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Abstract The rhizospheres of five different potato cultivars
(including a genetically modified cultivar) obtained from a
loamy sand soil and two from a sandy peat soil, next to
corresponding bulk soils, were studied with respect to their
community structures and potential function. For the former
analyses, we performed bacterial 16S ribosomal RNA gene-
based PCR denaturing gradient gel electrophoresis (PCR-
DGGE) on the basis of soil DNA; for the latter, we extracted
microbial communities and subjected these to analyses in
phenotype arrays (PM1, PM2, and PM4, Biolog), with a
focus on the use of different carbon, sulfur and
phosphorus sources. In addition, we performed bacterial
PCR-DGGE on selected wells to assess the structures of
these substrate-responsive communities. Effects of soil
type, the rhizosphere, and cultivar on the microbial
community structures were clearly observed. Soil type
was the most determinative parameter shaping the
functional communities, whereas the rhizosphere and
cultivar type also exerted an influence. However, no
genetically modified plant effect was observed. The
effects were imminent based on general community
analysis and also single-compound analysis. Utilization
of some of the carbon and sulfur sources was specific
per cultivar, and different microbial communities were
found as defined by cultivar. Thus, both soil and cultivar
type shaped the potato root-associated bacterial commu-
nities that were responsive to some of the substrates in
phenotype arrays.

Introduction

Plants are known to produce and secrete (via their root
systems) a range of chemical compounds, under which
sugars, amino acids, organic acids, and a plethora of
signaling molecules of diverse nature [22]. The biological
outcome of the secretion of such compounds by plant roots
is thought to be (among other effects): (1) defense against
harmful organisms and (2) attraction of organisms that are
either beneficial or detrimental (pathogens). In total, plants
may release up to 30% of their photosynthate via secretion
from roots into the adjacent rhizosphere soil. This active
release process establishes an environment in which plant–
microorganism interactions are bountiful. Such interactions
are known to ultimately affect plant growth and health in a
plethora of direct and indirect ways, with final beneficial or
detrimental outcomes as sketched above [20].

Several studies have indicated that plant roots often exert
strong effects on their associated (rhizospheric) bacterial
communities [4, 19, 29]. The nature and extent of such
effects are likely related to the composition of the root
exudates. In other words, different compounds in the
exudates may stimulate different root-responsive organisms
[22]. Soil type and plant species and age [9, 10, 21, 27]
have all been shown to exert clear effects on root exudate
composition. On the other hand, the type of soil determines
the availability of nutrients, which can have a strong effect
on plant physiology, reflected in root exudation patterns
and, consequently, the microbial communities in the
rhizosphere. For instance, soil pH, aeration, and physico-
chemical characteristics all result in distinct conditions in
the soil and thus impact the rhizosphere microbial commu-
nities [3, 12, 23]. Moreover, effects of plant species type
on these communities in the rhizosphere have been
shown [4], next to effects of genetic modifications [24]. The
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modification-dependent effects were generally described as
being minor compared to the impact of soil type, plant
variety, and plant developmental stage. However, we still
lack knowledge as to how cultivars of the same plant
species, in interaction with soil, affect the community make-
up of rhizosphere inhabitants and where a genetically
modified (GM) plant is situated in this picture.

Biolog community-level physiological profiling has been
previously used [2, 8, 14, 15, 29, 31] to study specific
aspects of soil microbial function. For instance, in a key
study, no soil effect, but a clear plant type effect, was shown
[15]. Another study claimed that soil type is a major driver
of the community composition [1]. The number of carbon
sources that were available in the previous studies has
varied from 31 to 95, depending on the Biolog system used
[7, 11, 25]. The novel so-called phenotype array, in which
the number of C sources has been doubled to 190 and a
range of other resources such as sources of N, P, and S were
introduced, now offers a method that allows the medium-
throughput analysis of potential soil function. Its use with
rhizosphere communities of different cultivars of the same
plant species grown in parallel in the same soil is thought to
generate information about the function-based selection
processes exerted on microorganisms by the roots of such
cultivars.

