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Abstract The rhizodeposition of plants dramatically
influence the surrounding soil and its microflora. Root
exudates have pronounced selective and promoting
effects on specific microbial populations which are
able to respond with chemotaxis and fast growth
responses, such that only a rather small subset of the
whole soil microbial diversity is finally colonizing
roots successfully. The exudates carbon compounds
provide readily available nutrient and energy sources
for heterotrophic organisms but also contribute e.g.
complexing agents, such as carboxylates, phenols or
siderophores for the mobilization and acquisition of
rather insoluble minerals. Root exudation can also

quite dramatically alter the pH- and redox-milieu in
the rhizosphere. In addition, not only specific stimu-
latory compounds, but also antimicrobials have
considerable discriminatory effect on the rhizosphere
microflora. In the “biased rhizosphere” concept,
specific root associated microbial populations are
favored based on modification of the root exudation
profile. Rhizosphere microbes may exert specific
plant growth promoting or biocontrol effects, which
could be of great advantage for the plant host. Since
most of the plant roots have symbiotic fungi, either
arbuscular or ectomycorrhizal fungi, the impact of
plants towards the rhizosphere extends also to the
mycorrhizosphere. The selective effect of the roots
towards the selection of microbes also extends
towards the root associated and symbiotic fungi.
While microbes are known to colonize plant roots
endophytically, also mycorrhiza are now known to
harbor closely associated bacterial populations even
within their hyphae.

The general part of the manuscript is followed by
the more detailed presentation of specific examples
for the selection and interaction of roots and
microbes, such as in the rhizosphere of strawberry,
potato and oilseed rape, where the soil-borne plant
pathogen Verticillium dahliae can cause high yield
losses; the potential of biocontrol by specific con-
stituents of the rhizosphere microbial community is
demonstrated. Furthermore, plant cultivar specificity
of microbial communities is described in different
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potato lines including the case of transgenic lines.
Finally, also the specific selective effect of different
Medicago species on the selection of several arbuscular
mycorrhizal taxa is presented.
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Introduction

The rhizosphere, an unique environment for microbial
colonization

According to the general view of the rhizosphere, it
includes plant roots and the surrounding soil. This is a
wide and wise definition, already coined more than
hundred years ago by Lorenz Hiltner, as documented
in detail by Hartmann et al. (2008). In the rhizo-
sphere, a biologically and chemically highly diverse,
complex and dynamic interaction occurs between
plant roots, soil (micro) biota and the physico-
chemical conditions of the soil. The autotrophic plant
partner is providing substrate and energy flow into the
rhizosphere and gets in return essentials for its
development and growth: nutrients, minerals and
water. Heterotrophic soil biota usually are limited in
the supply of carbon and energy and thus a complex
sequence of responses are initiated, which in due
course also influence the plants. Soil biota (bacteria,
fungi, micro-fauna and the plant root) are themselves
embedded in food webs and thus interactions with
consumers or predators in the microbial as well as
micro- and mesofaunal world are important to
understand rhizosphere processes.

From the viewpoint of the plant, the rhizosphere is
characterized by the investment of the plant into an
effective development of the root architecture and the
return of mineral nutrients and water from the soil. In
the root system, sloughing off of root cells (in
particular at the root tip), root death (root hair cells
and epidermis cells in older root parts) and the
exudation of carbon compounds are processes which
support soil biota and select a specific rhizosphere
community according to their composition (see

below). Already in the initial phases of the evolution
of terrestrial plants, the necessity and opportunity
appeared to integrate the abilities of soil microbes to
explore the soil for nutrients and water into the
development of plants. Vice versa a high number of
soil microbes attained properties enabling them to
interact more efficiently with roots and withstand the
quite challenging conditions of rhizosphere life (see
below). This process can be regarded as an ongoing
process of micro-evolution in low-nutrient environ-
ments, which are quite common in natural ecosystems
(Schloter et al. 2000). For example, the interaction
with soil fungi lead to the development of mycorrhiza
which explore the soil for phosphate, nitrogen and
other nutrients and micronutrients much beyond the
physical expansion of the root system. The bacteria with
their impressive metabolic versatility and originality -
expandingmuch beyond the oxygen-dependent spheres -
were also taken on board to gain e. g. better access and
even independence from the often most limiting nitrogen
supply. The size and dynamic of the plants investment
into the rhizosphere is dependent from the aboveground
part of the plant and differs by ecosystem type, plant
species and growth stage of the plant. In grasslands, the
ratio of shoot to root (S:R) development is roughly 1:1
and is much different to forests, where far more
photosynthate is allocated into the aboveground parts.
Far more carbon is accumulating in the rhizospheres of e.
g. arctic tundra, where the turnover is very slow and the
range of S:R can be found as low as 0.1 (Farrar et al.
2003; Moore et al. 2007).

From the viewpoint of soil microbiota which are
mostly heterotrophic organisms depending on exoge-
nous supply of carbon substrates as energy as well as
nutrient sources for growth and development, roots
are providing almost all, what is lacking in soil. While
in pathogens or root grazers complete utilization and
destruction is one extreme version of this interaction
with plant roots, the balance of utilization of the
resource and coexistence or even symbiosis is reached
in many other rhizosphere colonizing microbiota.
Surely, the plant is restricting or directing the
development of the attracted organisms in a way to
keep control of these guests by excreting quite
selective mixtures of substances which provide
selective conditions for rhizosphere organisms. Fur-
thermore, the rhizosphere is a quite heavily populated
microhabitat which is characterized by competition
and even predation among the inhabitants. Therefore,
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soil organisms do experience the rhizosphere envi-
ronment as micro-habitat of great opportunities but
also of big challenges. Rhizospheres can only be
successfully colonized with the appropriate tools of
efficient substrate acquisition, resistance mechanisms
as well as competitive traits. Thus, evolution shaped
soil biota to fit into these specific niche conditions
which are also characterized by specificities based on
the diversity of plants and soil environments. Fur-
thermore, the colonization of the interior of plant
roots by microbial endophytes appears as most
attractive goal, because there plant nutrient resources
can be explored even more effectively without the
tough competition with the high number of other
microbes colonizing the root surface and environment
(Rosenblueth and Martinez-Romero 2006; Schulz et
al. 2006). However, in this case the efficient interac-
tion with the plant host gets even more important.

In this review, we follow the original hypothesis of
Lorenz Hiltner in 1904, that plant roots set the stage
for the development of a unique rhizosphere micro-
bial community and we extend this by including
mycorrhizal fungi and their associated bacteria as well
as root endophytic microbes. The present state of the
art based on modern and molecular methods is
presented in four major chapters: (i) Plant traits
shaping the conditions for microbial colonization,
(ii) Microbial responses to specific rhizosphere con-
ditions, (iii) The mycorrhizosphere and its specific
traits and interactions with other rhizosphere consti-
tutents and (iv) Selected examples for the specific
selection and interaction of roots and microbes. The
influence of the soil on the composition of rhizo-
sphere microbial communities is not treated in this
chapter, because it is obvious, that the rhizosphere
microflora is recruited in most part from the given soil
microflora (which is certainly different in different
soils).

