultivation-independent studies (16S
rRNA gene fingerprints) have shown that the rhizo-
sphere often harbors a reduced number of dominant
bacterial populations whose relative abundance clear-
ly differs from bulk soil (Costa et al. 2006; Marilley et
al. 1998; Smalla et al. 2001). Differences in exudate
level and composition, together with rhizosphere
microsite location, root-mass and structure, but also
the nutritional status of the plant are assumed to
contribute to individual microbial communities of
distinct plant species (Gyamfi et al. 2002; Marschner
et al. 2001; Yang and Crowley 2000). Some studies
reported on differences in the rhizosphere as well as
endophyte bacterial community composition among
cultivars of the same plant species (Adams and
Kloepper 2002; Dunfield and Germida 2001; Siciliano
and Germida 1999). But not only the plant species
itself is of vital importance, also the plant develop-
mental stage, soil properties, climatic conditions and
agricultural management practice are assumed to have
a major influence on the composition of rhizosphere
microbial communities (Bossio et al. 1998; Crecchio et
al. 2004; Kennedy et al. 2005; Rasche et al. 2006).

Antagonistic microorganisms that reside in the
rhizosphere are able to defend the plants against
pathogens. Several traits are assumed to play an
important role for antagonistic activity: (i) antibiosis,
implying the inhibition of a pathogen through the
release of antibiotics, toxins or biosurfactants (Fravel
1988), (ii) competitive root colonization (Lugtenberg
et al. 2001), and (iii) production of extra-cellular cell
wall degrading enzymes like ß-1,3 glucanase, chiti-
nase or cellulase (Chernin and Chet 2002).

Although the application of GM plants in agricul-
ture and forestry is of increasing importance (James
2007) the overall impacts of GM crops on soil quality
are, however, still poorly understood. Despite their
importance for soil and plant health, the response of
soil microbes to the application of GM crops has not
been addressed adequately. Unintended side-effects
due to altered characteristics of the modified plants

cannot be a priori excluded and thus their impact has
to be evaluated case-by-case. Genetic modifications
of plants often result in phenotypic changes and may
also result in alteration of the root exudation which in
turn could cause changes in the structural and
functional diversity of plant-associated microorgan-
isms. Potential effects of GM crops on beneficial
rhizobacteria might be of particular interest as their
relative abundance and diversity could affect plant
health and ecosystem sustainability. Only few studies
attempted to assess potential impacts of GM plants on
antagonistic species (Lottmann et al. 1999; Lottmann
et al. 2000; Lottmann and Berg 2001). However,
these studies compared only the two GM potato lines
to a GM control and the parental cultivar.

In the present study two GM potato lines which
accumulate the carotenoid zeaxanthin in their tubers
(Römer et al. 2002) were investigated under field
conditions. Although the two constructs used in this
study do not harbor new genes and the modifications
are based on antisense respectively co-suppression of
an existing pathway (zeaxanthin epoxidase) and
should only be active in the potato tuber, it could
not be excluded that root exudation might be changed
as a result of the genetic modification. Indeed the root
length, carbohydrate pattern and pH in the rhizo-
sphere of both GM lines were changed compared to
the wild type. Interestingly, also differences between
both GM lines were observed (Neumann et al.
personal communication). These data clearly indicate
that a modification of a single gene can influence
the plant phenotype in many ways. The two GM
potato lines with increased zeaxanthin level in their
tubers were grown together with their parental
cultivar and four additional commercial cultivars in
a randomised field trial with six replicated plots per
cultivar and GM line at two sites in Germany.
Rhizosphere samples were taken at three develop-
mental stages. In this study we aimed to assess
potential effects of GM potatoes on the abundance
and composition of bacteria with in vitro antagonis-
tic activity towards three potato pathogens (Rhizoctonia
solani, Verticillium dahliae, Phytophthora infestans)
and relate these to natural variability among the
potato cultivars investigated. Furthermore, this study
provides insights into the phenotypic and genotypic
diversity of bacterial isolates with in vitro antagonis-
tic activity.
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Materials and methods

Potato cultivars and GM lines

For genetic modifications Solanum tuberosum L.
cultivar ‘Baltica’ was used. The construction of the
two GM zeaxanthin-accumulating potato lines through
co-suppression (SR47/00#18, further referred to as
SR47) and antisense (SR48/00#17, further referred to
as SR48) was described in detail by Römer et al.
(2002). The promoter used in both GM lines were
tuber specific and thus no increased zeaxanthin levels
in the above ground parts of the plants were expected.
This could be confirmed by studying the expression
of the zeaxanthin epoxidase in different plant com-
partments (Wenzel et al. personal communication).
The accumulation of zeaxanthin in the tuber reached
up to 40 µg/g dry weight (dw) (SR47) and 17 µg/g
dw (SR48) compared to 0.2 µg/g dw of the wildtype.
In addition to the GM lines and the parental cultivar
‘Baltica’, the potato cultivars ‘Selma’, ‘Désirée’,
‘Ditta’ (all used for food production) and ‘Sibu’ (used
for industrial purposes) were grown in the field.

