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Abstract

The aim of this study was to investigate potential effects on the composition of the bacterial and fungal diversity in
rhizosphere and soil of a transgenic potato line (SIBU S1) which was modified in its starch composition by RNA
anisensing, compared to the non-transgenic parental cultivar (SIBU) at the flowering stage in 2000. Furthermore a
second non-transgenic cultivar (SOLANA) was included in the study. To avoid artefacts derived from cultivation
depending approaches, molecular techniques based on 16S-(bacteria) and 18S-(fungi) rDNA respectively were
used to describe the microbial community structure. Comparing 16S- and 18S-rDNA DGGE fingerprints from the
different bulk soil samples, it could be shown that no significant differences between the two cultivars and the
transgenic line were found. Similar results were obtained for the rhizosphere samples using the eubacterial, α-
and β-proteobacterial and fungal specific primers with the exception of, the eubacterial DGGE patterns obtained
for the rhizosphere of SOLANA. These patterns revealed that the relative abundance of one band was enhanced
compared with the patterns of SIBU and SIBU S1 and the sequence of the differentiating band showed the highest
similarity with Enterobacter amnigenus. When Pseudomonas specific primers were used, relevant differences were
found between the rhizosphere patterns of the transgenic potato line (SIBU S1) and the parental cultivar (SIBU).
However, clear effects of the cultivar SOLANA on the structure of the Pseudomonas community compared to SIBU
were also detected.

Introduction

The production of a potato tuber (Solanum tuberosum
L.) containing purely starch from amylopectin is an
important aim in plant breeding mainly for the pro-
duction of paper and textiles, as amylopectin offers
several advantages compared to amylose presently
used (Hoover, 2001). As potatoes normally have
a fourfold set of chromosomes, the production of
mutants by classic breeding techniques is very diffi-
cult, as a mutation in one chromosome does not affect
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the phenotype. A reduction in chromosomes, however,
from tetraploid to diploid leads to a reduced viab-
ility and yield of the corresponding plants (Deroin,
1998). Therefore, a transgenic potato line was de-
veloped (Willmitzer, personal communication), which
contains the granule bound starch synthase gene (gbss)
also in antisense direction. The corresponding antis-
ense RNA leads to the formation of a dsRNA and a
reduction of the expression of the corresponding gene
(Safford et al., 1998). Besides the gbss-gene, two
marker genes (bar and nptII) have been used for the
genetic manipulation. Safford et al. (1998) could show
that the transgenic line has the expected phenotype



24

and the genetic modification is stable. However, so far
potential effects of this transgenic modification on the
composition of the bulk and rhizosphere communities
of field-grown potatoes have not yet been analysed

The interaction between plants and microbes is
essential for plant health and growth and should be
considered when aiming to combine high yields with
farming practices which are environmentally friendly
(Kloepper et al., 1992). Interactions in the rhizosphere,
the part of the soil which is highly influenced by the
plant, are of central importance (Soerensen, 1997).
Composition, abundance and dynamics of the micro-
bial community in the rhizosphere play an important
role and may have a positive or negative influence
on plant growth. Microbes are essential for the mo-
bilisation of plant nutrients and may produce plant
growth hormones which are important for plant devel-
opment (Lynch, 1990). Other microorganisms act as
biocontrol agents and protect the plants from phyto-
pathogenic bacteria and fungi (Bashan and Holguin,
1998). In contrast plant pathogenic microbes can have
a severe impact on plant health. Plants can influ-
ence the composition of the microbial rhizosphere
community by several mechanisms. Root exudates
(rhizodeposition) have been identified as the most
important factor for the development of a typical
rhizosphere microflora (Lynch and Whipps, 1991). A
high percentage (30–60%) of the CO2 bound by pho-
tosynthesis is released to the rhizosphere by roots,
whereas the composition and amount is depending on
the plant (Soerensen, 1997). Because genetic modific-
ation of crops might result in altered root exudation
or root morphology or release of antimicrobial sub-
stances, potential effects of genetic modification of
crops on the structural and functional diversity of
bulk and rhizosphere microbial communities should
be assessed under greenhouse and subsequently under
field conditions. The assessment of potential effects
of transgenic crops on bulk and rhizosphere soil com-
munities has been impaired due to the lack of baseline
data, e.g. on the seasonal dynamics of bulk and rhizo-
sphere communities, and on the extent to which the
plant species, the cultivar or the soil type influence
the microbial community. Only recently methods were
developed which allow a cultivation-independent ana-
lysis of soil microbial communities for large numbers
of samples necessary to provide the kind of baseline
data required (Schwieger and Tebbe, 1998; Muyzer
and Smalla, 1998; Liu et al., 1997).

The aim of this study was to investigate poten-
tial effects on the composition of the bacterial and

fungal diversity in rhizosphere and soil of a trans-
genic potato line (SIBU S1) which was modified in its
starch composition by RNA antisensing, compared to
the non-transgenic parental cultivar (SIBU) at differ-
ent plant development stages under field conditions.
To avoid artefacts derived from cultivation-depending
approaches, molecular techniques based on 16S (bac-
teria) and 18S (fungi) rDNA were used to analyse
the microbial community structure. The different cul-
tivars and the transgenic line were cultivated in 1998,
1999 and 2000. Pre-experiments using several screen-
ing techniques in 1998 and 1999 have shown that most
of the differences occurred at the flowering stage of
the plants. In addition to the transgenic (SIBU S1)
and parental potato (SIBU) line, another cultivar (SO-
LANA) was included in the field study 2000. There-
fore detailed analysis by molecular methods was only
performed for the flowering stage in 2000.

Materials and methods

Field design and sampling

The experiment was performed in the southern part
of Germany (Oberviehhausen). The soil was charac-
terised as a sandy loam with 14.1% clay, 31.3% silt,
54.6% sand, pH 6.5 (0.01 M CaCl2), 1.9% total C,
0.2% total N, 123 mg P kg−1 (CaCl2), 192 mg K kg−1

(CaCl2), and 85 mg Mg kg−1 (CaCl2). The water
holding capacity (WHC) (10 mm sieved soil) was
280 g H2O kg−1 dry soil.