Plant traits shaping the conditions for microbial
colonization

Soluble carbon compounds and other rhizodepositions

Plants exude a variety of organic compounds (e.g.
carbohydrates, carboxylic acids, phenolics, amino
acids) as well as inorganic ions (protons and other
ions) into the rhizosphere to change the chemistry and

biology of the root microenvironment. This exudation
is plant specific and generally accepted to reflect the
evolution and/or specific physiological adaptation to
particular soil habitat conditions (Crowley and Rengel
1999). In order to withstand challenges like deficien-
cies of various macro- and micro-nutrients, like iron
(Marschner and Römheld 1994) zinc, manganese or
phosphate, plants have different strategies to cope
with (see below) (Rengel 1999). The type of root
exudates is crucial for the ecosystem distribution and
niche-specificity of certain plants (Dakora and Phillips
2002). For example, a so called “calcifuge” plant does
not tolerate alkaline (basic) soil. The word is derived
from the Latin 'to flee from chalk'. These plants are
also described as ericaceous, as the prototypical
calcifuge is the genus Erica (heaths). It is not the
presence of carbonate or hydroxide ions per se that
these plants cannot tolerate, but the fact that under
alkaline conditions, iron becomes less soluble (see
below). There are many horticultural plants which are
calcifuges, most of which require an 'ericaceous'
compost with a low pH, composed principally
of Sphagnum moss peat. These include heathers,
Camellias, Rhododendrons, Azaleas, and most carniv-
orous plants. In contrast, “calcicole” plants can cope
very well with alkaline soil conditions.

While so called “calcicole“ plants exude mostly di-
and tricarboxylic acids, the ”calcifuge” plants exude
mostly monocarboxylic acids. While the former
plants efficiently complex phosphate and ferric iron
ions, the latter complex only poorly phosphate and
iron from alkaline soils. The capacity of plants to
respond to environmental conditions of nutrient
deprivation can be separated into three major pro-
cesses: (1) the signaling, (2) a powerful biosynthetic
capacity, and (3) specific membrane transporter
processes to foster the transfer of effective organic
compounds into the rhizosphere.

Roots products and rhizodepositions may probably
consist of every type of plant compound, except
specific compounds involved in photosynthesis. Most
root products are regular plant compounds which
became available as substrate of rhizosphere coloniz-
ing microbes, including specific compounds typical of
the secondary metabolism of each plant species. This
is especially true, when root hairs are decaying or the
rhizodermis is partially degraded in older root parts.
Root products with a certain biological activity may
also be actively secreted. These secretions can be
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classified as allelochemicals, phytotoxins, phytoalexins,
phytohormons and ectoenzymes—they are discussed in
more detail below.

The amounts of exudates (also as proportions of
photosynthate) vary considerably in different plants,
plant growth cycle and root segments and the
methodological and ecological implications were
reviewed extensively (Jones et al. 2004; van Veen et
al. 2007). To be able to realistically evaluate the
relevance of certain excreted compounds and their
individual fluxes (excretion and uptake), the exuda-
tion / uptake rate per unit root length per hour may be
important to know and to be specified for a particular
root segment (e.g. root cap or elongation zone). The
types and amounts of root products excreted or
secreted into the root environment is in detail
reviewed by Uren (2007). In general, the fate of the
more or less diffusible exudates or secretions in the
rhizosphere is determined by their physicochemical
properties and nutrient quality. The rhizosphere can be
regarded as a gradient system, where free diffusible
compounds spread into the root surroundings (Fig. 1).
The longer the distance of diffusion is the more
binding to soil mineral or humic compounds as well
as microbial degradation is going to occur. Thus, the
immediate surface of the root, the rhizoplane, is
certainly exposed to the highest rates and concentra-
tions of beneficial and harmful exudation / secretion
products. With distance and time, the organic carbon
compounds are progressively metabolized to carbon

dioxide or into recalcitrant or colloidal bound forms of
humic carbon compounds. Therefore, the molecular
scenario a root creates is most complex and variable
also due to the soil conditions. The selective effects on
the rhizosphere microflora is to be expected very
complex and only at the right set of conditions, an
targeted effect on the behavior of a certain microbial
subpopulation, e.g. an introduced inoculum, which is
supposed to get established and interactive with the
plant root is possible.

pH- and redox-modulating factors

Both protons and electrons are secreted as C-
compounds in the form of undissociated acids or
compounds with reducing abilities. In addition,
plasma membrane enzymatic processes are the main
sites of proton or electron transport processes (Bérczi
and Møller 2000; Yan et al. 2002). The origin and
adaptation to changing environmental conditions of
root mediated pH-changes have been recently been
reviewed by Hinsinger et al. (2003). The reducing
power is a long observed property of plant roots and
was demonstrated in several different approaches,
such as the reduction of insoluble manganese oxide
by roots (Uren 1981). Although other biogenic acids
can affect soil acidification and weathering dissolu-
tion, root uptake of nutrient ions, organic acid
production, redox-cycling of electron-deficient metals
and the carbonic acid system are major contributors to

Selective interactions in
the rhizosphere
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Stimulatory factors:
Carbon substances, vitamines, 

Complexingagents, specific substrates, hydrogen

Inhibitory factors:
Volatile and soluble antimicrobials, 

QS-inhibitors

Inhibitory feedback:
Competition for nutrients, phytotoxins, allelochemicals

Stimulatory feedback:
Solubilisation of minerals, enlarge drooting volume

stimulation of pathogen resistance; growth regulators;

biological control of pathogens; degradation of inhibitors

Fig. 1 Stimulatory and
inhibitory factors on rhizo-
sphere microbial communi-
ties and the different quality
of feedback effects of
microbes and plants
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rhizosphere acid production and soil formation
(Richter et al. 2007). Rhizosphere acidification, which
may be as much as two pH units, can result from the
“excess cation uptake” by plant roots leaving behind
protons in the rhizosphere soil, since the overall plant
nutrient uptake process is regarded as electro-neutral.
Since oxygen is very actively consumed in the
rhizosphere due to high rates of microbial decompo-
sition and root respiration, steep redox gradients can
develop between the root environment and the
surrounding bulk soil. In contrast, roots are providing
the rhizosphere with oxygen in waterlogged soils and
sediments. As a consequence, iron-oxidizing bacteria
precipitate Fe plaque as oxidized coatings at root
surfaces (Uren 2007). Finally, carbonic acid weather-
ing involves all three phases of the soil system: CO2

in the gas phase, carbonic acid and associated ions in
the liquid phase and mineral surfaces and structures in
the solid phase. Since partial pressures of CO2

increases with soil depth, B- and C-horizons are
subject to this type of acidification process. The
detailed estimation of the sources and sinks of CO2 in
the rhizosphere was recently reviewed by Kuzyakov
(2005).