Field design

The two sites used for this study are located in southern
Germany. The Roggenstein soil was characterized by
26.1% sand, 44.0% silt, 28.1% clay, Corg: 1.1%, Nt:
0.1% and pH 6.6. The Oberviehhausen soil contained
54.6% sand, 31.3% silt, 14.1% clay, Corg: 1.9%, Nt:
0.2%, and had a pH of 6.5. The climatic conditions in
2005 (Roggenstein) and 2006 (Oberviehhausen) are
available from the weather station located nearby both
field sites. Plant protection measures were performed
according to agricultural practice.

The experimental setup was designed as a ran-
domized field trial: Each plot had a size of 9×3 m,
resulting in four rows with a total of 40 potatoes. The
cultivars and GM lines were grown in six replicated
plots, of which four plots were sampled. The data
presented in this study are based on the field trials in
2005 (Roggenstein) and 2006 (Oberviehhausen).

Isolation of root-associated bacteria

Sampling of the plants was carried out at three
developmental stages, young plants (EC30), flower-

ing plants (EC60) and senescent plants (EC90)
according to Hack et al. (1993). The GM lines
showed a delayed emergence but at EC60 no obvious
differences between the GM lines and commercial
cultivars were observed. Therefore, we decided to
sample not completely randomized but to select plants
in a comparable growth stage at EC30. From each of
the plots the roots of five plants were combined as a
composite sample and transported to the laboratory.
To extract the root-associated bacteria, 10 g of the
root material of each plot was transferred into sterile
stomacher bags. Thirty ml Milli-Q water was added
and samples were homogenized for 60 s in a Stom-
acher laboratory blender (Seward, West Sussex, UK)
at high speed. This step was repeated three times. The
resulting suspensions were serially diluted with
0.85% NaCl and plated onto R2A (Merck, Darmstadt,
Germany) supplemented with cycloheximide (100 µg/
ml) to avoid the growth of fungi. After 5 days of
incubation at 28°C colony forming units (CFU) were
determined and 100 visually different colonies were
picked from each cultivar and GM line, resulting in a
total of 700 isolates per sampling time and site. The
isolates were purified and stored at −70°C.

Screening for bacteria with in vitro antagonistic
potential

The bacterial isolates obtained were screened in a
dual-culture in vitro assay for their antagonistic
potential towards three major potato pathogens:
Rhizoctonia solani Kühn AG3 (Basidiomycete with
a chitin-glucan cell wall), Verticillium dahliae Kleb.
ELV25 (Ascomycete with a chitin-glucan cell wall)
and Phytophthora infestans [Mont.] De Bary strain
20/01 (Oomycete with a cellulose-glucan cell wall).
Activity of the isolates against R. solani and V.
dahliae was determined on Waksman agar (WA),
containing 5 g of bactopeptone (Merck, Darmstadt,
Germany), 10 g glucose (Merck), 3 g meat extract
(Chemex, München, Germany), 5 g NaCl (Merck)
and 20 g bacto-agar (Becton Dickinson, NJ, USA) per
l distilled water. Agar disks with mycelia were
directly cut out from WA plates with R. solani (grown
for 7 days) and placed between the streaks of four
isolates. V. dahliae was grown in liquid culture in
Czapek Dox medium (Difco, Detroit, MI, USA).
150 µl of the suspension containing hyphal fragments
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were plated onto the agar and after surface drying the
bacteria were streaked on the same plate. Inhibition
zones were measured after 5 days of incubation at
room temperature as described by Berg et al. (2002).
The dual-culture assay against P. infestans was carried
out on pea-agar (modified according to Hollomon
1965). For this purpose, 125 g frozen peas were
cooked in 500 ml distilled water for 20 min. The
broth obtained after filtration was adjusted with
distilled water to 1 l after adding 15 g bacto-agar.
Agar disks from pea-agar plates with P. infestans
grown for 10–12 days were cut out and pre-grown on
the pea-agar test plates for 1–2 days before streaking
the bacterial isolates. Inhibition zones were deter-
mined after 7 days at room temperature. Every
bacterial strain was tested twice independently.

Extraction of genomic DNA

Genomic DNA from the in vitro antagonistic strains
was extracted using the Qiagen Genomic DNA
Extraction Kit (Hilden, Germany) for cell lysis and
the MoBio UltraCleanTM 15 DNA Purification Kit
(Carlsbad, CA, USA) for DNA-preparation, as de-
scribed by the manufacturers.

Genotypic characterization using ARDRA and BOX-
PCR genomic fingerprinting

Amplified Ribosomal DNA Restriction Analysis
(ARDRA) was performed by amplification of the 16S
rRNA gene with primers U8-U27 (5’-AGAGTTT
GATC(A/C)TGGCTCAG-3’) and 1492–1514 (5’-
TACGG(C/T)TACCTTGTTACGACTT-3’) (Weiss-
burg et al. 1991). Amplicons obtained were digested
with the enzymes Hin6I and Bsh1236I (Fermentas)
for 3 h at 37°C and 300 rpm in a thermomixer
(Eppendorf, Thermomixer comfort). Fifteen µl of the
resulting fragments were separated in a 4% agarose
gel (NuSieve 3:1) in 0.5 × TBE buffer for 4 h, stained
with ethidium bromide and visualized using a UV
transilluminator. Antagonists displaying similar
ARDRA-patterns (cut-off level 85%) were further
analyzed using BOX-PCR genomic fingerprinting.
BOX-PCR fingerprints were performed using the
BOX_A1R primer as described by Rademaker and
De Bruijn (1997). Eight µl of the PCR-product were
separated in a 1.5% agarose gel in 0.5 × TBE buffer

for 4 h, stained with ethidium bromide and photo-
graphed under UV.