In this study, the effects of selected potato cultivars,
including a GM cultivar, growing in two different soils on
the functional community of the root-associated microbial
communities were investigated, using, for the first time, the
novel Biolog phenotype array (C, S, and P). We provide
evidence for the contention that potato root exudate
compounds shape the potential function of rhizospheric
microbial communities, next to their structures. Moreover,
we assessed how microbial community structures change
per compound and how this relates to soil type.

Materials and Methods

Soil Sampling and DNA Extraction

Two experimental fields—Buinen (B, 52°55′ N–6°49 E)
and Valthermond (V, 52°50′ N–6°55 E), located in Drenthe,
The Netherlands—were selected for the experiments. These
fields contained divergent soil types, i.e., B, loamy sand,
5% OM (organic matter - pH 5.0) and V, sandy peat, 25%
OM (pH 5.0). The fields were under agricultural rotation. In
a previous growth season, spring barley had been grown in
both fields. Five different potato cultivars [Aveka (A),
Aventra (Av), Karnico (K), Modena (M; modified from
Karnico for low amylose content in the tubers) [6], and
Désirée (D)] from B and cultivars A and D from V soil
were used in the senescence stage. Cultivars A, Av, K, and

M produced tubers with high starch contents and had a low
and/or medium growth rate, whereas cultivar D yielded
tubers with relatively low starch contents and had high
growth rate. For each potato cultivar, four replicate plots
randomly distributed over the fields were used. At the start of
the growth season, these plots were cropped with 20 plants
(tubers) each. The fields were under standard agricultural
practice. Samples were taken at senescence stage (EC99) [16].

Sampling was as described previously [18]. Bulk and
rhizosphere soils were used directly for DNA extraction.
For the extractions, the Powersoil DNA extraction kit (Mo
Bio Laboratories Inc., New York, USA) was used as
described previously [19].

PCR Amplification and DGGE Community Fingerprintings

On the basis of DNA extracted from the rhizosphere and
bulk soils, PCR amplifications targeting the 16S ribosomal
RNA (rRNA) genes of general bacteria were run. The
reaction contained 1 μl (5 ng) of extracted DNA, which
was amplified with DGGE primers GC-341 and 518R (30
cycles) as described previously [19]. All DGGE profiles
were generated in the Ingeny Phor-U system (Ingeny
International, Goes, The Netherlands) as described
previously [19].

The DGGE profiles in the different gels were digitized and
stored as TIFF files. Images were normalized using the
markers and the patterns subsequently compared using
clustering methods. Similarity matrices consisting of defined
numbers within each gel were generated using Pearson’s
correlation coefficient (r). Subsequently, the patterns were
clustered using the unweighted pair group method with
arithmetic averages (UPGMA) with GelCompar II software
(Applied Maths, Sint-Martens-Latem, Belgium). Besides, the
matrices representing band distribution were used for
multivariate analysis using CANOCO (Microcomputer
Power, Ithaca, NY, USA).

Metabolic Profiling Using Biolog Phenotype Arrays

Rhizosphere samples (roots with adhering soil; approxi-
mately 3 g) at senescence stage were placed in sterile
Falcon tubes and treated twice at high speed (260 rpm) with
20 ml of a solution containing phosphate-buffered saline
and 0.3 g of Chelex-100 (Bio-Rad, Hercules, CA, USA)
and 10 ml of 0.5% polyethylene glycol using a modified
protocol [17, 29]. Bacterial cells from the sample were
recovered by differential centrifugation as described previ-
ously [29]. The resulting cell pellet was resuspended in
40 ml of IF-0 buffer (inoculating fluid, supplied by Biolog).
The optical density at 650 nm of the IF-0 solution was
adjusted to 0.2 using sterile saline. For PM4 plates, sodium
succinate and ferric citrate were added to the solution as is
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recommended by Biolog. Each bacterial cell suspension
was used to inoculate replicate PM1, PM2, and PM4 plates
(Biolog, Hayward, CA, USA; 100 ml per well), which were
then incubated at room temperature for 48 h. The OD510
values were measured with a microtiter plate reader each
6 h of incubation, and values at 48 h were used for further
analysis. Values were normalized, and the created matrix
data were used for redundancy analysis (RDA) using
CANOCO (Microcomputer Power, Ithaca, NY, USA) [19].