Complexing agents: siderophores, phenols
and carboxylates

Together with the excretion of protons and carboxylates,
siderophores and phenols play significant roles in
mineral weathering. Roots are most active in the
excretion of these compounds to overcome nutrient
limitation and join in soil microbes to overcome these
limitations too. Thus, rhizosphere conditions assist
microbes and microbes assist roots in this most
important interaction with soil minerals and nutrient
mineral solubilization.

Iron deficiency

Under conditions of iron deficiency, plants employ two
basic mechanisms. Strategy I involves the stimulation of
proton extrusion, enhanced exudation of reductants and
chelators (carboxylates and phenolics) and an enhanced
activity of plasma-membrane-bound Fe-(III)-reductase
(Marschner 1991; Marschner and Römheld 1994;
Rengel 1999). In strategy II, which is restricted to
Gramineae, the biosynthesis and excretion of phytosi-
derophores like mugineic acid is specifically induced

under iron-limited conditions. The amount of phytosi-
derophore release is different between plant species.
Relative efficiency of phytosiderophore exudation
decreases in the order barley, maize, sorghum, and
correlates with Fe-deficiency tolerance. Interestingly,
also Zn-deficiency leads to increased phytosiderophore
exudation. In maize, the particular Fe-deficiency-
sensitive yellow-stripe mutant (ys1) shows a compara-
ble rate of phytosiderophore release, but it has a defect
in the uptake system for the phytosiderophore (von
Wiren et al. 1994). It could be demonstrated that e. g.
Alice maize has a high affinity iron uptake component
(von Wiren et al. 1995). In the rhizosphere, also
microorganisms excrete siderophores under iron limited
conditions which prevail in aerobic soils, when iron is
present in mostly insoluble Fe-(III)-oxide / hydroxide
complexes. It could be demonstrated, that plants profit
from the Fe-(III)-solubilizing activity of microbes as
well as microbes can take advantage from phytosider-
ophores after ligand exchange or using heterologeous
siderophores (Marschner and Crowley 1998). Since the
acquisition of the highly insoluble ferric iron com-
plexes is an essential component of rhizosphere
competence and fitness, it is usually well developed
in rhizosphere microorganisms. However, important
differences in the iron uptake capabilities occur at the
strain level in bacteria (Hartmann 1988) and this trait
appears essential to be regarded in selecting successful
rhizosphere colonizing plant growth promoting or
biocontrol inoculant strains (Moenne-Loccoz et al.
1996).

Phosphate deficiency

In many plants, phosphate deficiency enhances the
production and exudation of phenolic compounds
(Chishaki and Horiguchi 1997) (see Fig. 1). Phenolic
biosynthesis can be regarded as a metabolic bypass
reaction or response of P-starved cells to solubilize
inorganic Pi from soil. Since certain phenolic com-
pounds have antibiotic properties, this component of
exudates could be relevant in counteracting infectious
root pathogens, but may also prevent fast microbial
breakdown of exudates. On the other hand, root
exudation of metal-chelating carboxylates (e.g. citrate,
malate, malonate, and oxalate) in sufficient amounts
to mediate P mobilization in soils can comprise up to
25% of the assimilated carbon (Dinkelaker et al.
1995). This is comparable to the carbon investment
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for mycorrhizal associations. Cluster rooted plant
species (Neumann and Martinoia 2002), characterized
by the highest P-deficiency induced carboxylate
(mostly citrate) exudation are mostly nonmycorrhizal
plants and cluster roots are regarded as alternate
strategy for nutrient acquisition (Skene 2000).

Exudation of antimicrobials

Most plant species are resistant to most potential
pathogens. However, it is not known in a comprehen-
sive manner, why most plant-microbe interactions do
not lead to disease, although many resistance mecha-
nisms are known and the disease resistance is certainly
a multi-factorial response (Thordal-Christensen 2003).
A very widely found mechanism of local defense is the
generation of reactive oxygen species and the sub-
sequent stress on the colonizingmicrobes or neighboring
roots. Thus, antioxidant enzymes, like catalase, laccase,
superoxide dismutase (SOD) and the glutathione system
are important in order to face this challenge in the root
environment. However, ROS and also activated nitrogen
species (like NO) are known as part of the innate
immunity system of plants posing selective pressure on
the rhizosphere microflora (Apel and Hirt 2004; Zeidler
et al. 2004). When analyzing the response in gene
expression of root colonizing Pseudomonas putida
(Matilla et al. 2007) it appeared that also bacterial
antioxidant enzymes are important to face the challenge
of the root environment.

While in the case of leave pathogens, several specific
resistance mechanisms have been developed by plants,
the investment into the antagonistic potential within the
rhizosphere microbial community appears to be an
important part of biological control of pathogens in
roots (Cook et al. 1995). In addition, the exudation of
specific root derived antimicrobial metabolites is
certainly a major mechanism, as has been shown for
many plant species (Bais et al. 2006). Plant secondary
metabolites such as butanoic acid, cinnamic acid, o-
and p-coumaric acid, vanillic acid or p-hydroxybenza-
mide were shown to occur in the rhizosphere of
Arabidopsis plants when challenged with the Gram-
negative bacterial pathogen Pseudomonas syringae pv.
tomato (Bais et al. 2005). Most interestingly, bacteria
can effectively modify this antimicrobial plant re-
sponse, because the strains which are partly resistant
to these compounds are able to block the exudation of
antimicrobials using a mechanism based on the type III

secretory system (Bais et al. 2005). Therefore, over-
coming host response is not only due to a resistance
towards exuded antimicrobial compounds but in a
second step also in the blockage of further production
of antimicrobials. Most interesting, volatile substances
with antimicrobial activity have also been identified
(Ryu et al. 2004) which could play an important role in
selecting the plant associated microflora.

Another most interesting group of plant derived
compounds are quorum sensing inhibitors. Many Gram-
negative rhizosphere bacteria, including pathogens, use
auto-inducer signaling compounds in order to coordi-
nate their activity when colonizing the rhizoplane
(Fuqua et al. 2001; Gantner et al. 2006). This density
dependent response is called “quorum sensing” (QS),
since it becomes effective only in high density cell
populations. More recently it was suggested, that the
auto-inducers, e.g. of the N-acylhomoserine lactone
type, have even a more general relevance in sensing
the quality of the micro-environment for its diffusion
characteristics and to acquire the important information
whether it is economically sound to initiate the
expensive biosynthesis of exoenzymes, termed effi-
ciency sensing (Hense et al. 2007). Thus, auto-inducer
signaling is very common in bacteria, and plants are
facing these compounds regularly. The interference
with bacterial signaling by excreting QS-mimic or -
inhibitory substances would have the advantage to
disturb the coordination of the bacterial attack -
especially in the case of pathogens. It has been indeed
found in several plants, that QS-inhibitors are produced
(Bauer and Mathesius 2004; Degrassi et al. 2007;
Hentzer et al. 2002; Rasmussen et al. 2005; Teplitski et
al. 2000). On the other hand, it was demonstrated that
mostly leguminous plants are able to degrade bacterial
N-acyl homoserine lactone (AHL) autoinducers by
excreting lactonases or AHL-hydrolases (d'Angelo-
Picard et al. 2005; Delalande et al. 2005). In other
plants it was shown (Götz et al. 2007; von Rad et al.
2008), that the short side chain C4-, C6- and C8-
AHLs are taken up by plants and they could be found
also in the shoots (Götz et al. 2007; von Rad et al.
2008). A quite wide range of responses of plants were
shown to be triggered by the exposition to bacterial
AHL-compounds. In tomato plants, C6-and C8-AHLs
induced a systemic resistance response (Schuhegger et
al. 2006) with stimulated induction of the PR1-protein
and chitinase. On the other hand, Arabidopsis thaliana
responded by altered phytohormone levels (increased
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auxin/cytokinin-ratio) in roots and stimulated root
growth (von Rad et al. 2008). Thus, plant roots are
responding to the presence of bacteria and their
signaling compounds and their selective effect on the
rhizosphere microflora has to be regarded as a dynamic
one which is modulated by the “history” of the
rhizosphere colonization events.