Identification of bacterial in vitro antagonists

Antagonists with either individual ARDRA patterns
or different BOX patterns (cut-off level 85%) were
identified by partial sequencing (approx. 700 bp) of
the 16S rRNA gene. The sequences obtained were
aligned with reference 16S rRNA gene sequences
using the nucleotide basic local alignment and search
tool (BLASTN) from NCBI databases.

Enzymatic activity, production of siderophores
and N-acyl-homoserine-lactone (AHL)-production

Protease activity (casein degradation) was determined
from clearing zones in skim milk agar (400 ml
sterilised skim milk mixed with 1/10 TSB and 16 g
bacto-agar at 55°C) after 5 days of incubation at 28°C.
β-glucanase and cellulase activity were tested using
chromogenic AZCL and reamazolbrilliant blue R
(AZO) substrates, respectively (Megazyme Interna-
tional, Ireland). Formation of blue and white haloes
was determined after 5 days at 28°C. Chitinolytic
activity was tested in chitin minimal medium as
described by Berg et al. (2001). Clearance haloes
indicating β-1,4-glucosamine polymer degradation
were determined after 7 days of incubation at room
temperature. Production of siderophores under Fe3+-
limited conditions was analyzed using the plate assay
developed by Schwyn and Neilands (1987). Orange
haloes, indicating a reduction of iron(III) to iron(II)
were measured after 3 days of incubation at room
temperature. AHL-production was investigated in a
cross-streak assay using the bioluminescent sensor
plasmid pSB403 in E. coli to detect 3-oxo-C6-HSL
molecules produced by the bacterial antagonists
(Winson et al. 1998). The sensor strain Chromobac-
terium violaceum CV026 (McClean et al. 1997)
changes its color to purple in the presence of short
chain AHLs. Serratia plymuthica HROC48 (Liu et al.
2007) served as a positive control in both assays.

Statistical analysis

Significance tests for CFU values were performed
using ANOVA and Tukey Test. Significance tests for
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numbers of in vitro antagonists (Chi square exact) were
performed with Statistical Product and Service Sol-
utions for Windows v. 15.0. (SPSS Inc., Chicago, IL,
USA). Computer-assisted evaluation of both ARDRA
and BOX-PCR genomic fingerprints was performed
using the GelCompar II program version 4.5. (Applied
maths, Kortrijk, Belgium). Cluster analysis was per-
formed using the Dice correlation matrix and the
unweighted pair group method using average linkages.

Nucleotide sequence accession numbers

The nucleotide sequences determined in this study
were deposited in the GenBank database under
accession numbers EU834335-EU834701.

Results

Colony forming units of bacterial isolates
from the potato rhizosphere

Significant differences in the CFU counts (p≤0.05)
were revealed at EC60 in Roggenstein and at EC30
and EC60 in Oberviehhausen. These differences were
detected for the GM lines as well as for some of the
commercial cultivars (Table 1).

In vitro antagonistic activity of bacterial isolates
towards R. solani AG3, V. dahliae ELV25
and P. infestans

A total of 1,946 isolates originating from the
rhizosphere of potatoes grown at the site in Roggen-
stein and 2,039 isolates from the potato rhizosphere in
Oberviehhausen were tested in dual culture assays for
their in vitro antagonistic activity. The total numbers
of antagonists obtained from the Roggenstein site
revealed significant differences both between GM
lines and commercial cultivars, as well as between
different commercial cultivars for all three pathogens
tested (Table 2). The majority of in vitro antagonists
towards all three pathogens was obtained from the
cultivar ‘Désirée’. For the Oberviehhausen site sig-
nificant differences in the total numbers of antagonists
were observed for R. solani and P. infestans, whereas
the numbers of antagonists towards V. dahliae
revealed no significant differences between the
cultivars and GM lines. Significant differences could
be observed both between GM lines and commercial
cultivars and between different commercial cultivars
(Table 2).

At both sites significantly more isolates showed
in vitro antagonistic activity towards P. infestans
than towards R. solani and V. dahliae. Moreover, the

Cultivar/Line EC30 EC60 EC90
Log10 CFU (mean) Log10 CFU (mean) Log10 CFU (mean)

(A) Roggenstein

‘Baltica’ 6.99 ± 0.34 (a) 7.44 ± 0.09 (cb) 6.98 ± 0.44 (a)

SR47 6.94 ± 0.24 (a) 6.95 ± 0.15 (a) 7.22 ± 0.54 (a)

SR48 6.99 ± 0.13 (a) 7.26 ± 0.09 (b) 7.24 ± 0.17 (a)

‘Selma’ 6.51 ± 0.25 (a) 7.25 ± 0.06 (b) 6.77 ± 0.06 (a)

‘Désirée’ 6.79 ± 0.39 (a) 7.56 ± 0.12 (c) 7.19 ± 0.32 (a)