The field had been cultivated under conventional
farming management before the experiment started.
Taking the special heterogeneity of the site into ac-
count a randomised block design with 8 blocks each of
the parent line (SIBU), the transgenic line (SIBU S1)
and a second non-transgenic line (SOLANA) was
used. The cultivar SIBU and the transgenic line
SIBU S1 which was modified in its starch composi-
tion were made available by PLANTA GmbH/KWS
AG, Germany. Each block contained 20 plants. For
each sampling three plants/block were mixed and used
as composite rhizosphere sample. Soil samples were
taken at a depth of 0–20 cm. Ten samples/block were
taken and mixed. The soil samples and root material
were then stored at −20 ◦C.

Samples were taken before sowing and at the plant
developing stages EC30 (young plants), EC60 (flower-
ing plants), and EC99 (senescent plants). The field
experiments were performed in the years 1998, 1999
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and 2000. However, a complete molecular analysis
for bacterial communities was done only for the EC60
stage of 2000.

Extraction of bacterial cells from soil or roots

Three grams of soil or plant roots with firmly ad-
hering soil were transferred into sterile plastic bags,
resuspended in 9 ml of distilled water and treated in a
Stomacher 400 blender (Seward, USA) at high speed
for 1 min. After this treatment the supernatant without
roots was collected in a tube while the remaining soil
or roots were resuspended in 9 ml distilled water, fol-
lowed by Stomacher blending. This step was repeated
once. The supernatants of the three steps were com-
bined and centrifuged at high speed (20, 000 × g) for
30 min to collect the microbial pellet. The pellet was
resuspended in 1–2 ml sterile water and transferred
into one to two Eppendorf tubes with a pipette and
centrifuged at 10, 000 × g for 20 min. The resulting
pellet was kept for DNA extraction at −70 ◦C.

DNA extraction

Total community DNA was extracted from 0.25 to
0.5 g of microbial pellet with the UltraCleanTMSoil
DNA Isolation Kit (MoBio Lab., USA). DNA ex-
traction was done according to the manufacturer’s
protocol including a bead beating step (2 × 30 sec at
4,000 rpm; size of the beads: mixture of beads) with an
MSK cell homogeniser (B. Braun Biotech, Germany)
for mechanical cell lysis. DNA for amplification with
fungal primers was obtained directly from the soil and
rhizosphere samples, using Fast Spin DNA extraction
kit for soil (Bio 101, USA) according to the manufac-
turer’s protocol. The bead beating step was done as
described above.

PCR amplification of 16S rDNA fragments for DGGE
analysis (DGGE-PCR)

The 16S rDNA fragments were amplified by PCR
from rhizosphere or soil DNA extracts using the
primer pair F984GC and R1378 (Table 1) as described
by Heuer et al. (2001). Briefly, the reaction mixture
consisted of 1 µl of template DNA (1–5 ng) and a
24 µl aliquot of a PCR mix. The PCR mix was as
follows: 1× Stoffel buffer (Applied Biosystems, Ger-
many), 0.2 mM dNTPs, 3.75 mM MgCl2, 4 % (wt/vol)
acetamide, 100 nM of each primer, and 2.5 U/25 µl
of Taq Polymerase (Stoffel fragment, Applied Biosys-
tems). The thermal cycling programme was performed

with an initial denaturation at 94 ◦C for 5 min, fol-
lowed by 35 cycles at 95 ◦C for 1 min, 53 ◦C for
1 min, and 72 ◦C for 2 min before the final exten-
sion at 72 ◦C for 10 min. Products were checked by
electrophoresis in 1% (wt/vol) agarose gels followed
by ethidium bromide staining.

Group-specific PCR of 16S rDNA fragments

For amplification of different phylogenetic bacterial
groups, the primer systems listed in Table 1 were
used. Primer systems for group-specific PCR were
previously described by Heuer et al. (1997) and
Gomes et al. (2001). The reaction mixture con-
sisted of 1 µl of template DNA (1–5 ng) and a
24 µl aliquot of a PCR mix. In order to amplify
α-Proteobacteria, the PCR mix was 1× Stoffel buf-
fer (Applied Biosystems), 0.2 mM dNTPs, 3.75 mM
MgCl2, 5% (wt/vol) DMSO, 100 nM of each primer,
and 1 U/25 µl of Taq Polymerase (Stoffel fragment,
Applied Biosystems). A hot start was performed for
β-Proteobacteria, Actinomycetales and Pseudomonas
using the AmpliTaq GoldTM Polymerase (Applied
Biosystem) to prevent non-specific annealing of the
primers to non-target DNA. The PCR mix consisted
of 1× Stoffel buffer (Applied Biosystems), 0.2 mM
dNTPs, 3.75 mM MgCl2, 5 % (wt/vol) DMSO (Actin-
omycetales and Pseudomonas), or 4% (wt/vol) acet-
amide (β-Proteobacteria), 100 nM of each primer (Ac-
tinomycetales), respectively, 200 nM of each primer
(β-Proteobacteria, Pseudomonas), and 2.5 U/25 µl
AmpliTaq Gold Polymerase. An initial denaturation of
7 min at 94 ◦C was followed by 25 thermal cycles of
denaturation at 94 ◦C, annealing (Table 2), and primer
extension at 72 ◦C for 2 min. PCR was finished by a
final extension step at 72 ◦C for 10 min. Products were
checked by electrophoresis in 1% (wt/vol) agarose gel
followed by ethidium bromide staining, diluted on a
final concentration of 1–3 ng and used as template for
DGGE-PCR. DGGE-PCR was performed as described
above but with 30 cycles.