Exudation of specific stimulatory compounds

In contrast to inhibitory compounds which are present
in root exudates of plants under particular conditions,
many root exudates, like sugar, organic acids or
amino acids, stimulate a positive chemotactic re-
sponse of bacteria (Somers et al. 2004) (see Fig. 1).
Thus, a flagellum-driven chemotaxis towards roots
and their exudates is an important trait for root
colonization in many root-bacteria interactions (de
Weert et al. 2002). Certain compounds have even
specific sites of exudation. It has been shown that
tryptophan, the precursor of bacterial indole acetic
acid (IAA) production, is mainly exuded near the root
tip in Avena barbata (Jaeger et al. 1999). Since
rhizobacterial IAA-production by root associated
bacteria is a major mechanism of plant growth
promotion this has important implication for the
development of the root system under the influence
of rhizosphere microbes. The ipdC-gene, coding for
indole pyruvate decarboxylase, in the major route of
IAA-biosynthesis of the plant growth promoting
rhizobacterium Azospirillum brasilense was shown
to be induced in rhizoplane colonizing bacteria
(Rothballer et al. 2005). On the other hand, a high
diversity of rhizosphere bacteria have recently been
characterized to be able to use indole acetic acid as
carbon source for growth (Leveau and Gerards 2008).

Since exudation is a major driving force for
microbial root colonization, plant root exudation could
be specifically engineered to selectively stimulate
specific microbial colonization. Oger at al. (1997) has
demonstrated that genetically engineered plants which
produce opines have an altered rhizosphere communi-
ty. In transgenic Lotus plants producing two opines,
mannopine and nopaline, specific microbial rhizo-
sphere communities were stimulated by the modified
root exudation. Opine-utilizing microbes represented a
large community in the rhizosphere of opine-producing
Lotus plants and opine utilizes were found to belong to
the Gram-positive as well as Gram-negative bacteria

(Oger et al. 1997). The natural example of opine
production is provided by the genetic colonization of
plant roots by Agrobacterium tumefaciens and its Ti
plasmid in order to divert assimilate flow from the
plant specifically to support the growth of the
bacterium which is equipped with opine degrading
enzymes. This strategy, termed “biased rhizosphere”,
could be successfully used to engineer “artificial
symbioses” (O'Connell et al. 1996) and was success-
fully applied to engineer e. g. transgenic tobacco plants
capable of releasing substantial amounts of opine
compounds in the rhizosphere (Oger et al. 2004).

A different quality of specific stimulatory rhizo-
sphere effect can be found in leguminous roots, where
nitrogen fixing nodules release substantial amounts of
molecular hydrogen (Dong et al. 2003). The generation
of hydrogen is an unavoidable side reaction in the
nitrogenase reaction (Simpson and Burris 1984). Since
rhizobia and legumes harbor hydrogen uptake activities
to different degrees, an escape of hydrogen is present
in certain leguminous species. It could be shown that
this hydrogen release from nodules has a substantial
effect on both the general microbial activity and the
bacterial numbers as well as on the activity level of
the bacteria (Stein et al. 2005). In addition, a shift in
the bacterial community composition was shown
which was most pronounced in the group of Betapro-
teobacteria and Cytophaga/Flavobacteria. Interesting-
ly, beyond a certain threshold level of hydrogen flux, an
onset of carbon dioxide fixation was observed to occur
in these communities (Dong et al. 2003; Stein et al.
2005), which was also indicated by the demonstration
of mRNA of bacterial ribulose bisphosphate carboxylase
(cbbL) in these communities (Rohe and Hartmann,
unpublished results). Thus, under these specific rhizo-
sphere conditions of hydrogen releasing legumes,
carbon dioxide fixation occurs in a wide variety of soil
and rhizosphere bacteria harboring the cbbL-genes
(Selesi et al. 2005).

Shaping specific habitat conditions
by physicochemical forces

The rhizosphere is the critical interface between biota
and geologic environments. Growing roots and their
mycorrhizal hyphae follow pores and channels that
are usually not less than their own diameter. When
perennial roots (e.g. tree roots) grow, they expand in
volume radially and exert enormous pressures on the
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surrounding soil (Richter et al. 2007). Even unweath-
ered rocks are susceptible to these physical effects of
roots. Mechanical weathering is stimulated by these
root forces, accelerating chemical weathering by
increasing minerals surface area that is contacted by
microbes, organic compounds, electrons and protons.
In B-horizons, root growth results in a significant
increase in bulk densities of soils, creating reduced
porosity, hydraulic conductivity and aeration. Thus
biogeochemical processes and the activity of soil
microbes may well be affected by this phenomenon,
which is quite less studied. A higher degree of
permanently water-filled pores my favor anaerobic
microbial processes which may lead to increased
denitrification (possibly NO and N2O production) or
other microaerobic or anaerobic microbial processes.
This steep spatial redox gradients and dynamics may
have considerable consequences for the microbial
degradation of complex xenobiotic organic substances,
because aerobic and anaerobic conditions may foster
very different metabolic potentials in different micro-
bial clades leading to more complete removal of
xenobiotic compounds.

Microbial responses to specific rhizosphere conditions

The unique rhizosphere conditions are the basis for
the sustainable fertility of soils providing soil biota
specific support for their continuous activity in
nutrient cycling and provision of nutrients for plants
and they are fundamentally important for pedogenetic
processes. Due to the high diversity of chemical
influences in the rhizosphere of different plants, roots
drive specific selections of microbes out of the almost
indefinite pool of soil microbial diversity. In addition
to the selection of pre-existing diversity, also micro-
evolution towards most properly adapted microbial
life forms (Schloter et al. 2000) is supported in the
well nourished rhizosphere environment, because e. g.
of the possibility of genetic exchange employing
horizontal gene transfer (van Elsas et al. 2003) and/or
creation and selection of spontaneous mutants, trans-
conjugants and transformants with improved proper-
ties for specific selective rhizosphere conditions.
Thus, engineering root exudation towards the produc-
tion of two novel carbon compounds leads to the
selection of distinct microbial populations in the
rhizosphere (Oger et al. 2004; Savka et al. 2002).
This concept of “artificial symbiosis” provides an

interesting concept for engineering specific microbe-
plant interactions. The impact of this modification of
root exudation has been studied extensively as model
system of the impact of engineered plants on soil
ecosystem (Bruinsma et al. 2003; Kowalchuk et al.
2003).