‘Ditta’ 6.40 ± 0.28 (a) 7.57 ± 0.10 (c) 6.68 ± 0.32 (a)

‘Sibu’ 7.00 ± 0.21 (a) 7.57 ± 0.10 (c) 6.81 ± 0.11 (a)

(B) Oberviehhausen

‘Baltica’ 7.53 ± 0.09 (abc) 7.40 ± 0.02 (abc) 7.52 ± 0.21 (a)

SR47 7.62 ± 0.15 (abc) 7.28 ± 0.09 (b) 7.38 ± 0.19 (a)

SR48 7.47 ± 0.09 (b) 7.37 ± 0.14 (abc) 7.32 ± 0.08 (a)

‘Selma’ 7.77 ± 0.07 (c) 7.51 ± 0.11 (abc) 7.51 ± 0.06 (a)

‘Désirée’ 7.55 ± 0.09 (abc) 7.52 ± 0.13 (ac) 7.38 ± 0.15 (a)

‘Ditta’ 7.53 ± 0.17 (abc) 7.41 ± 0.08 (abc) 7.53 ± 0.15 (a)

‘Sibu’ 7.39 ± 0.15 (ab) 7.52 ± 0.09 (ac) 7.33 ± 0.09 (a)

Table 1 Mean values
(Log10) of colony forming
units (CFU) per gram of root
fresh weight of the potato
rhizospheres for the field
sites in Roggenstein (A) and
Oberviehhausen (B) for the
three sampling times. Values
followed by different letters
are significantly different
(p≤0.05) as determined with
the Tukey-Test
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numbers of antagonists towards P. infestans were
significantly higher in Oberviehhausen than in
Roggenstein (data not shown).

Genotypic characterization of the antagonists
using ARDRA and BOX-PCR

A total of 243 and 339 ARDRA-patterns were
generated from rhizosphere isolates of EC60 and
EC90 potato plants grown in Roggenstein and
Oberviehhausen, respectively. EC30 isolates of both
sites were excluded from further identification, because
the roots of all cultivars and GM lines were very
heterogeneous in size at that sampling time. Further-
more, only the in vitro antagonists displaying either
activity towards the Oomycete P. infestans alone or
additionally towards one or both of the tested fungi
were further analyzed since they accounted for the vast
majority of antagonists (243 of 253 in Roggenstein and
352 of 368 in Oberviehhausen, respectively, data not
shown). In vitro antagonists displaying identical
ARDRA-patterns (cut-off level 85%) were further
characterized by BOX-PCR, which offers a higher
resolution below the species. Isolates displaying unique
ARDRA-patterns or one representative isolate of a

group sharing the same BOX-pattern were identified
by 16S rRNA gene sequencing.

Identification of bacterial in vitro antagonists
from both sampling sites

Based on the characterization by ARDRA and BOX
patterns, the 16S rRNA genes of 192 and 295 in vitro
antagonistic isolates from Roggenstein and Obervieh-
hausen, respectively were selected for 16S rRNA
gene sequencing (approx. 700 bp). Although both
sampling sites revealed the highest proportion of in vitro
antagonists towards P. infestans, the composition of
antagonistic bacteria revealed strong differences
between the sites (Table 3). Most of the 229 isolates
identified from the Roggenstein site (66.4%) were
affiliated to the class of Gammaproteobacteria (n=152
isolates), the majority of them showing the highest
similarity to the genus Pseudomonas (n=83
isolates), belonging to 17 different species (see Table
S2, supplementary material). Fifty antagonists from
Roggenstein (21.8%) were assigned to the High
G+C Gram-positives, 40 isolates of which belonged
to the genus Streptomyces (11 different species). In
contrast to the Roggenstein site, only 69 (21.6%) of

Isolates tested Total no. of antagonists EC30-EC90a

R. solani V. dahliae P. infestans

(A) Roggenstein

‘Baltica’ 283 17 (a) 11 (a) 37 (a)

SR47 288 26 (abd) 24 (bd) 44 (a)

SR48 286 14 (a) 16 (ab) 39 (a)

‘Selma’ 256 30 (bcd) 12 (ab) 34 (a)

‘Désirée’ 286 50 (c) 43 (c) 69 (b)

‘Ditta’ 272 20 (abd) 12 (ab) 41 (a)

‘Sibu’ 275 30 (d) 29 (cd) 52 (ab)

total no. 1946 187 147 316

(B) Oberviehhausen

‘Baltica’ 297 12 (a) 18 (a) 65 (ab)

SR47 297 15 (ab) 21 (a) 60 (a)

SR48 298 24 (bc) 20 (a) 64 (ab)

‘Selma’ 299 35 (c) 24 (a) 80 (ab)

‘Désirée’ 250 19 (abc) 24 (a) 69 (ab)

‘Ditta’ 298 37 (c) 25 (a) 82 (b)