PCR amplification of 18S rDNA fragments for DGGE
analysis (DGGE-PCR)

For amplification of the 18S rDNA (fungi and other
eucarya) the primer pair NS1-GC and NS2 (Kowal-
chuk et al., 1999) was used. Each PCR reaction
comprised 1 µl soil DNA, 10 pmol of both primers,
50 µM of each desoxynucleotide triphosphate, 5 µl
10× buffer, 1,5 mM MgCl2, 5 mM Betaine, 2,5 µl
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Table 1. Primer sequences (a) and annealing temperatures (b) used for PCR amplification of 16S rDNA
fragments

(a)

Primera target 16S rDNAb Sequence 5′-3′ Reference

F243 226–243 GGATGAGCCCGCGGCCTA Heuer et al., 1997

(Actinomycetales)

F203α 174–203 CCGCATACGCCCTACGGGGGAAAGATTT Gomes et al., 2001

AT (α-Proteobacteria)

F948β 931–948 CGCACAAGCGGTGGATGA Gomes et al., 2001

(β-Proteobacteria)

R1492 1492–1513 TACGG(C/T)TACCTTGTTACGACTT Heuer et al., 1997

(Bacteria)

F311Ps 290–311 CTGGTCTGAGAGGATGATCAGT Widmer et al., 1998

(Pseudomonas) modified

R1459Ps 1449–1468 AATCACTCCGTGGTAACCGT This study

(Pseudomonades)

F984GC 968–984 gc.-AACGCGAAGAACCTTAC Heuer et al., 1997

gc. CGCCCGGGGCGCGCCCCGGGCGGGGCG

GGG GCACGGGGGG Nübel et al., 1996

R1378 1378–1401 CGGTGTGTACAAGGCCCGGGAACG Heuer et al., 1997

(Bacteria)

63f 43–63 CAGGCCTAACACATGCAAGTC Marchesi et al., 1998

1387r 1387–1404 GGGCGGWGTGTACAAGGC Marchesi et al., 1998

aF, forward primer; R, reverse primer; GC, G+C-rich sequence attached at 5′ end
bE. coli numbering (Brosius et al., 1981).

(b)

16S rDNA target Primer system Primer Annealing

α-Proteobacteria F203α/R1492 56 ◦C, 1 min

β-Proteobacteria F948β/R1492 64 ◦C, 2 min

Pseudomonades F311Ps/1459Ps 63 ◦C, 2 min

Actinomycetales F243/R1378 63 ◦C, 1 min

DMSO and 2 U of Taq-DNA polymerase (PE Ap-
plied Biosystems). The thermal cycling programme
was performed with an initial denaturation at 94 ◦C
for 5 min, followed by 35 cycles at 95 ◦C for 1 min,
at 52 ◦C for 1 min, and at 72 ◦C for 2 min be-
fore the final extension at 72 ◦C for 10 min. PCR
products were purified after amplification using a PCR
purification kit (QIAquick, Qiagen, Germany) accord-
ing to the manufacturer’s protocol. Single-stranded
DNA was removed by Mung Bean Nuclease diges-
tion (Stratagene, USA) as described by Simpson et al.
(1999). Products were checked by electrophoresis in
1% (wt/vol) agarose gel followed by ethidium bromide
staining.

Community fingerprints by DGGE

DGGE analysis for 16S rDNA products was done
with the DCode System DGGE apparatus from Bio-
Rad, Inc. (Germany) as described by Heuer et al.
(2001). Polyacrylamide gels were composed with a
denaturating gradient of 27.5 to 58% (bacteria) and
45 to 60% (fungi), 0.17% (vol/vol) TEMED, 0.047%
(wt/vol) ammonium persulfate, 6 % acrylamide-N ,N ′-
methylenbisacrylamide (37.5:1) and 1× TAE (Sam-
brook et al., 1989). Aliquots of PCR products (up to
8 µl) were applied on the gel. DGGE was performed
at 220 V in 1× TAE at 58 ◦C for 4.5 h (bacteria)
and at 100 V in 1× TAE at 60 ◦C for 18 h (fungi),
respectively. A mixture of the DGGE-PCR products
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Table 2. Phylogenetic identification of the bands from 16S rDNA DGGE fingerprints from
rhizosphere samples of the 3 potato lines (cultivars SIBU and SOLANA; transgenic line
SIBU S1)

Origin DGGE Most closely related bacterial % Identity Accession no.a

band sequence(s)

SOLANA LL1b Pseudomonas putida 94.50 AF307869

LL2b Enterobacter amnigenus 98.75 AB004749

LL3b Enterobacter amnigenus 98.37 AB004749

LL4b Pseudomonas putida 93.06 AB016428

LL5b Pseudomonas spec. 98.30 X96788

SIBU S1 SB1c Pedobacter heparinum 94.48 M11657

SB2c Herbaspirillum frisingensis 98.36 AJ238359

SB3c Variovorax paradoxus 99.31 D30793

SB4c Ultramicrobacterium str. ND5 96.98 AB008506

SB5c Janthinobacterium lividum 91.33 Y08846

SB6c Pseudomonas rhodesiae 100.00 AB021410

SB7b Pseudomonas spec. 98.23 AJ002813

SB8b Pantoea agglomerans 100.00 AF130953

SB9c Pseudomonas putida 99.16 Z76667

SB10c Glycomyces rutgersensis 99.53 D85484

Glycomyces harbiniensis 99.53 D85483

SIBU SK1c Variovorax paradoxus 99.50 AJ420329

SK2b Xanthomonas campestris 96.46 AF290420

SK3c Pantoea agglomerans 99.30 AJ251466

aGenBank sequence accession number of most closely related bacterial sequence
b clones generated with primers 63f and 1387r
c clones generated with primers F968GC and R1378

from 11 bacterial species was applied twice on each
DGGE gel as a marker to check the electrophoresis
run and to compare fragment migration between gels
as described by Heuer et al. (1997, 2001).