PCR-DGGE Analysis of Communities in Phenotype Array
Wells

Wells with developed growth were selected. The liquid in
the well (about 40 μl) was sampled, treated for 20 min at
95°C and directly frozen at −20°C for 20 min. One
microliter cell lysate was then used as a template for PCR
as described above. PCR products were checked on gel for
quality and quantity, and DGGE was run of positive
products as explained before. The gel images were
digitized. Matrices based on intensity of bands were
generated by Gelcompar and used to create dendrograms
(Pearson correlation). Then, RDA was performed, followed
by analysis of similarity (ANOSIM) using Euclidean
distance. ANOSIM was carried out using PRIMER 6
(Primer v6, Plymounth), based on transformed data (fourth
square). Samples were also grouped per soil and cultivar
type. Two-way crossed analyses with replicates were done
with 5,000 permutations. The global R value, varying
between −1 and 1, was used. R=0 indicated completely
random grouping, while R=1 indicated that samples within
a soil were more similar to each other than to any samples
from the other soil. A significant global R indicated that
there are differences between soil types somewhere in the
analysis.

Results

Bacterial Community Structures in Bulk and Rhizosphere
Soils as Assessed by PCR-DGGE

For both bulk and rhizosphere soil samples, bacterial
PCR-DGGE patterns were generated. Overall, these
patterns revealed 60–70 bands per lane in all samples.
Patterns derived from rhizosphere soil samples from the
B soil generally revealed higher band numbers and
stronger bands in comparison to those from the V soil
as well as all bulk soil samples (data not shown).

Analyses of all patterns (using UPGMA with Pearson
correlation) revealed two major clusters, one encompassing
the patterns derived from all B soil derived samples; the
other one encompassing those from all V soil ones, next to

three B soil samples. The bulk soil samples clustered
together inside the V soil cluster. Per soil, the rhizosphere-
derived patterns all grouped apart from the corresponding
bulk soil ones, thus indicating clear effects of the plant
roots on the structures of the local bacterial communities.
The rhizosphere effects were more evident for the B than
for the V soil. That the effect of soil type was indeed
stronger than that of cultivar was also apparent from the
fact that the same cultivars grown in B versus V soil
yielded different patterns, which grouped them in clusters
defined by soil rather than cultivar type (Fig. 1).

At the finer level, clustering into two main clusters was
observed for the rhizosphere patterns in the B soil (cultivars
M and D on the one hand and cultivars A, Av, and K on the
other hand). In the V soil, a main cluster encompassed the
patterns from cultivars A and D, which were quite similar.
These data confirmed the clustering of bacterial PCR-
DGGE patterns related to cultivars obtained in a previous
study [19].

Phenotype Array Assays

Carbon Sources

Overall, 173 of the 190 carbon sources were consumed, by
any of the bulk- or rhizosphere-derived communities, leaving
17 of the 190 substrates unconsumed. The latter compounds
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were sec-butylamine, 3-0-β-D galactopyranosyl-D-arabinose,
2-hydroxy benzoic acid, oxalic acid, L-glucose, acet-
amide, putrescine, 3-hydoxy-2-butane, sedoheptulosan, D,

L-octopamine, tyramine, D-threonine, acetoacetic acid, m-
hydroxy phenyl acetic acid, glucuronamide, 1,2-propanediol,
and D-psicose.

Overall, N-acetyl-D-glucosamine, L-proline, γ-amino
butyric acid, and D-ribono-1,4-lactone were the most
consumed carbon sources. With the exception of N-acetyl-

D-glucosamine and D-ribono-1,4-lactone, the C sources
consumed by the B and V rhizosphere soil communities
were either different, or the utilization of C sources was
faster, than observed for the corresponding bulk soil
communities. One peculiarity was that phenylethylamine
was only consumed by the B bulk soil communities.