‘Sibu’ 300 31 (c) 22 (a) 67 (ab)

total no. 2039 173 154 487

Table 2 Proportions of in
vitro antagonistic isolates in
the potato rhizospheres of
the sampling site in
Roggenstein (A) and
Oberviehhausen (B)
towards Rhizoctonia solani
AG3, Verticillium dahliae
V25 and Phytophthora
infestans as determined by
dual-culture assays

a EC30 = young plants,
EC60 = flowering plants,
EC90 = senescent plants

442 Plant Soil (2010) 326:437–452



the 319 antagonists from the Oberviehhausen site
were affiliated to the Gammaproteobacteria, with 36
isolates belonging to the genus Pseudomonas (9
different species). In Oberviehhausen the majority of
antagonists from the rhizosphere (46.7%) were
assigned to the High G+C Gram-positives (n=149
isolates) with most sequences displaying the highest
similarity to the genus Streptomyces (135 isolates
belonging to 43 different species). The second

largest group of antagonists from the potato rhizo-
sphere in Oberviehhausen (29.2%) was assigned to
the phylum Firmicutes (n=93 isolates) with 87
isolates belonging to the genus Bacillus (4 different
species). In contrast, only 24 antagonists (10.5%)
from Roggenstein were assigned to the phylum
Firmicutes, with 12 isolates belonging to Bacillus,
all of them assigned to the species Bacillus pumilus
(see Table S2, supplementary material).

Roggenstein (n) Oberviehhausen (n)

Gammaproteobacteria 152 (66.4%) 69 (21.6%)

Pseudomonas 83 36

Dickeya/Pectobacterium 34 14

Lysobacter 12 17

Acinetobacter 13 0

Stenotrophomonas 0 1

Serratia 4 0

Pantoea 4 0

Citrobacter 1 0

Enterobacter 1 1

High GC Gram-positives 50 (21.8%) 149 (46.7%)

Streptomyces 40 135

Arthrobacter 7 3

Microbacterium 3 1

Amycolatopsis 0 3

Lentzea 0 3

Saccharothrix 0 1

Micromonospora 0 1

Promicromonospora 0 1

Nocardioides 0 1

Firmicutes 24 (10.5%) 93 (29.2%)

Bacillus 13 87

Paenibacillus 11 0

Brevibacillus 0 3

Staphylococcus 0 3

Betaproteobacteria 1 (0.4%) 7 (2.2%)

Delftia 1 3

Variovorax 0 2

Massilia 0 1

Janthinobacterium 0 1

CFB group bacteria 2 (0.9%) 0

Flavobacterium 2 0

Alphaproteobacteria 0 1 (0.3%)

Phyllobacterium 0 1

Total number of isolates identified 229 319

Table 3 Phylogenetic
affiliation of identified in
vitro antagonists from
both sampling sites as
determined by partial 16S
rRNA gene sequence
analysis
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Cell wall degrading enzymatic activity,
siderophore- and AHL-production

A large proportion of the antagonists displayed
glucanase-, cellulase- and protease-activity, while
isolates with chitinase-activity were less frequently
detected. Strong site-dependent differences were found
mainly for glucanase and siderophore production,
reflecting the proportion of dominant bacterial genera
(Pseudomonas, Streptomyces and Bacillus) in the
collection of rhizobacteria with in vitro antagonistic
activity from both sites. As revealed by principal
component analysis, these three genera separated due
to their enzymatic properties (Fig. 1). The proportion
of antagonists producing short chain AHLs also
exhibited remarkable differences between both sites,
with the numbers in the rhizosphere of Roggenstein
exceeding those of Oberviehhausen three to four
times (data not shown). The majority of antagonists
producing AHLs belonged to the genus Pseudomonas.
AHL production was detected for antagonists
identified as Ps. thivervalensis, Ps. corrugata, Ps.
brassicacearum and Ps. stutzeri with both indicator

strains while only E. coli pSB403 responded to the
AHL molecules produced by antagonists assigned to
Ps. chlororaphis, Ps. putida and Ps. jessenii. In
Oberviehhausen, only antagonists identified as Ps.
brassicacearum produced AHLs in vitro. Antagonists
identified as Dickeya chrysanthemi were the only
AHL producers which were obtained from both sites.
While AHL producing antagonists identified as
Pectobacterium carotovorum were found only in the
Roggenstein collection, P. atrosepticum was retrieved
from the rhizosphere of Oberviehhausen.

Comparison of BOX-profiles of the same species
from different sites

Only for a few species sufficiently high numbers of
antagonists were obtained from both sites to allow a
comparison of their phenotypic and genotypic diver-
sity which was influenced by sites, cultivars and plots.

Almost the same numbers of antagonists from both
sites were identified as Ps. fluorescens (Roggenstein:
n=20; Oberviehhausen: n=18). The genetic diversity
of all Ps. fluorescens antagonists was compared by
BOX PCR fingerprints. The results revealed both a
high intraspecific diversity for each site as well as
strong site-dependent differences between the profiles
(Fig. 2). Within one site profiles with more than 80%
similarity were found not only for isolates from the
same replicate plots, but also for different plots of the
same cultivar, yet rarely for different cultivars.