A silver staining protocol was used for the detec-
tion of DNA in DGGE gels (Heuer et al., 1997). Gels
were air-dried and scanned transmissively (EPSON
Expression 1680 Pro, EPSON, Germany). The fin-
gerprints were analysed by the GelCompar 4.0 pro-
gramme (Applied Maths, Belgium) with a slight modi-
fication of normalisation settings (Smalla et al., 2001).
Bacterial and fungal communities of field-grown
transgenic (SIBU S1) and parental lines (SIBU), and
in addition of another potato cultivar (SOLANA) were
compared, the similarity of the DGGE profiles within
a line/cultivar (natural variability) and between the
lines/cultivars were determined. A relevant effect was
assumed according to Smalla et al. (2001) if the me-
dian r values of two lines/cultivars (SBU/SIBU S1
or SOLANA/SIBU or SOLANA/SIBU S1 at a certain
sampling time) differed more than expected from the
natural variability (if there is no overlap of interquart-
ile ranges).

Cloning and sequencing

The total rhizosphere DNAs of three replicates of each
line/cultivar were pooled and a PCR was performed
with primers 63f and 1387r (Marchesi and Weight-
man, 1998) or F968GC and R1378 (Heuer et al.,
1997) for 16S rDNA fragments and NS1 and NS2
for 18S rDNA, respectively, with an additional two-
hour step at 72 ◦C after adding fresh dATP (2 mM)
and 2 U of Stoffel fragment of Taq Polymerase (Ap-
plied Biosystems) to support the formation of a 3′ A
overhang for improved cloning efficiency (Li and Guy,
1996). The PCR products were purified (QIAquick
PCR Purification Kit, Qiagen), ligated into the pGEM-
T vector (Promega, USA) and transformed into com-
petent cells (E. coli JM109, Promega) according to the
instructions of the manufacturers. DGGE-PCR was
performed directly from selected white colonies and
PCR products were run on a DGGE gel to determine
the electrophoretic mobility of the insert. Inserts of
clones matching bands of the DGGE bacterial com-
munity patterns were sequenced with the standard
primers SP6 and T7 (IIT GmbH, Germany). Data
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analysis was done with ARB software (Department
of Microbiology, Technical University of Munich,
Germany).

Nucleotide sequence accession numbers

All 16S and 18S rDNA sequences described in
this paper can be accessed as NCBI genebank
entries (http://www.ncbi.nlm.nih.gov; fungal se-
quences: AY379096-AY379111; bacterial sequences:
AJ581631-AJ581656)

Results

Influence of the different potato lines and cultivars on
the total bacterial community structure

Eubacterial 16S rDNA fragments amplified from total
community DNA extracted from soil and rhizosphere
pellets of SOLANA, SIBU and SIBU S1 were com-
pared, running 6 replicates of each line/cultivar in
parallel on one DGGE gel.

The rhizosphere fingerprints of the transgenic
and the parental lines showed a high similarity for
EC60/1999, EC99/1999 and EC60/2000. The same
was observed for the corresponding bulk soil. The
bulk soil patterns revealed two dominant bands and a
large number of faint bands indicating many equally
abundant ribotypes (data not shown). In contrast to
the soil patterns, the rhizosphere patterns showed a
reduced complexity with about 40 bands and consisted
of several strong and a lower number of weak bands.
The rhizosphere effect was observed for all samplings
analysed. Figure 1 shows an example of rhizosphere
fingerprints for the cultivars SOLANA and SIBU and
the transgenic line SIBU S1 for the EC60 state in 2000.
Bands specific for transgenic plants or control plants
were not observed indicating that the genetic modific-
ation did not affect the relative abundance of dominant
bacterial populations in bulk and rhizosphere soil. The
DGGE rhizosphere patterns obtained for SOLANA
(EC60/2000) revealed that the relative abundance of
one band seemed to be enhanced compared with the
patterns of SIBU and SIBU S1. This band occurring
in five of six replicates was re-amplified, cloned and
sequenced. The sequence obtained showed the highest
similarity (98.7%) with Enterobacter amnigenus (Fig-
ure 1a, band LL2). In addition, for statistical compar-
ison the similarities of the DGGE patterns between
the lines/cultivars and within the lines/cultivars were

compared. Although the similarity of SOLANA pat-
terns was clearly lower compared to the similarity
of SIBU S1 and SIBU, no relevant effect of the
potato cultivar can be assumed due to overlapping in-
terquartile ranges resulting from a rather high natural
variability (Figure 1b).

To characterise the predominant bacterial ribotypes
of SOLANA, SIBU and SIBU S1, fragments (∼ 450–
1300 Bp) of the 16S rDNA were amplified from rhizo-
sphere DNA of flowering plants (EC60/2000), cloned
and sequenced. A total of 70 clones each from SO-
LANA and SIBU S1 and 50 clones from SIBU were
further analysed by DGGE. Only 75% of the clones
contained an insert which clustered in 28 groups of
different electrophoretic mobility in DGGE. Clones
belonging to 18 groups matched dominant and weaker
bands in the DGGE community profile. One rep-
resentative of each group was sequenced (Figure 2;
Table 2). The sequences of cloned 16S rDNA frag-
ments showed the highest similarity to isolates be-
longing to β- and γ -Proteobacteria (Enterobacteria,
Pseudomonas), Actinobacteria and the CFB-group.
The inserts of two clones co-migrating with two major
bands in the DGGE profile of SOLANA showed the
highest similarity to Enterobacter amnigenus. Clone
SB3 from SIBU S1 and clone SK1 from SIBU showed
the same migration distance in the DGGE profile and
both were affiliated to Variovorax paradoxus. A com-
parison of the DGGE profiles revealed several bands
which could be detected in the rhizosphere of all
potato plants tested, while a few bands of the rhizo-
sphere patterns were characteristic for one potato line
or cultivar only. The band LL2, related to Enterobac-
ter amnigenus at a similarity of 98.7%, was more
abundant in the rhizosphere of SOLANA compared
with SIBU and SIBU S1. A band co-migrating with
clone SB10 was observed at rather high denaturing
concentrations in the DGGE patterns of SIBU and
SIBU S1 but not of SOLANA. The sequence of clone
SB10 showed a similarity of 99.5% with Glycomyces
rutgersensis. Clone SB1 co-migrating with a specific
band observed only in the rhizosphere of SIBU S1
had a sequence similarity of 94.5% with Pedobacter
heparinum of the CFB-group.