There are many independent evidences using
microbiological and molecular techniques that roots
stimulate selectively soil microbial communities
creating unique rhizosphere communities (Duineveld
et al. 1998; Marschner et al. 2001; Rengel and
Marschner 2005) (see also below for specific exam-
ples). However, only with the availability of the Stable
Isotope Probing (SIP) technique (Radajewski et al.
2000) the utilization and fate of plant carbon substrates
in the rhizosphere by associated microbes and the
dynamic feature of this process in the microbial food
web could be investigated in detail (Prosser et al.
2006). There are two major rather independent
approaches concerning the molecular markers for
carbon assimilation: the analysis of (i) the phospholi-
pids fatty acids (PLFA) (Butler et al. 2004; Butler et al.
2003; Paterson et al. 2007; Treonis et al. 2004) and (ii)
the ribosomal genes or ribosomal RNA (Lu and
Conrad 2005; Lu et al. 2006; Prosser et al. 2006;
Rangel-Castro et al. 2005) (see separate chapter).

Microbial traits important for the performance
in the rhizosphere

Microorganisms living in the rhizosphere can have a
neutral, pathogenic or beneficial interaction with their
host plant (Raaijmakers et al. 2008; Whipps 2001).
This reaction depends on the balance of the plant-
microbe interaction. Interestingly, the colonization
strategy of microbes is highly similar independent of
their effect on host. Steps of colonization include
recognition, adherence, invasion (only endophytes
and pathogens), colonization and growth, and several
strategies to establish interaction. The importance to
recognize and adhere to plant roots for all plant-
associated microorganisms is underlined in many
studies. Factors that contribute to recognition include
the ability to sense and use root exudates composed of
small organic molecules like carbonic acids, amino
acids or sugars etc. Chemotaxis especially to plant
root exudates is an important trait for colonization of
the rhizosphere: this was shown for pathogenic and
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symbiotic plant-associated bacteria, e.g. Ralstonia
solanacearum (Yao and Allen 2006) as well as
Rhizobium leguminosarum (Miller et al. 2007).
Interestingly, chemotaxis experiments of cyano-
bacteria with host plants like Gunnera and Blasia
and non-host plants like Arabidopsis showed the
possibility to attract cyanobacteria may be widespread
in plants. Using comparative transcriptome analysis of
Pseudomonas aeruginosa, root exudates of sugar beet
altered gene expression of genes involved in chemotaxis
(Mark et al. 2005). An early step in the establishment
of a plant-bacterium interaction is attachment of cells
to plant roots, in which for example fimbriae and cell-
surface proteins are involved. For the colonization of
Pseudomonas of plant roots, flagella, pili, O-antigen of
lipopolysaccharides (LPS), the growth rate and the
ability to grow on root exudates are important
(Lugtenberg and Dekkers 1999). Attachment also is
an initial step for the formation of microbial biofilms
on plant roots as reviewed by Rodríguez-Navarro et al.
(2007). The same authors explain mechanisms of
attachment of rhizobia on legumes: the first phase of
attachment, which is a weak, reversible, and unspecific
binding of plant lectins, a Ca2+-binding bacterial
protein (rhicadhesin), and bacterial surface polysaccha-
ride and a second attachment step, which requires the
synthesis of bacterial cellulose fibrils that cause a tight
and irreversible binding of the bacteria to the roots. In
Agrobacterium, cyclic glucans, capsular polysaccha-
ride, and cellulose fibrils also appear to be involved in
the attachment of to plant cells while in Azospirillum
brasilense the attachment to cereals roots also can be
divided into two different steps (Rodriguez-Navarro et
al. 2007). Not only bacteria but also fungi attach to the
root surface. Fungal adhesion to plants is a key step for
establishment of interaction (Tucker and Talbot 2001).
Some plant-microbe interaction have evolved complex
signal exchange mechanisms that allow a specific
bacterial species to induce its host plant to form
invasion structures through which the bacteria can
enter the plant root, e. g. Sinorhizobium (Jones et al.
2007). For the grass endophyte Azoarcus, the putative
type IV pilus retraction protein PilT is not essential for
the bacterial colonization of the plant surface, but
twitching motility is necessary for invasion of and
establishment inside the plant (Bohm et al. 2007).
Plant-associated bacteria used quorum-sensing signals
and two-component regulatory systems to coordinate,
in a cell density-dependent manner or in response to

changing environmental conditions, the expression of
important factors for host colonization and invasion
(Soto et al. 2006). The success of invasion and survival
within the host also requires that bacteria overcome
plant defense responses triggered after microbial recog-
nition, a process in which surface polysaccharides,
antioxidant systems, ethylene biosynthesis inhibitors
and virulence genes are involved (Soto et al. 2006).

There are microbial species, which can colonize only
a few or single plant species. This fact is well-known for
the beneficial interactions, e.g. Rhizobium - legumes, as
well as for many plant pathogens. On the other side,
some microbial species such as Pseudomonas and
Trichoderma occur ubiquitous and more or less on
each plant species. However, it was shown for
Pseudomonas fluorescens/putida group as well as for
Serratia that plant specific genotypes exists (Berg et al.
2006; Berg et al. 2002). Theoretically, the composition
of microbes, which colonize the rhizosphere, can be a
result of a positive or negative selection procedure or
both. However, little is known about this important
issue, and there are only a few examples for both ways.
Stenotrophomonas maltophilia is a member of the
rhizobacterial populations of cruciferous plants, which
produce particularly high levels of sulphur-containing
compounds, f. e. amino acids like methionine (Debette
and Blondeau 1980). Stenotrophomonas maltophilia
requires methionine (Ikemoto et al. 1980). These
results can base on a positive relationship between
both partners. Due to the fact that root exudates are
highly plant species specific the use of specific
compounds can explain plant specificity of microbial
communities. Interestingly, flavonoids, a diverse class
of polyphenolic compounds secreted by plants, often
serve as signals in plant-microbe interactions (Shaw et
al. 2006). On the other hand, plants produce and
secrete a variety of secondary metabolites, which can
be toxic to microorganisms. Those plants, which are
known for their high production of toxins, e. g. walnut
(Juglans regia L.) are colonized by specific microbial
population which can degrade or detoxify metabolites
via specific hydrolases (Rettenmaier and Lingens
1985). Another strategy to survive despite the occur-
rence of toxins are efflux pumps, which pump toxic
components outside the body. In addition, production
of toxins can be very effective in maintaining microbial
diversity (Czárán et al. 2002). A global analysis of
Pseudomonas putida gene expression during their
interaction with maize roots showed the importance
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of two selective forces of Pseudomonas cells to
colonize the rhizosphere: stress adaptation and avail-
ability of particular nutrients (Matilla et al. 2007).
More in detail, genes involved in nutrition (amino acid
uptake and metabolism of aromatic compounds) and
adaptation (induction of efflux pumps and enzymes for
glutathione metabolism) were preferentially expressed
in the rhizosphere.