A considerable number of antagonists were identified
as B. pumilus with 13 and 80 isolates from the potato
rhizospheres of Roggenstein and Oberviehhausen,
respectively. The comparison of the BOX-profiles
revealed clear site-specific differences, with a very
stable profile for the majority of isolates from the
Oberviehhausen site (68/80), whereas the profiles of
the remaining isolates were clearly distinct from these.
Some representative isolates displaying the stable
BOX-profile are shown in Fig. 3. B. pumilus isolates
with identical BOX-patterns were obtained from all
four analyzed plots of the cultivars ‘Selma’, ‘Désirée’,
‘Ditta’ and ‘Sibu’, as well as from one plot of the
parental cultivar ‘Baltica’ and the GM line SR47, and
from two plots of the GM line SR48. Compared to the
Oberviehhausen site, isolates obtained from Roggen-
stein showed completely different profiles, except for
one isolate which displayed the same BOX-profile as
the majority of isolates from Oberviehhausen (Fig. 3).

Fig. 1 Principal components analysis (PCA) ordination biplot
of in vitro antagonistic Pseudomonas (circle), Streptomyces
(square) and Bacillus (triangle) isolates and their respective
enzymatic activity and siderophore production properties
(arrows). Antagonists were grouped in the ordination diagram
according to Euclidian distances calculated on the basis of their
enzymatic and siderophore traits. Arrows pointing in the same
direction indicate a positive correlation between enzymatic
properties and phylogenetic assignment of the antagonists. Blue
symbols: antagonists isolated from the Roggenstein site, black
symbols: antagonists isolated from the Oberviehhausen site
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Twenty-six and 11 antagonists from the rhizo-
sphere of potato plants grown in Roggenstein and
Oberviehhausen, respectively, were assigned to Dick-
eya chrysanthemi. Eight antagonists obtained exclusive-
ly from Roggenstein were identified as Pectobacterium
carotovorum. Two antagonists assigned to P. atrosepti-
cum were found in the collection of antagonists from
Oberviehhausen. Interestingly, all D. chrysanthemi
strains from the Roggenstein site were isolated from

all four plots planted with the cultivar ‘Désirée’
(EC60: n=3; EC90: n=23), while most D. chrysan-
themi isolates from the Oberviehhausen site originat-
ed from the cultivar ‘Ditta’ (EC60 n=2; EC90 n=7)
and only two from ‘Désirée’. All antagonists identi-
fied as P. carotovorum originated from one plot of the
GM line SR48. For all 26 D. chrysanthemi strains of
the cultivar ‘Désirée’ from Roggenstein the same
BOX-patterns were obtained (Fig. 4). Seven of nine
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Fig. 2 Dendrogram based on BOX-PCR fingerprints of in vitro
antagonistic isolates from the potato rhizospheres in Roggen-
stein (R) and Oberviehhausen (O), identified by 16S rRNA
gene-sequencing as Pseudomonas fluorescens. The UPGMA
algorithm was applied to the similarity matrix generated with

the Dice coefficient. Strain code: site, sampling time (2 = EC60,
3 = EC90), strain number, cultivar/GM line (Bal = ‘Baltica’,
SR47 = ‘Baltica’ co-suppresion, SR48 = ‘Baltica’ antisense,
Sel = ‘Selma’, Des = ‘Désirée’, Dit = ‘Ditta’, Sib = ‘Sibu’), plot
(1 to 4) (original gel see Fig. S1)
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D. chrysanthemi strains obtained from the cultivar
‘Ditta’ from the Oberviehhausen site displayed the
same profile as the strains in Roggenstein and two
showed a distinct pattern. The two D. chrysanthemi
isolates obtained from ‘Désirée’ in Oberviehhausen
shared the same pattern with the strains from the same
cultivar in Roggenstein. The eight strains identified as
P. carotovorum formed two separate clusters with five
and three strains, respectively. The two strains
identified as P. atrosepticum formed a tight cluster
which was very distant from the other Dickeya and
Pectobacterium isolates (data not shown).

Discussion

The rhizosphere was recently described as an impor-
tant microenvironment for potentially antagonistic
bacteria (Berg et al. 2002; Berg et al. 2006) because

bacterial populations growing in response to the
easily available root exudates are often r-strategists
which frequently also produce cell wall degrading
extracellular enzymes to improve their competitive
behavior in soil (Raaijmakers et al. 2008). Although
the present study was mainly aiming to assess
potential effects of GM potato lines on the group of
beneficial bacteria and to relate these effects to natural
variability among cultivars, its experimental design
also allowed insights into the diversity of antagonistic
rhizobacteria in dependence on the site. However, only
for a few species (Ps. fluorescens, B. pumilus and
P. chrysanthemi) the number of isolates was large
enough to compare the diversity in relation to these
factors and to assess their field distribution.

The CFU-counts determined at three developmen-
tal plant stages were comparable to those reported by
Lottmann et al. (1999) for the rhizosphere of
genetically modified, T4-lysozyme producing potato

10
0

9080706050403020

O-2. 302 Sel-1

O-2. 339 Sel-2

O-2. 355 Sel-3

O-2. 387 Sel-4

O-2. 400 Des-1

O-2. 472 Des-3

O-2. 497 Des-4

O-2. 520 Dit-1

O-2. 538 Dit-2

O-2. 560 Dit-3

O-2. 584 Dit-4

O-2. 606 Sib-1

O-2. 622 Sib-2

O-2. 649 Sib-3

O-2. 699 Sib-4

O-3. 89 Bal-4

R-2. 513 Dit-2

O-3. 439 Des-2

R-2. 233 Bal-2

R-2. 277 Bal-4

R-2. 593 Des-2

R-3. 273 SR47-4

R-3. 365 SR48-4

R-2. 635 Des-4

R-2. 312 Sel-2

R-3. 588 Dit-1

R-3. 293 SR48-1

Fig. 3 Dendrogram based on BOX-PCR fingerprints of in vitro
antagonistic isolates from the potato rhizospheres in Roggen-
stein (R) and Oberviehhausen (O), identified by 16S rRNA
gene-sequencing as Bacillus pumilus. The UPGMA algorithm

was applied to the similarity matrix generated with the Dice
coefficient. Strain code as described in Fig. 2 (original gel see
Fig. S2)
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plants, respective control lines and their parental
cultivar. In the present study significant differences
in the CFU-values were always transient and not
stable throughout the whole season.