Influence of the different potato lines and cultivars on
the different bacterial groups

To increase the sensitivity while reducing the com-
plexity of the DGGE patterns, primers specific for
α- and β-Proteobacteria, Actinobacteria (High G+C
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Figure 1. DGGE profiles of total rhizosphere bacterial communities of flowering potatoes (EC60/2000; cultivars SIBU and SOLANA; trans-
genic line SIBU S1); generated by amplification of 16S rDNA fragments with primers F984GC and R1378, 6 replicates each (a) Gel picture; the
arrow indicates a band that has been cut, sequenced and phylogenetically identified as Enterobacter amnigenus (98,7% homology). The standard
(M) was composed of 16S rDNA products generated from (in order to the migration distance): Clostridium pasteurianum DSM 525, Erwinia
carotovora DSM 30168, Agrobacterium tumefaciens DSM 30205, Pseudomonas fluorescens R2f, Pantoea agglomerans, Nocardia asteroides
N3, Rhizobium leguminosarum DSM 30132, Actinomadura viridis DSM 43462, Kineosporia aurantiaca JCM 3230, Nocardiopsis astra ATCC
31511, and Actinoplanes philippiensis JCM 3001. (b) Median similarity (Pearson correlation coefficient [r] between the lines/cultivars (left
bar) compared with the similarity within the sample (natural variability of the replicates)
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Figure 2. Phylogenetic identification of bands from DGGE profiles of total rhizosphere bacterial communities of flowering potatoes
(EC60/2000; cultivars SIBU and SOLANA; transgenic line SIBU S1; generated by amplification of 16S rDNA fragments with primers F984GC
and R1378: The clone standard (C) was composed of 16S rDNA products generated from clones LL1, LL2, LL4, LL5, SB1 - SB10, SK2

Gram-positives), and Pseudomonas were used to
analyse bulk and rhizosphere soil communities for
EC60/2000. DGGE fingerprints of 16S rDNA ampli-
fied from PCR products obtained with group-specific
primers showed a similar trend as seen for the eu-
bacterial patterns, i.e., an enrichment of several pop-
ulations in the rhizosphere compared to the corres-
ponding bulk soil fingerprints. A higher number of
dominant bands was visible in the group-specific pat-
terns of the bulk and rhizosphere soil compared to the
corresponding eubacterial patterns. A high similarity
between the patterns of SIBU, SIBU S1 and SOLANA
was found for α- as well as for β-Proteobacteria at
EC60/2000 (data not shown). In contrast, the actin-
obacterial patterns (each consisted of about 15 dom-
inant bands) formed a separate cluster for SOLANA
when compared with the DGGE profiles of SIBU and
SIBU S1 by UPGMA (Figure 3). A relevant influence
of the potato cultivar on the structure of the actinobac-

terial community structure can be assumed while no
differences in the patterns between the transgenic and
the parental lines could be observed.

DGGE profiles of the Pseudomonas group with 8
to 10 strong and several weaker bands for soil bac-
teria, respectively, 5 to 8 strong bands representing
rhizosphere bacteria showed differences between the
transgenic and the parental lines for EC60/2000. The
Pseudomonas fingerprints showed a reduced diversity
for the transgenic plants compared to the wild-type
plants because two bands were absent in the rhizo-
sphere community patterns of SIBU S1 (Figure 4).
The similarity of the DGGE patterns was relatively
low when comparing SIBU S1 with SIBU. The median
r values differed from natural variability indicating
a relevant effect of the genetic modification on the
composition of the relative abundance of Pseudomo-
nas in bulk and rhizosphere soil. However, this effect
of the genetically modified potato on the Pseudomo-
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Figure 3. DGGE profiles of rhizosphere Actinomycetales communities of flowering potatoes (EC60/2000; cultivars SIBU and SOLANA;
transgenic line SIBU S1;) generated by amplification of 16S rDNA fragments with primers F243 and R1378, 6 replicates each (a) Gel picture;
arrows indicate bands differing between the different potato lines. The standard (M) was composed of 16S rDNA products generated from
(in order to the migration distance): Clostridium pasteurianum DSM 525, Erwinia carotovora DSM 30168, Agrobacterium tumefaciens DSM
30205, Pseudomonas fluorescens R2f, Pantoea agglomerans, Nocardia asteroides N3, Rhizobium leguminosarum DSM 30132, Actinomadura
viridis DSM 43462, Kineosporia aurantiaca JCM 3230, Nocardiopsis astra ATCC 31511, and Actinoplanes philippiensis JCM 3001. (b) Me-
dian similarity (Pearson correlation coefficient [r] between the lines/cultivars (left bar) compared with the similarity within the sample (natural
variability of the replicates)
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nas group was observed only at EC60/00, and not
at EC60/1999 and EC99/1999. In addition, a relev-
ant effect of the cultivar SOLANA on the structure
of the Pseudomonas patterns compared to SIBU was
detected.

Influence of the different potato lines and cultivars on
the total fungal community

Eukaryotic 18S rDNA amplicons which have been
amplified from bulk and rhizosphere soil DNA from
all the two potato cultivars and the transgenic potato
line were separated by DGGE. From each treatment
three replicates (each from a different block) were ana-
lysed. Interestingly, although fungi mostly grow in the
form of hyphae and it is known that their distribu-
tion in soil is not as homogeneous as for bacteria, the
obtained 18S rDNA patterns were very reproducible.