RDA (based on the complete set of carbon sources)
revealed a significant effect of soil type on the bulk soil
communities’ ability to utilize different carbon sources (P<
0.05; Fig. 2a). Specifically, the communities from the two
soils, both from bulk and rhizospheres, were functionally
quite different. For the B soil, this analysis further revealed
a significant (P<0.05) effect of the rhizosphere, irrespective
of cultivar type, on the potential to consume the phenotype
array carbon sources. However, no such effect was
observed for the V soil. Furthermore, no significant effect
of cultivar type on C substrate consumption was found in
any of the two soils. However, the communities derived
from the B soil grown cultivars A and D revealed similar
substrate utilization profiles, while those from B soil grown
cultivars Av, K, and M also grouped together (Fig. 2b). The
utilization patterns by the communities from the V soil
grown cultivars A and D also grouped together. The
analyses further showed that the communities from culti-
vars A and D grown in different soils had different
preferences for the carbon sources of the phenotype array
(Fig. 2a).

To analyze the putative effects of carbon source
classes, all carbon sources of the phenotype array were
grouped into eight classes, i.e., amino acids, carboxylic
acids, nucleotides, carbohydrates, ketones, alcohols,
amines, and polymers. These were subsequently used as
environmental data in the analyses. PCA analyses
(CANOCO) were then performed to investigate the
possible correlation between cultivars and carbon sources
(Microcomputer Power, Ithaca, NY, USA). The commu-
nities from B bulk soil mainly showed a preference for
ketones and amines, whereas those from V bulk soil
preferred carboxylic acids. The communities from the
rhizospheres also revealed different preferences per soil.
Those from B soil grown cultivars had affinity for
carbohydrates and amino acids, whereas those from V
soil grown ones consumed mainly alcohols, polymers,
and nucleotide-based carbon sources (Fig. 3).

Sulfur and Phosphorus Sources

The utilization patterns of different phosphorus (59) and
sulfur (35) sources were also analyzed across the samples,
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using the Biolog PM4 plate. Overall, most (57/59) of the
phosphorus compounds were consumed by any of the bulk
and rhizosphere soil communities, leaving only two com-
pounds (tripolyphospate and D-mannose-6-phosphate), which
were not consumed by any community. Overall, six out of the
59 phosphorus sources were highly consumed; these were the
heterocyclic compounds adenosine-3′-monophosphate,
adenosine-2′-monophosphate, uridine-2′,3′-cyclic monophos-
phate, guanosine-2′,3′-cyclic monophosphate, cytidine-2′,3′
cyclic monophosphate, and guanosine-5′-monophosphate.
The remaining phosphorus sources (51 of 59) were
differentially used.

RDA analysis of the data from all 59 phosphorus sources
revealed a rhizosphere effect, but this was not significant in
any of the two soils. Furthermore, the utilization patterns by
communities from the B soil were similar between cultivars
Av, K, and M, whereas those by communities from cultivars
D and A clustered apart from the former (Fig. 4a). In the V
soil, no significant effect of cultivar was observed.

Of the 35 sulfur sources analyzed, 31 were utilized by
any of the analyzed communities. Thus, four (tetramethy-
lene sulfone, L-methionine, S-methyl-L-cystine and D-
methionine) remained unconsumed. Another four (taurine,
2-hydroxy ethane sulfonic acid, sulfate, and benzene
sulfonic acid) were highly consumed by all communities
analyzed. The remaining sulfur sources (27/35) were
differentially used.

RDA analysis performed on the sulfur utilization assays
revealed no clear rhizosphere effects for the communities in
both soils, except for the cultivar D community in the V soil.

However, in the B soil, the communities from cultivars Av and
D on the one hand and A and K on the other revealed similar
utilization patterns, whereas those from cultivar M grouped
apart from the other cultivars (Fig. 4b).