To assess whether the proportion and composition
of plant beneficial bacteria in the rhizosphere of GM
potatoes was changed compared to the parental
cultivar and the four commercial cultivars, similar
numbers of bacterial isolates were retrieved and tested
for their in vitro antagonistic activity towards three
major potato pathogens. The average proportion of in
vitro antagonists towards R. solani and V. dahliae was
comparable to results reported by other authors (Berg
et al. 2002; Krechel et al. 2002; Lottmann et al.
1999). For the Roggenstein site the total numbers of
antagonists obtained revealed significant differences
both between GM lines and commercial cultivars, as
well as between different commercial cultivars for all
three pathogens tested. This was mainly due to the 26
D. chrysanthemi strains with strong antagonistic
activity that were recovered from the cultivar
‘Désirée’ at EC90, thus leading to exceptionally
higher numbers of antagonists for this cultivar. In
Oberviehhausen, significant differences were ob-
served both among commercial cultivars and GM
lines and among different commercial cultivars
towards R. solani and P. infestans. However, in all
cases significant differences found were transient (see
Table S1, supplementary material). This finding is
consistent with results from other studies which
indicated that changes due to the genetic modification
of the plants were either transient (Donegan et al.

1995; Dunfield and Germida 2003; Griffiths et al.
2000) or negligible compared to natural factors like
field site (Dunfield and Germida 2001) or season
(Gyamfi et al. 2002; Heuer et al. 2002). Also altered
plant characteristics, independent from the genetic
modification were suggested as a possible reason for
observed differences (Donegan et al. 1995; Siciliano
et al. 1998). Siciliano and Germida (1999) found
significant differences in the rhizosphere communities
between cultivars of GM Brassica napus cv. Quest to
cv. Excel and Brassica rapa cv. Parkland. However,
their analysis focussed only on the flowering stage of
the plants and the finding could not be generalized for
other GM canola varieties (Dunfield and Germida
2001). In the present study the individual soil
characteristics and cropping histories of both sites
had the strongest influence on the composition of
their inhabiting bacterial communities as reflected in
the composition of in vitro antagonists. To date
several studies showed that the soil type has a strong
influence on the composition of microbial communi-
ties in the rhizosphere (Costa et al. 2006; Girvan et al.
2003; Latour et al. 1999; Marschner et al. 2001;
Sessitsch et al. 2001). A remarkably high proportion
of the rhizobacterial isolates from both sites displayed
an in vitro antagonistic potential against the Oomycete
P. infestans. However, the in vitro assay only
evaluates the activity towards the mycelium of the
Oomycete and not towards its zoospores which
represent the infectious part (Lifshitz et al. 1985).
The results of the dual-culture assays towards R.
solani and V. dahliae also have to be interpreted with
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Fig. 4 Dendrogram based on BOX-PCR fingerprints of in vitro
antagonistic isolates from the potato rhizospheres in Roggen-
stein (R) and Oberviehhausen (O), identified by 16S rRNA
gene-sequencing as D. chrysanthemi. The UPGMA algorithm

was applied to the similarity matrix generated with the Dice
coefficient. Strain code as described in Fig. 2 (original gel see
Fig. S3)
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care as in vitro tests do not necessarily correlate with
the in situ antagonistic activity (Sari et al. 2006).
Although comparable numbers of in vitro antagonists
were retrieved from the rhizosphere of potatoes grown
at both sites, their taxonomic composition and the
proportion of antagonists producing siderophores,
glucanase or AHLs showed strong site-dependent
differences. One main difference was the proportion
of in vitro antagonists affiliated to the Gammaproteo-
bacteria, especially the genus Pseudomonas which
was much higher in Roggenstein than in Obervieh-
hausen (Table 3). Pseudomonas species are supposed
to benefit directly from root exudates provided by the
plant and are therefore more often found in the
rhizosphere than in other microenvironments (Costa
et al. 2006; Raaijmakers et al. 2008). Also in the
studies by Berg et al. (2002, 2006) the largest
proportion of Verticillium dahliae antagonists was
affiliated to the genus Pseudomonas. The diversity of
isolated Pseudomonas species from the Roggenstein
site was quite remarkable and several species such as
Ps. thivervalensis, Ps. putida and Ps. corrugata were
only obtained from this site. Moreover, this genus
accounted for the high number of isolates from the
Roggenstein site producing siderophores. A huge
diversity of siderophores formed by Pseudomonas
species has been reported (e.g. Cornelis and Matthijs
2002; Meyer et al. 2002). In a habitat like soil that is
poor in disposable iron, siderophores can be impor-
tant in rhizosphere colonization (Raaijmakers et al.
1995) and in competing with plant pathogens (De
Boer et al. 2003; Lemanceau et al. 1992; Leong
1986). The comparison of BOX-fingerprints generat-
ed for Ps. fluorescens isolates revealed both a high
genotypic diversity within each site but also between
both sites. As reviewed by Picard and Bosco (2008)
such variability is important in rhizosphere compe-
tence and biocontrol ability. Only few isolates from
different plots of the same cultivar or of different
cultivars at one field site displayed identical BOX-
patterns. The endemism revealed by the use of BOX-
PCR was also reported by Cho and Tiedje (2000) who
argued that geographic isolation is important in
bacterial diversification. Although the same cultivars
and GM lines were grown in Oberviehhausen,
antagonistic isolates belonged most frequently to the
High G+C Gram-positives and Firmicutes. The
BOX-patterns of B. pumilus showed that a genetically
highly similar population colonized the rhizosphere of