In contrast to the bacterial community fingerprints
from the soil samples, the eukaryotic diversity re-
vealed by the primer pair NS1/NS2-GC was very low.
Only three dominant and some additional faint bands
were visible. This pattern did not change over the ve-
getation period and was not influenced by the different
potato cultivars and the corresponding transgenic line
(data not shown). In contrast to the 18S rDNA finger-
prints from soil the banding patterns obtained from the
rhizosphere samples were much more complex. One
pattern consisted of up to 8 major bands and at least
10 minor bands. Figure 5 shows an 18S rDNA com-
munity fingerprint for SOLANA, SIBU and SIBU S1
for the EC60/2000. As the primers amplify also
18S rDNA derived from the roots of potato, one dom-
inant band in each fingerprint showed a 99% similarity
to 18S rDNA from Solanum tuberosum. No specific
bands for SOLANA, SIBU, and the transgenic line
SIBU S1 were visible. The differences between the
profiles were very low and the variability between
the three potato lines was in no case higher than the
differences in the three replicates of the same potato
cultivar. These similarities in fingerprints of the fungal
rhizosphere communities between SIBU, SIBU S1 and
SOLANA were not only found for the EC60/2000
but they were also observed during the other plant
growth development stages in 1998 and 1999 (data not
shown).

To characterise the fungal rhizosphere communit-
ies of SIBU, SIBU S1 and SOLANA in more de-
tail, the PCR products obtained from NS1/NS2 were
cloned and sequenced (EC 60/2000). From each lib-
rary 100 clones were randomly picked and checked

for the right plasmid insert. 87 clones from each lib-
rary were sequenced. Besides the 18S rDNA sequence
for Solanum tuberosum, no other eukaryotic sequences
except fungal ones were identified. Most of the clones
were phylogenetically grouped in the Ascomycota
cluster. As expected from the fungal DGGE finger-
prints none of the sequences obtained was unique for
the rhizosphere of SIBU, SOLANA, or SIBU S1. Fig-
ure 6 gives an overview of the abundances of the
different Ascomycota 18S rDNA sequences in the
clone libraries. As the number of 18S rDNA sequences
from Solanum tuberosum was almost constant (14–
16%) in all three libraries they were not included in
this calculation. For all three potato lines a sequence
which showed about 93% similarity to Plectosphaer-
ella cucumerina was the most dominant one. However,
whereas only 25% of the clones from the rhizosphere
of SOLANA were assigned to P. cucumerina, the
clone libraries of SIBU and SIBU S1 consisted of
more than 40% with the highest similarity to Plecto-
sphaerella cucumerina. Besides P. cucumerina, se-
quences with a high similarity to Acremonium and to
Hypocrea species were highly abundant (> 10%) in all
three libraries. About 7–12% of the sequences could
not be identified. All three main sequences belong-
ing to the Ascomycota (Plectospherella, Acremonium
and Hypocrea) could be identified as major bands
in the DGGE pattern (data not shown). The number
of sequences which were assigned to Basidiomycota
was below 5% in all three libraries (data not shown).
All Basidiomycota sequences were similar to Cyathus
striatus (89–92% similarity). The very few Zygomy-
cota sequences obtained belonged to the Gigaspora
cluster (91% similarity).

Discussion

In the last decade a number of reports on potential ef-
fects of transgenic crops on soil microbial community
structure and function has been published. Overall
most studies showed that the impact of the genetic
modification of the plant on the microbial community
structure in the rhizosphere was minor as compared
to seasonal and environmental effects. Most studies
focussed on the analysis of potential effects on the
structural and functional diversity in the rhizosphere
of growing plants (Lottmann et al., 1999; Di Giovanni
et al., 1999; Siciliano and Germida, 1999; Dunfield
and Germida, 2001; Heuer et al., 2002; Schmalenber-
ger and Tebbe, 2002; Gyamfi et al., 2002; Sessitsch
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Figure 4. DGGE profiles of rhizosphere Pseudomonas communities of flowering potatoes (EC60/2000 cultivars SIBU and SOLANA; trans-
genic line SIBU S1;) generated by amplification of 16S rDNA fragments with primers F311PS and 1459Ps, 6 replicates each (a) Gel picture;
arrows indicate bands differing between the different potato lines. The standard (M) was composed of 16S rDNA products generated from
(in order to the migration distance): Clostridium pasteurianum DSM 525, Erwinia carotovora DSM 30168, Agrobacterium tumefaciens DSM
30205, Pseudomonas fluorescens R2f, Pantoea agglomerans, Nocardia asteroides N3, Rhizobium leguminosarum DSM 30132, Actinomadura
viridis DSM 43462, Kineosporia aurantiaca JCM 3230, Nocardiopsis astra ATCC 31511, and Actinoplanes philippiensis JCM 3001. (b) Me-
dian similarity (Pearson correlation coefficient [r] between the lines/cultivars (left bar) compared with the similarity within the sample (natural
variability of the replicates)
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Figure 5. DGGE profiles of rhizosphere fungal communities of flowering potatoes (EC60/2000 cultivars SIBU and SOLANA; transgenic
line SIBU S1;) generated by amplification of 18S rDNA fragments with primers NS1 and NS2, 3 replicates each (a) Gel picture; the arrows
indicate the 18S rDNA from Solanum tuberosum. (b) Median similarity (Pearson correlation coefficient [r] between the lines/cultivars (left bar)
compared with the similarity within the sample (natural variability of the replicates)
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Figure 6. Relative distribution of clones to reference members of Ascomycota on analysis of the 450 bp of aligned 18S rDNA sequences from
clones derived from the rhizosphere of SIBU (a) SIBU S1 (b) and SOLANA (c) at EC60/2000