PCR-DGGE Analysis of Communities in Selected Wells
of the Phenotype Arrays

To analyze the structures of the communities that contributed
to the observed consumption patterns in the phenotype arrays
and to find key indicator carbon/sulfur/phosphorus sources
that might best indicate community structure changes due to
soil type, rhizosphere, or cultivar type effects, the communi-
ties of selected wells were analyzed by PCR-DGGE. In the
selection, the resources that (1) were consumed to the greatest
extent and (2) were presumably representative of potato root
exudates (carbon sources) were selected. Thus, N-acetyl-D-
glucosamine, L-proline, D-alanine, γ-amino butyric acid,
acetic acid, L-malic acid, glycyl-L-proline, L-aspartic acid,
and D-ribono-1,4-lactone were selected as the carbon
sources. As to the phosphorus and sulfur sources, phosphate
and sulfate, L-cysteinyl-glycine, benzene sulfonic acid,
methane sulfonic acid, taurine, p-aminobenzene sulfonic
acid and 2-hydroxyethane sulfonic acid were selected.
Several of the nine carbonaceous resources have indeed
previously been suggested to represent characteristic C
compounds in potato root exudates [5].

For all substrates, the PCR-DGGE patterns revealed the
presence of 20–30 bands per lane. Several bands were
shared per analyzed carbon, phosphorus and/or sulfur
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source, but fluctuating bands (variably present or
absent) were also observed. Per gel, two carbon sources
could be analyzed. To avoid the complication posed by
gel-to-gel differences, the commonality of microbial
community structure occurring with different substrates
was compared on the same gel. Thus, the patterns

derived from γ-amino butyric acid and N-acetyl-D-
glucosamine, next to D-alanine and L-proline, shared three
very dominant bands, which appeared in all samples
regardless of the origin of the communities. Furthermore,
the patterns from glycyl-L-proline and L-aspartic acid
shared three dominant bands, which also appeared for all
samples (Fig. 5). In the glycyl-L-proline wells, one extra
common band was observed, whereas in the L-aspartic
acid ones, three extra common bands were present
(Fig. 5). The patterns from D-ribono-1,4-lactone revealed
four common bands across all communities (from different
cultivars and corresponding bulk soils)

Cluster (UPGMA-based) analysis of the PCR-DGGE
data obtained for each substrate showed clear effects of the
soil origin of the analyzed community on the clustering of
bulk and rhizosphere patterns for four (γ-amino butyric
acid, L-malic acid, glycyl-L-proline, and L-aspartic acid) of
the nine selected carbon sources. Moreover, the effect of the
rhizosphere was related to the type of carbon source
analyzed (not shown). Figure 6a shows the clustering
obtained for L-aspartic acid, as a representative of cluster-
ings of analyzed carbon sources. Further analyses revealed
that the rhizosphere effects observed for the communities
(obtained from all cultivars) in the L-aspartic acid wells
(Fig. 6a) from plants grown in both the B and the V soils
were all significant (P<0.05). The structures of the
communities that were consuming L-aspartic acid were
found to be soil type and rhizosphere specific. Moreover,
those for the L-proline, γ-amino butyric acid, and L-malic
acid wells from plants grown in the B soil also showed
significant differences (P<0.05). In this respect, the
rhizosphere effects in the B soil were found to be stronger
than those in the V soil. Strikingly, the patterns obtained
from the L-aspartic acid responsive communities derived
from B soil grown cultivars A and Av on the one hand and
K, M, and D on the other hand, grouped together. The same
was true for the communities in the L-proline, γ-amino
butyric acid, L-malic acid and N-acetyl-D-glucosamine
wells. Together, this indicated dichotomous selection of
substrate-responsive microbial communities by the two
cultivar clusters (A/Av versus K/M/D) in the B soil.