the five different potato cultivars and of the two GM
lines in Oberviehhausen (Fig. 3). As B. pumilus
antagonists were retrieved from the rhizosphere of
plants belonging to different cultivars grown in different
plots this indicates that this population shows a
homogeneous distribution at this site and obviously
successfully colonized the rhizosphere of potatoes
independent from the cultivar or the genetic modifica-
tion. Interestingly, one B. pumilus isolate of ‘Ditta’ from
the Roggenstein site shared the same BOX-pattern as
the B. pumilus antagonists from Oberviehhausen.

The affiliation of the majority of in vitro antago-
nists in this study is similar to those reported for
antagonistic or rhizocompetent bacteria from other
studies (Berg et al. 2002, 2006; Juhnke et al. 1987).
The presence of antagonists among the dominant
cultured bacteria might also mirror their ability to
form colonies on plates. The use of members of the
genus Pseudomonas for biological control of plant
pathogens as well as for plant growth promotion has
been reported in several studies (Bloemberg and
Lugtenberg 2001; Haas and Défago 2005; Mercado-
Blanco and Bakker 2007; O’Sullivan and O’Gara
1992; Weller 1988). The genus Bacillus contains many
species that were reported to have in vitro antagonistic
activity. B. pumilus was recently described as an
antagonist of Gaeumannomyces graminis var. tritici,
causing take-all disease of wheat (Sari et al. 2007), but
also as a plant growth promoting rhizobacterium
inducing systemic resistance against P. infestans on
tomato plants (Yan et al. 2002). Kloepper et al. (2004)
reviewed several studies reporting on disease reduction
by both B. pumilus and B. subtilis species in different
hosts. Strains of both species are also available as
commercial biocontrol products (Schisler et al. 2004).
Also Streptomyces species have been described to
reduce plant diseases caused by R. solani (Yuan and
Crawford 1995), V. dahliae (Berg et al. 2000) and P.
infestans (Malajczuk 1983) and many other plant
pathogens.

Furthermore, it is interesting to note that among the
in vitro antagonists obtained from both sites several
isolates belonged to known potato pathogens, namely
the species Dickeya chrysanthemi and Pectobacterium
carotovorum as well as S. scabies, S. turgidiscabies
and S. acidiscabies. The 26 strains identified as D.
chrysanthemi from the potato rhizosphere of Roggen-
stein were obtained from all four replicates of the
cultivar ‘Désirée’ indicating either that infected tubers
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were planted or a root exudate dependent enrichment
in the rhizosphere of ‘Désirée’. Strains identified as P.
carotovorum were obtained from one replicate of the
GM line SR48. Although both strains are known as
opportunistic pathogens, causing tuber soft rot and
blackleg in the field but also tuber decay in storage
(Pérombelon 2002), no infection symptoms were
observed in the respective plant material retrieved
from the field. Because all the strains obtained for
SR48 originated from the same plot, this might either
be the result of a local infection or a consequence of
the pooling of the root material. Pathogenic strains of
the genera Dickeya and Pectobacterium typically
produce a broad range of extracellular enzymes which
were described as major pathogenicity factors and are
expressed in a cell-density dependent manner (Hélias
et al. 2000; Kotoujansky 1987). The production of
extracellular enzymes by the isolates might have
contributed to their antagonistic activity. To prove
whether the in vitro antagonistic Dickeya and Pecto-
bacterium isolates showed pathogenicity in plants, they
were tested in a potato slice assay and indeed the
strains caused the typical symptoms (data not shown).
Interestingly, even though the vast majority of the
different Dickeya and Pectobacterium species pro-
duced extracellular enzymes and all strains produced
AHLs, isolates belonging to P. carotovorum did not
antagonize R. solani and V. dahliae in vitro (data not
shown). Only D. chrysanthemi showed antagonistic
activity towards all three pathogens tested, suggesting
additional traits responsible for this antagonism.

Overall, in this study the effects of GM potatoes on
rhizobacteria with in vitro antagonistic activity did not
exceed natural variability among cultivars. The site
was found to be the overriding factor determining the
composition and diversity of in vitro antagonists in
the rhizosphere of field grown potato plants.
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