Many plant-associated bacteria, especially root
endophytic bacteria, intimately interact with plant
metabolism. Fascinating examples are endophytic
methylobacteria, which use C1 bodies from the plant
for their energy production (Zabetakis 1997). The
chemical compound hydroxypropanol is given back
to the plant and works as precursor of the flavor
compounds mesifuran und 2,5-dimethyl-4-hydroxy-
2H-furan (DMHF). The latter posses additional
antifungal activity and can be responsible for patho-
gens defense. These bacteria show also a strong plant
growth promoting effect. Interestingly, a recent report
provided evidence that hormone-producing methylo-
bacteria are essential for germination and development
of protonema of Funaria hygrometrica (Hornschuh et
al. 2002).

The mycorhizosphere: specific traits and interactions
with other rhizosphere constituents

Mycorrhizal symbioses - mutualistic root-fungus
associations - are present in almost all land plants
and are essential biological constituents of the
rhizosphere. Mycorrhizae are grouped in two main
categories: endomycorrhizae such as arbuscular
(AM), ericoid and orchid mycorrhiza and ectomycor-
rhiza (EM). The arbuscular mycorrhizal symbiosis
represents the most widespread and ancient plant
symbiosis. From molecular data and information from
fossils in the Devonian, a period during which plant
started to colonize land, a close interaction between
plant roots and soil born fungi has been established
about 450 millions years ago (Remy et al. 1994).
These fungi have recently been grouped, on the basis
of molecular data, in a new phylum the Glomeromycota
(Schüßler et al. 2001). In the ectomycorrhizae
thousands of Asco- and Basidiomycota species are
known as being mycorrhizal. Nowadays, more than
80% of surveyed plant species and 92% of plant
families, present in most ecosystems are mycorrhizal

(Wang and Qiu 2006), and mycorrhizal fungi are, on a
biomass basis, the largest fungal group in soils (Olsson
et al. 1999). In a single cubic centimeter of soil, the
mycorrhizal fungal network can represent up to 20
meters (Pearson et al. 1993). For these reasons, the
rhizosphere concept has been extended to include
the fungal component of this symbiosis, resulting in
the mycorrhizosphere (Rambelli 1973). This term
includes the physical zone influenced by the root, but
also by the mycorrhizal fungus mycelium or hypho-
sphere. Mycorrhizae are regarded at least as tripartite
symbioses since they commonly interact with bacteria
and other soil organisms producing beneficial effects
on plant nutrition and health as well as on soil structure
and stability (Frey-Klett et al. 2007). The fungal and
bacterial communities associated with roots vary at
different developmental stages, e.g. in Medicago
truncatula (Mougel et al. 2006). The diversity of
arbuscular mycorrhizal communities and their relation
with bacteria on grass roots and in grassland ecosys-
tems is documented (Oehl et al. 2003; Singh et al.
2008). The mycorrhizal fungus through the mycelium
network increases by several orders of magnitude the
soil volume which can be explored. This is achieved
by the extension of the mycelium network, but also as
the size of the fungal hyphae, which are thinner than
the roots, and therefore can enter soil particles in a
more efficient than the roots. The strongly reduced
mobility of Pi and the rapid uptake of Pi by the plant
root generates Pi depleted zones around the plant root
hairs followed by a decline in the Pi uptake by the
plant (Marschner and Dell 1994; Roose and Fowler
2004). In non-mycorrhizal roots, the Pi depletion zone
is closely related to the extension of the root system,
whereas in a mycorrhizal root system the Pi depletion
zone exceeds greatly the root cylinder (Harley and
Smith 1983). The fine fungal mycelia can explore soil
particles and then translocate Pi from the soil to root
cells, improving the phosphate nutrition. In AM-
symbioses, the transfer of the phosphate from the
fungus to the plant occurs mainly at the level of the
arbuscule, symbiotic organ formed by the fungal
hyphae penetrating cortex cells, and forming a arbus-
cule like structure (Smith and Read 1997). In EM-
symbioses the fungal hyphae forming the Hartig net
surrounding root cortical cells are the structures of
nutrient exchange from root to the fungus. These
structures are essential for active symbioses and the
development of extraradical mycelium (Smith and
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Read 1997). In return, the plant transfers carbon to the
fungus. The amount of photosynthates transferred from
the plant to the fungus can be has high as 20%
(Johnson et al. 2002). This carbon is essential for these
fungi, which relies on the plant for their growth, but
part of it is transferred through the fungal mycelium to
the soil and the atmosphere. Johnson et al. (2002)
showed that under field conditions a large amount of
carbon, provided under the form of CO2 was released
with a peak 9 – 14 h after labeling by the mycorrhizal
fungus. The colonization of roots by AM-fungi was
also shown to decrease root exudation (Jones et al.
2004). It has also been shown, that mycorrhization also
has a qualitative effect of plant exudation which affects
the associated microflora and the soil adjacent to the
roots (Jones et al. 2004) resulting in changing the
bacterial community composition in the rhizosphere
(Marschner and Baumann 2003).

The extension of mycorrhizal fungi into the soil
and thus their effect on rhizosphere processes is very
dependent on the fungal taxa. Hart and Reader (2002)
showed that fungi belonging to the Glomus or
Acaulospora genus had a mean extraradical hyphal
length of 1 m to 2 m per cm−3, whereas the fungi
belonging to the Gigaspora or Scutellospora genus
had an average hyphal length in the soil of 6 to 9 m
per cm−3. The colonization rate was also very
dependent on the fungal taxa. Glomus species
colonized the first plant roots in their conditions after
1 week, whereas Gigaspora or the Scutellopsora
colonized the first roots after 4 to 6 weeks. It has been
shown (van Tuinen et al. 1998), that colonization
efficiency of Glomus and Gigaspora fungi, were not
identical if these fungi were inoculated alone or in a
mixed community. Gig. rosea colonized pea or onion
roots more efficiently when other mycorrhizal fungi,
mainly from the genus Glomus where present,
suggesting a synergetic behavior of these fungi. These
important differences in the colonization pattern could
be a reason for the predominant present of Glomus
species in field collected mycorrhizal roots. (Hempel
et al. 2007; Mathimaran et al. 2005; Pivato et al.
2007; Turnau et al. 2001; Vandenkoornhuyse et al.
2003) The differences in colonization speed and
mycelium extension observed between the different
arbuscular mycorrhizal fungi emphasizes the dynamics
of the mycorrhizosphere in time and space. Among the
ectomycorrhizae, four different ”exploration types”
with respect to their ecologically important contact

area with the soil substrate were characterized: contact,
short, medium and long distance types (Agerer 2001).
The long distance type reaches out far into the soil and
is also able to bridge different root systems. The
mycorrhizal fungal community in a soil is evolving
over the season, the mycorrhizosphere impacts also the
soil components and the other microorganisms in a
temporal way.