Given their high consumption rates, the communities in
the wells with either phosphate or the seven selected sulfur
sources were analyzed with PCR-DGGE. Effects of soil
type on the resulting patterns were observed for phosphate
and six of the seven sulfur sources (Table 1). Moreover, a
comparison of the patterns obtained from B bulk and
rhizosphere soil communities for phosphate consumption
revealed community structures to be different between the
rhizosphere and bulk soils (Fig. 6b). On the other hand, in
the V soil, the only effect of the presence of roots (i.e., a
rhizosphere effect) was observed for cultivar D. In this
analysis, there were only three common bands across all
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cultivars and bulk soils. Moreover, the responsive communi-
ties were similar across the cultivars they were derived from,
and hence, no significant cultivar effect was observed.

Significant effects of (bulk) soil type on the community
structures that had established in wells with the six different
sulfur sources (Fig. 6c, shown is benzene sulfonic acid)
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were found. In addition, effects of rhizosphere derivation
were seen for the communities obtained from all B soil
grown cultivars (with benzene sulfonic acid, taurine, and p-
amino benzene sulfonic acid) and from cultivars A, Av, and
K (with sulfate, L-cysteinyl-glycine, and 2-hydroxyethane
sulfonic acid).

On another notice, the patterns from aminobenzene
sulfonic acid and 2-hydroxyethane sulfonic acid had five
common bands across all cultivars and bulk soils, whereas
three bands were common in the patterns from sulfate,
methane sulfonic acid, and L-cysteinyl glycine per com-
pound. There were four common bands in the community
analysis of benzene sulfonic acid across all samples. Hence,
it can be assumed that, across our samples, a limited
number of similar bacterial types responded to these diverse
sources of S.

Discussion

The aim of the current study was to investigate the effects
of different potato cultivars growing in two different soil
types on the consumption of different carbon, sulfur, and
phosphorus sources by root-associated and bulk soil
bacterial communities. We used functional analyses gener-

ated with the novel medium-throughput Biolog phenotype
arrays and 16S rRNA gene profiles generated by PCR-
DGGE, both directly and indirectly (from selected Biolog
wells). This combined approach was chosen because
functionality in the rhizosphere is thought to depend on
(1) the microbial communities that are locally present in the
soil, (2) the spectrum of potential activity of this local
microbiota, and (3) the selective effect that plant roots exert
on these local communities and functionalities.

The main finding in this study, which confirms previous
studies, was that soil type exerts the most profound
influence on the structural and functional bacterial commu-
nities in the potato rhizosphere. First, the communities,
when analyzed by direct PCR-DGGE, clearly differed
between the two soils. Second, the communities in the
rhizospheres of the very same cultivars were often also
quite divergent between the two soil types. Besides,
tendencies for consumption of carbon sources showed
differences based on soil type. In previous studies, it was
also shown that soil type is a key factor that determines the
bacterial community composition in the rhizosphere of
plants grown across soils [1, 13]. In the current study,
evidence supporting this contention came from the fact that
the bacterial communities from the same cultivar types
grouped per soil, instead of per genotype, in the direct

Table 1 ANOSIM analysis for soil and cultivar effect (Primer 6)

Test for difference between soil (across all cultivars and bulk soil) Test for difference between cultivars (across all soils)

Type Compounds Global
R

Significance Type Compounds Global
R

Significance

Carbon D-Alanine 0.258 0.259 Carbon D-Alanine 0 0.835

Carbon Glycyl-L-proline 0.667 0.05 Carbon Glycyl-L-proline 0.512 0.003

Carbon L-Proline 0.408 0.037 Carbon L-Proline 0.735 0.0004

Carbon D-Ribono-1,4-lactone 0.333 0.037 Carbon D-Ribono-1,4-lactone 0 0.5

Carbon N-Acetyl-D-glucosamine 0.917 0.037 Carbon N-Acetyl-D-glucosamine 0.445 0.006