et al., 2003) while only a few studies assessed how
the transgenic crops affected soil microbial communit-
ies (Donegan et al., 1995; Hopkins et al., 2001). It
is difficult to compare the studies because very dif-
ferent methodological approaches have been applied
and only a few studies analysed field-grown trans-
genic crops (Lottmann et al., 1999, 2000; Siciliano
and Germida, 1999; Lukow et al., 2000; Dunfield
and Germida, 2001; Schmalenberger and Tebbe, 2002;
Heuer et al., 2002). The study of bacterial communit-
ies of T4-lysosyme expressing transgenic potato plants
performed over several years at two different sites
revealed that the effects of the T4-lysozyme release
were minor relative to natural factors (Lottmann et al.,
1999, 2000; Heuer et al., 2002). The effect of field-
grown transgenic potatoes on the structural compos-
ition of soil bacterial communities was also assessed
by Lukow et al. (2000). While the t-RFLP analysis
of 16S rDNA fragments amplified from soil DNA re-
vealed spatial and temporal effects, the influence of the
transgenic modification could not be assessed due to
the lack of replicates. The field study by Dunfield and
Germida (2001) in which eight different canola variet-
ies (four of them genetically modified) indicated that
the root interior and rhizosphere bacterial community
associated with the transgenic variety Quest was dif-
ferent from conventional varieties based on the fatty
acid composition and BIOLOG substrate utilisation.
However, because it seems that the parental line was
not used in this study it remains unclear whether the
differences observed are a result of the different plant
cultivars or the genetic modification. Neither the ge-
netic modification nor the use of the herbicide Liberty
was found to influence the bacterial communities
in the rhizosphere of field-grown herbicide resistant

maize in comparison to the non-transgenic cultivar
as evidenced by 16S molecular fingerprints (SSCP)
in a study performed by Schmalenberger and Tebbe
(2002). Several greenhouse studies reported also that
the structural and/or functional composition of bac-
terial communities might be influenced by the genetic
modification of the crop (Oger et al., 1997, 2000;
Di Giovanni et al., 1999; Gyamfi et al., 2002; Ses-
sitsch et al., 2003). Often the effects were described
as minor or transient (Gyamfi et al., 2002; Sessitsch
et al., 2003). A problem which most of the studies
have in common is that it seems often impossible to
discern whether the effects observed were due to the
genetic modification itself or due to unintentionally
altered plant characteristics (Donegan et al., 1996;
Gyamfi et al., 2002; Heuer et al., 2002; Sessitsch et al.,
2003) or due to changed agricultural practices. Relev-
ant effects on the bulk and rhizosphere communities
due to the transgenic modification should be deeper
than the commonly accepted changes due to environ-
mental factors such as the plant growth development,
the cultivar, soil type or the year.

In the study reported here, besides the transgenic
potato (SIBU S1) and the parental potato cultivar
(SIBU) a second non-transgenic cultivar (SOLANA)
was included. Furthermore, most of the studies cited
focus on the effects of transgenic plants on the bac-
terial or fungal community structure, whereas this
paper describes the effects that the release of a trans-
genic potato modified in its starch composition has
on bacterial and fungal communities. To overcome
statistical problems, a randomised block design, with
eight parallels from each potato line, was chosen.

In general, effects of the different potato lines
on the structure of the dominant bacterial and fungal
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populations in bulk and rhizosphere soil were not de-
tectable. When the three different potato lines were
compared the fungal patterns obtained were very sim-
ilar and showed a high similarity to fingerprints from
a fallow soil close to the experimental site. Moreover,
the fungal community was influenced neither by the
plant development stage nor by the year of release.
Whereas the bacterial diversity in the soil samples
was high, fungal diversity, reflected by the fingerprints
in the soil samples, in general was very low. Only
three major bands could be identified from the corres-
ponding patterns. Similar results were also obtained
in other studies. Hagn et al. (2003b), for example,
found also a very low diversity in soil samples from
sites which had been under different farming man-
agement techniques. Therefore it might be concluded
that due to farming management (application of fun-
gicides, ploughing, or high N input) the diversity of
soil fungi is reduced in agriculturally used sites. How-
ever, the low number of bands observed in the DGGE
patterns can also result from a rather low template
concentration of fungal 18S rDNA fragments in the
soil community DNA which allows only to amplify
the most abundant fungi. In contrast, a recent study by
Gomes et al. (2003) reported on changes in the relative
abundance of fungal populations in bulk and maize
rhizosphere soil at different stages of plant develop-
ment and a pronounced rhizosphere effect for young
maize plants. Although it is known that the primer
system NS1/NS2, like most other published 18S rRNA
based primer pairs, does not amplify fungi from all
major groups (Hagn et al., 2003a), problems with the
primer system used can be excluded, as a high fungal
diversity was found with the same primer system in the
rhizosphere. In addition, different populations might
also be hidden behind a band as reported recently by
Gomes et al. (2003).

The molecular analysis of the total bacterial rhizo-
sphere community has also shown no significant influ-
ence of the transgenic modification on the dominant
members of the bacterial community, at least at the
time points analysed (EC60/1999, EC99/1999 and
EC60/2000). The rhizosphere patterns showed a re-
duced complexity compared to the soil patterns. A
reduced number of bands and the appearance of some
strong bands was recently also described in the rhizo-
sphere of other crops such as maize, strawberry or
oilseed rape (Gomes et al., 2001; Smalla et al., 2001).
Thus the DGGE patterns reflect the enrichment of
certain bacterial populations in the rhizosphere which
is termed as rhizosphere effect while no effect of

the transgenic modification was detected. Because no
complete analysis of the bacterial community patterns
for all sampling times in 1999 and 2000 was done a
conclusion on seasonal shifts in the relative abund-
ance of bacterial rhizosphere populations cannot be
drawn. When the eubacterial patterns of EC60/1999
and EC60/2000 were compared, a separation of the
patterns depending on the year was seen in UPGMA
dendrogram for most of the replicates despite a rather
low similarity between the replicates (data not shown).