In the interaction of mycorrhizal fungi and roots
specific signaling factors are known. Root exudates of
Lotus japonicum contain a “branching factor” which
was recently identified as a strigolactone, 5-deoxy-
strigol (Akiyama et al. 2005). At very low concen-
trations, this sesquiterpene induces an extensive
branching Gigaspora at very low concentrations. On
the other hand, the AM fungal partners release diffusible
molecules (socalled Myc factor) perceived by the host
root in the absence of direct physical contact. In
addition, fungal auxins play a key role in ectomycor-
rhizal development, root morphology and branching of
ectomycorrhizae. Events in the early development and
ethylene production by P. microcarpus are presumably
triggered by the production of indole acetic acid. The
influences of the mycorrhizal fungi on soil structure
and quality are due to the physical presence of the
fungal mycelium, and also to the secretion of glomalin
by hyphae of Glomeromycota. The extensive extra-
metrical mycelium of the EM-fungi is ideally placed
for nutrient acquisition in the top 10 cm of soils, where
most of the local nutrient pools are present.

Although little detailed information is available on
the direct impact and interaction of bacteria on
mycorrhizal fungi, it has been shown that the
germination of mycorrhizal spores, can be affected
by the presence of some bacteria (Daniels and Trappe
1980; Mayo et al. 1986; Mosse 1959). In a similar
way, the establishment of an active symbiosis has an
impact on the rhizospheric bacteria population. It has
been shown that mycorrhizal symbiosis does not have
a significant influence on the number of cultivable
bacteria in the mycorrhizosphere (Andrade et al.
1997; Mansfeld-Giese et al. 2002), but on the contrary
has a qualitative effect. When plant roots were
colonized by a mycorrhizal fungus, Paenibacillus
spp. were preferentially isolated from the mycorrhizo-
sphere when compared to non-mycorrhizal plant roots
(Artursson et al. 2005; Mansfeld-Giese et al. 2002).
This suggests a close relation between mycorrhizal
fungi and soil bacteria. By using root organ cultures
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Toljander and collaborators (Toljander et al. 2007),
showed that mycorrhizal fungi through their exudates
had a direct impact on the soil bacterial community.
This observation could explain the differential influ-
ence different taxa of arbuscular mycorrhizal fungi of
on associated bacteria (Rillig et al. 2006). Some of the
bacteria associated with arbuscular mycorrhiza fungi,
can improve the mycorrhizal colonization (Barea et al.
1998; Budi et al. 1999), improve root branching
(Gamalero et al. 2002), or present antifungal properties
(Budi et al. 1999). From the mycorhizosphere of
sorghum, a bacterial strain, Paenibacillus sp B2, has
been isolated (Budi et al. 1999). This bacteria beside
stimulating mycorrhizal colonization (Budi et al. 1999)
produces a molecule with biopesticide properties. This
molecule which has been characterized, has a structure
with some similarities to polymyxin B (Selim et al.
2005), has a very broad inhibitory spectrum against
positive or negative bacteria, but also fungi such as
Fusarium accuminatum or F. solani (Selim et al. 2005).
Nevertheless this molecule is compatible with the
growth of mycorrhizal fungi (Budi et al. 1999). The
influences of mycorrhizal fungi on the bacterial diver-
sity, and through them on some soil characteristics such
as soil aggregation (Rillig et al. 2005), reveals some of
the links between the plant, the mycorrhizal fungus and
soil bacteria at the diversity and functional level.

Concerning ectomycorrhiza, mycorrhizal helper bac-
teria are also known (Frey-Klett et al. 2007; Garbaye
1994). The mycorrhizal mantle and the emanating
hyphae are densely colonized by a biofilm-like
structure of diverse bacterial community. Using the
direct fluorescence in situ hybridization (FISH) ap-
proach, Mogge et al. (2000) could demonstrate that
Betaproteobacteria commonly are found to colonize
the Laccaria subdulcis / beech mycorrhizosphere
although they could not be cultured from this
mycorrhiza. In addition, Acidobacteria were also
shown to be very frequent colonizers of different
ectomycorrhizas (C. Kellermann, R. Agerer, A.
Hartmann, unpublished results) by 16S rDNA clone
bank and FISH-studies, although their cultivation in
pure culture was not possible up to date. Depending on
the mycorrhizal type and environmental conditions,
more than 10.000 bacteria per mm2 could be counted.
While most of the bacteria are usually found to
colonize the surface of mycorrhizal fungi, some
bacteria were also found to enter the fungal hyphae,
such as Paenibacillus sp. 101 in cultures of the

ectomycorrhizal fungus Laccaria bicolour S238N
(Bertaux et al. 2003). In contrast, in the natural
environment the fungus was colonized intracellularly
by Alphaproteobacteria mostly (Bertaux et al. 2005).
Also a Streptomyces strain (GB 4−2), belonging to the
Actinomycetales (Gram-positive organisms with high
DNA G+C DNA content) was characterized as
effective colonizer of the ectomycorrhizosphere of
Norway spruce (Lehr et al. 2007). Most interestingly,
this bacterium caused a systemic response in the spruce
plants resulting in inhibition of the phytopathogenic
fungus Heterobasidium abietinum. This bacterium also
increased the general photosynthetic yield and peroxi-
dase activity in the needles leading to decreased infection
by Botrytis cinerea. Another mycorrhizal helper bacte-
rium, Streptomyces AcH 505, from the mycorrhizo-
sphere of fly agaric produces the antibiotic auxofuran,
which causes changes of microbial communities in the
mycorrhizosphere and additionally stimulates plant
growth (Riedlinger et al. 2006). Thus the interaction
of mycorrhiza with bacteria can alter the function of
plants and rhizosphere communities considerably.

Selected examples for the specific selection
and interaction of roots and microbes

After the separate discussion of plant traits shaping
microbial communities, of microbial responses towards
rhizosphere conditions and the mycorrhizosphere, this
chapter finally presents selected case studies, demon-
strating the interaction of plant and microbial activities
in the rhizosphere to result in plant specificity of
rhizosphere microbial communities. This plant speci-
ficity has e. g. great relevance for the development of
biological control of phytopathogens (case study of the
biological control of the soil-borne plant pathogen
Verticillium), the influence of roots of genetically
engineered plants on the rhizosphere microflora (case
study of transgenic modified potato lines) and the
selection of mycorrhizal microdiversity (case study of
arbuscular mycorrhiza in different Medicago lines).