Carbon Amino butyric acid 0.803 0.037 Carbon Amino butyric acid 0.332 0.056

Carbon L-Malic acid 0.333 0.222 Carbon L-Malic acid 0.32 0.011

Carbon Acetoacetic acid 0.667 0.074 Carbon Acetoacetic acid 0.439 0.002

Carbon L-Aspartic acid 1 0.037 Carbon L-Aspartic acid 0.584 0.002

Phosphorus Phosphate 0.583 0.054 Phosphorus Phosphate 0.494 0.003

Sulfur Sulfate 0.75 0.037 Sulfur Sulfate 0.044 0.414

Sulfur p-Amino benzene sulfonic
acid

0.667 0.037 Sulfur p-Amino benzene sulfonic
acid

0.603 0.0002

Sulfur Benzene sulfonic acid 0.668 0.037 Sulfur Benzene sulfonic acid 0.316 0.0031

Sulfur 2-Hydroxyethane sulfonic
acid

0.833 0.037 Sulfur 2-Hydroxyethane sulfonic
acid

0.614 0.0002

Sulfur Taurine 0.833 0.037 Sulfur Taurine 0.683 0.0004

Sulfur Methane sulfonic acid 0.5 0.037 Sulfur Methane sulfonic acid 0.36 0.007

Sulfur L-Cysteinyl-glycine 0.667 0.074 Sulfur L-Cysteinyl-glycine 0.382 0.02

Global R value is between −1 and 1. R=0 indicating completely random grouping, while R=1 indicates that communities within a soil are more
similar to each other than to any samples from other soil. A significant global R indicates that there are differences between the soil types
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PCR-DGGE-based analyses. However, the analyses also
revealed effects of the rhizosphere, which were strongest in
the B soil. Thus, the roots of the same potato cultivars,
when grown in different soils, modulate the local commu-
nities to a certain extent, but do not establish similar
communities. Importantly, the same cultivars, when grown
in the two different soils, were also shown to yield different
microbial communities involved in the consumption of
particular carbon, sulfur, and phosphorus sources, as shown
in the RDA analyses (Figs. 3 and 4). Considering the
rhizosphere effects, this indicated that the same cultivars,
upon growth in the two different soils, had attracted rather
different communities with different functional capabilities.

Strikingly, the selective effects of the rhizosphere were
more clearly shown in the B soil than in the V soil. This
might be explained by the higher organic matter content of
the latter soil compared to the former, which was thought to
diminish the effects of growing roots in it. In a previous
study [19], it was also shown that, due to its higher
nutritional status, the rhizospheric bacterial community
structure in the V soil is affected to a lower extent by root
exudates than that in the B soil. In support of this
contention, in a previous study, the rhizosphere effect along
wheat roots was also shown to be positive and strong in soil
low in organic matter but not in high organic matter soil
[28].

The communities from the B and V rhizosphere soils
either consumed different C sources than those from the
bulk soils or the utilization rates were simply higher than
those in the latter. One should bear in mind that, in the
current study, potential in situ utilization was measured,
which may only remotely reflect the processes that play a
role in situ. For instance, the carbon sources L-proline, N-
acetyl-D-glucosamine, and D-alanine, which were utilized to
the highest degree by communities from the rhizosphere
soils (as well as from the bulk soils), may have been present
as a result of exudation or degradation of organic matter.

Soils represent grossly oligotrophic (carbon-limited)
habitats [20], whereas the rhizospheres of plants may, to
some extent, alleviate carbon starvation stress. Incubating
soil cell extracts with high concentrations of readily
decomposable organic substrates, like done in the pheno-
type array, is likely to favor copiotrophic microorganisms
that are able to grow explosively (r-strategists), outcompet-
ing oligotrophic ones (K-strategists)[1]. The PCR-DGGE
community analyses performed on selected substrates of the
phenotype array thus reported on such opportunistic
communities, as previously outlined by Smalla and co-
workers [30]. Notwithstanding this caveat of the method,
our results revealed the rhizosphere soil communities to
cluster apart from the corresponding bulk soil ones,
indicating that particular bacterial responders to the Biolog
phenotype array substrates had been selected by the