To reduce the complexity of the bacterial com-
munity patterns and to analyse less abundant popu-
lations the group-specific primers recently used by
Gomes et al. (2001) as well as the Pseudomonas
primer set developed in this study were applied as pre-
viously described. Group-specific primers allow the
detection of microbial groups which represent less
than 1% of the total community, making it possible
to investigate, in a sensitive manner, potential effects
of transgenic modifications or the cultivar on the mi-
crobial community structure. DGGE profiles of α- and
β-Proteobacteria did not reveal an effect of the trans-
genic line, while a clear influence of the potato cultivar
on the Actinobacterial patterns group was observed in
the rhizosphere when SOLANA and SIBU, SIBU S1
were compared for EC60/2000. Furthermore, clear ef-
fects of the transgenic potato on the diversity of the
Pseudomonas group were detected in bulk and rhizo-
sphere soil. This influence might be caused by differ-
ent root exudations of the transgenic and the parental
line. Slightly altered Pseudomonas DGGE fingerprints
were also observed in the rhizosphere of transgenic
glufosinate oilseed rape at the early flowering stage in
a study performed by Gyamfi et al. (2002). However,
the effects were minor compared to the different plant
development stages. Root exudates play an important
role for the development of a typical rhizosphere mi-
croflora (Lynch and Whipps, 1991; Brimecombe et al.,
2001). The composition and amount of those exudates
is depending on the plant (Soerensen, 1997; Brime-
combe et al., 2001) and their root morphology during
plant development (Neumann and Römheld, 2001)
and affect the composition of the rhizosphere popula-
tion (Schwieger and Tebbe, 2000; Smalla et al., 2001).
There is a relatively high proportion of motile, rapidly
growing bacteria, such as Pseudomonas, in the rhizo-
sphere as compared to elsewhere in soil. This was also
found by sequencing of 16S rDNA fragments ampli-
fied from rhizosphere DNA in this study, where 6 out
of 18 sequenced clones matching bands in the DGGE
patterns showed the highest similarity to Pseudomo-
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nas species. Pseudomonas populations are supposed
to be directly influenced and greatly stimulated by
plant root exudates which favour microorganisms with
high intrinsic growth rates (Smit et al., 2001). Thus the
analysis of Pseudomonas populations seems in partic-
ular suitable to analyse potential effects of altered root
exudation (e.g., caused by transgenic modification) on
the structural composition of bacterial communities.
In addition, many Pseudomonas strains show plant
beneficial effects. Although the limited number of
clones sequenced does not permit any conclusions
on potential effects of the transgenic modification or
the cultivar, the sequences of clones matching ma-
jor bands provided information on dominant bacterial
populations in the rhizosphere of SOLANA, SIBU,
and SIBU S1. Most remarkably, the majority of the
clones showed the highest similarity to isolates of the
β- and γ -proteobacteria with the highest proportion
belonging to the Pseudomonas cluster. Clone libraries
generated from potato rhizosphere DNA in other stud-
ies (Smalla et al., 2001; Heuer et al., 2002) revealed
also dominant clone sequences with highest similarit-
ies to α- and δ-proteobacteria but also to Actinobac-
teria and Bacillus. Interestingly, clones matching the
band enriched in the eubacterial patterns of SOLANA
which was identified by sequencing as Enterobacter
amnigenus were only found in the clone library of
SOLANA. The sequence of a representative of clones
matching this dominant band in the DGGE patterns of
SOLANA (LL2) had again the highest similarity with
Enterobacter amnigenus. However, also the sequence
of a second clone from the SOLANA clone library
(LL3) matching a fainter DGGE band showed the
highest similarity with Enterobacter amnigenus. This
finding might indicate the occurrence of 16S rDNA
operon heterogeneities (Nübel et al., 1996). One clone
sequence each from SIBU and SIBU 1 was assigned
to Variovorax paradoxus with high similarities. To
our knowledge this is the first report that 16S rDNA
sequences with highest similarity to Variovorax para-
doxus were obtained by PCR amplification with eu-
bacterial primers from potato rhizosphere community
DNA. In contrast to the rare detection of Variovorax
paradoxus in clone libraries this bacterium was found
frequently among the dominant isolates in rhizosphere
(Schwieger and Tebbe, 2000; Heuer et al., 2002).

The fungal diversity in the rhizosphere was signi-
ficantly higher than in the soil samples. Maybe that the
fungal potential from soil, which is mainly present in
the form of spores, is transferred to active members
of the microbial community in the rhizosphere, due

to the high carbon input by the root. As the primer
pair NS1/NS2 also amplifies plant 18S rDNA it is
not surprising that one of the dominant bands in the
‘fungal’ rhizosphere fingerprints derived from potato.
However, other eukaryotes were not detected, not in
the clone libraries at least. An influence of the trans-
genic potato on the fungal community structure was
not visible in the DGGE profiles. Interestingly, the
clone libraries showed significant differences in the
two cultivars (SIBU and SOLANA). The percentage
of sequences which have a high homology with P. cu-
cumerina was significantly higher in the rhizosphere
samples from SIBU. P. cucumerina belongs to the
Fusarium group (O’Donnell and Gray, 1995) which
can cause several plant diseases mainly with cerals.
No difference in the clone libraries between SIBU
and the transgenic line SIBU S1 was found, indicat-
ing cultivar-dependent effects rather than additional
effects of the transgenic line. The use of improved
primers which may give a more detailed picture of
fungal diversity in the rhizosphere (e.g., primers that
bind to the ITS region) or more specific for different
fungal groups in the future help to detect differences
in non-dominant fungal community structure.

All measured effects on the microbial community
structure between the transgenic potato line (SIBU S1)
and the parent cultivar (SIBU) were lower compared to
differences between cultivars (SIBU and SOLANA),
differences in plant development stages or other nat-
ural influences (data not available for bacteria). Fur-
thermore, in the described case the reason for changes
in the rhizosphere community structure at the flower-
ing stage of the potato is not clear, as exudate measure-
ments are missing. As samples from all plants were
taken on the same day it cannot be excluded that,
simply due to slight differences in plant growth of the
two cultivars and the transgenic line, differences in
the microbial community structure of the rhizosphere
were found. However, for a final assessment it will
also be necessary to investigate more possible func-
tional effects which might occur by the release of the
transgenic plant. Overall it is of great importance to
determine the lastingness of possible effects. Most of
the studies published so far showed only effects on the
diversity of bacteria or fungi in one vegetation period
(Donegan et al., 1995; Siciliano and Germida, 1999;
Dunfield and Germida, 2001). In the very few stud-
ies where the consequences of transgenic plant release
were monitored for more than one year, a lastingness
of effects on the microbial community structure due to
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the genetic modification has not been proven (Dunfield
and Germida, 2001; Heuer et al., 2002).
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