rhizospheres. Whether this was due to the particular
phenotype array compound being present in root exudates
is an open question. However, some of the compounds
analyzed may be quite important in plant–bacterium
interactions [31]. For instance, L-malic acid is secreted by
the roots of varied plants and apparently provides an
effective nutritive and/or signaling molecule that modulates
the establishment of beneficial rhizobacteria. A regulatory
role of such root-secreted metabolites may thus be indicated
[26]. Moreover, L-malic acid as well as other organic acids
may affect the availability of phosphorus [5]. Interestingly,
our RDA analysis revealed, for cultivars A and D (in soil
V), similar tendencies towards L-malic acid and phosphate,
indicating a link between malic acid and phosphate
solubilization. These two cultivars might, for instance,
secrete more L-malic acid into soil V in comparison to other
cultivars, allowing higher phosphate uptake. This might
also hint at the available phosphate levels in the two
different soils. Thus, L-malic acid, next to compounds such
as L-aspartic acid, γ-amino butyric acid, and glycyl-L-
proline, might indeed have served as a specific modulator
of the root-associated bacterial communities. This was
possibly specific per cultivar type, presumably in accor-
dance with root physiology as reflected in, for instance,
exudation patterns [1, 8, 29]. The differential availability of
such C sources in the rhizospheres of the various potato
cultivars may have influenced the proliferation of particular
communities of microorganisms. For instance, there were
two major cultivar groups, i.e., (1) cultivars A and Av and
(2) cultivar D, the only high-starch-tuber cultivar, grouping
together with cultivars K and M. The phenotype array-
based functional analyses revealed that, in terms of
substrates used and bacterial PCR-DGGE patterns in
selected wells, the genetically modified cultivar M—
derivative from cultivar K—fitted the data obtained with
the range of cultivars tested. Thus, cultivar M, compared to
the other cultivars (including K), did not exert any specific
effect on the utilization patterns of carbon, phosphorus, and
sulfur sources by its associated microflora. This finding
supports the conclusions from a previous study, which
analyzed the abundances and community structures of
microbial communities in a different field set-up with
potato [19]. However, in another study, cluster analysis of
ERIC-PCR fingerprints performed with strains obtained
from different alfalfa genotypes revealed differences in the
types of bacteria enriched in the different rhizospheres [7].
This indicates differences at the level of cultured bacteria,
reflecting an effect of the type of modification on the
respective communities.

In contrast to the “cultivar-specific” compounds (L-malic
acid, L-aspartic acid, γ-amino butyric acid, and glycyl-L-
proline), the compounds D-alanine, N-acetyl-D-glucos-
amine, acetoacetic acid, phosphate, and hydroxyethane
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sulfonic acid were apparently cultivar-aspecific, as they
showed the same tendencies across cultivars with respect to
the communities they selected. These compounds might
represent resources that are generally available in potato
root exudates to the bacterial consumers.

Overall, our results showed that the roots of five potato
cultivars were colonized by bacterial populations that differed
between the two soils used. Moreover, in each soil, the
communities were different between rhizospheres and
corresponding bulk soil, and this effect was strongest in the
B soil. Modulation of the rhizosphere colonization patterns
presumably occurred through the assimilation, by the local
microflora, of different root-secreted compounds, which is
known to be governed by the physiologies of the respective
roots in interaction with the surrounding soil. Next to the soil
type and rhizosphere effects, the microbial communities at the
different potato cultivars showed differences in the consump-
tion of carbon, phosphorus, and sulfur sources, which
indicated the existence of different functional roles in the
communities of the different cultivars. However, no GM plant
effect (cultivar M) was observed. Thus, a clear hierarchy in
shaping the root-associated communities, i.e., soil>rhizo-
sphere>cultivar, can be envisaged. Since soil ecosystems
differ in their buffering capacity against perturbation as a
function of biotic and abiotic factors, natural variations within
a system owing to environmental effects must be considered
[21]. Therefore, the local conditions must be taken into
account when the effect of a cultivar needs to be assessed.
Last but not least, root exudates normally contain diverse
compounds in fluctuating concentrations in an integrated
environment (instead of per well like in the phenotype array).
Due to this complexity, it is still very difficult to pinpoint the
drivers of the in situ microbial populations at the potato root
surface.
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