Plant specificity of microbial communities
in the rhizosphere of Verticillium

Although several studies using cultivation-dependent
techniques found indications for plant specificity in the
rhizosphere (Germida et al. 1998; Grayston et al. 1998;
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Kremer et al. 1990; Miller et al. 1989), Smalla et al.
(2001) showed for the first time that roots of each
model plant species are colonized by its own bacterial
communities using cultivation-independent methods.
Three phylogenetically different and economically
important crops - strawberry (Fragaria x ananassa
(Duchense) Decaisne and Naudin [Rosaceae]; potato
(Solanum tuberosum L. [Solanaceae]; and oilseed rape
Brassica napus L. [Brassicaceae] - were analyzed in
this study. All species belong to the broad host range of
the soil-borne fungal pathogen Verticillium dahliae
Kleb., which cause high yield losses world-wide
(Tjamos et al. 2000). Besides the analysis of whole
bacterial community structures in rhizospheres, the
functional group of antagonists was another indica-
tor to analyze differences and similarities between
the three plants. Antagonists are naturally occurring
micro-organisms that express traits that enable them
to interfere with pathogen growth, survival, and
infection. They form the antagonistic potential
against plant pathogens interacting by diverse mech-
anisms with pathogens and host plants (Cook et al.
1995).

It was possible to differentiate plant species on the
basis of the rhizosphere microbial communities using
denaturing gradient gel electrophoresis (DGGE) in a
randomized field trial (Smalla et al. 2001). The
DGGE fingerprints showed plant-dependent shifts
in the relative abundance of bacterial populations in
the rhizosphere which became more pronounced in
the second year. Interestingly, all rhizospheres
showed some bands in common but also specific
bands, e.g. Nocardia populations were identified as
strawberry-specific bands. The proportion and com-
position of bacterial antagonists of potato, oilseed
rape and strawberry towards V. dahliae was also
shown to be influenced by the plant species (Berg et
al. 2002). Furthermore, plant specific genotypes of 34
Pseudomonas putida A isolates were observed,
suggesting that these bacteria were specifically
enriched in each rhizosphere. When the field exper-
iment with the three Verticillium host plants was
performed at different sites (Rostock, Berlin,
Braunschweig in Germany) plant specificity of
rhizosphere communities was detected again while
also different bulk soil community fingerprints were
revealed for each sampling site (Costa et al. 2006a).
Universal and group-specific (Alphaproteobacteria,
Betaproteobacteria and Actinobacteria primers were

used to PCR-amplify 16S rRNA gene fragments of
bacterial and 18S rRNA amplificates for the fungal
communities prior to DGGE analysis. The plant species
was the determinant factor in shaping similar Actino-
bacterial communities in the strawberry rhizosphere
from different sites in both years. The rhizosphere effect
on the antagonistic bacterial community was demon-
strated by an enhanced proportion of antagonistic
isolates, by enrichment of specific ARDRA types,
species and genotypes as evidenced by BOX-PCR,
and by a reduced diversity of antagonistic bacteria in the
rhizosphere in comparison to bulk soil (Berg et al.
2006). Since bacteria of the genus Pseudomonas are
prominent root-associated bacteria (Haas and Défago
2005) they were investigated by culture dependent and
independent techniques. Based on the data of this field
trial, the factors sampling site, plant species and year-
to-year variation were shown to significantly influence
the community structure of Pseudomonas in rhizo-
sphere soils (Costa et al. 2006b). The composition of
Pseudomonas 16S rRNA gene fragments in the
rhizosphere differed from that in the adjacent bulk soil
and the rhizosphere effect tended to be plant-specific.
The clone sequences of most dominant bands analyzed
belonged to the Pseudomonas fluorescens lineage and
showed closest similarity to culturable Pseudomonas
known for displaying antagonistic properties. In
addition, Pseudomonas-specific gacA fingerprints of
total-community rhizosphere DNA were surprisingly
diverse, plant-specific and differed markedly from
those of the corresponding bulk soils (Costa et al.
2007). By combining multiple culture-dependent and
independent surveys, a group of Pseudomonas isolates
antagonistic towards V. dahliae was shown to be
genotypically conserved, to carry the phlD biosynthetic
locus (involved in the biosynthesis of 2,4-diacetyl-
phloroglucinol − 2,4-DAPG) (Costa et al. 2007). This
group of Pseudomonas isolates corresponded to a
highly frequent Pseudomonas population in the rhizo-
sphere of field-grown strawberries planted at three
sites in Germany which have different land use
histories. It belongs to the Pseudomonas fluorescens
phylogenetic lineage and showed closest relatedness to
P. fluorescens strain F113 (97% gacA gene sequence
identity in 492-bp sequences), a biocontrol agent and
2,4-DAPG producer. Partial gacA gene sequences
derived from isolates, clones of the strawberry rhizo-
sphere and DGGE bands retrieved in this study
represent previously unknown Pseudomonas gacA
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gene clusters as revealed by phylogenetic analysis
(Costa et al. 2007).

Concerning fungal rhizosphere communities, a
plant-specific composition could also be detected,
but not in all cases (Costa et al. 2006a). Higher
heterogeneity of DGGE profiles within soil and
rhizosphere replicates was observed for the fungi than
for bacteria. A high proportion of fungi antagonistic
towards the pathogen V. dahliae were found for bulk
and rhizosphere soil at all sites (Berg et al. 2005). A
plant- and site-dependent specificity of the composi-
tion of antagonistic morphotypes and their genotypic
diversity was found. Trichoderma strains displayed
high diversity in all soils, and a high degree of plant
specificity could be shown by BOX-PCR fingerprints.
The diversity of rhizosphere-associated antagonists
was lower than that of antagonists in bulk soil,
suggesting that some fungi were specifically enriched
in each rhizosphere. In Fig. 2, a model for the
rhizosphere effect of bacterial and fungal antagonists
was developed. Altogether, the rhizosphere effect for
fungal antagonists was lower pronounced than for
bacteria. Altogether, these results obtained in these
six-year field studies proofed a clear influence of
plant species on the structure and function of
rhizosphere bacterial communities. Although there
are several contrasting reports in the literature
indicating plant or soil type as dominant factor
(Girvan et al. 2003; Grayston et al. 1998; Nunan et
al. 2005) in more or less all studies the influence of
plant species is clearly visible [rev. in (Berg and

Smalla 2008; Garbeva et al. 2004)]. Extend of plant
specificity is influenced by the selected plant species,
applied methods as well as by the experimental
design. Exemplarily, Fig. 3 corroborates the plant
specific selection of rhizosphere microbial communi-
ties since it was clearly demonstrated that different
herbaceous plants select a very different bacterial
community from the very same soil (Dohrmann and
Tebbe 2005).

Cultivar specificity of microbial communities
in the rhizosphere of different potatoes
(Solanum tuberosum L.) including transgenic lines

Rhizosphere microbial communities are not only
influenced at the plant species level, but also at the
cultivar level (Germida and Siciliano 2001). Geneti-
cally modified plants with altered root exudates are
interesting model systems to study cultivar-specific
effects, which were found in several studies for root-
associated bacterial as well as fungal communities
(Mansouri et al. 2002; Oger et al. 1997; Oger et al.
2004; Oliver et al. 2008). T4 lysozyme potatoes are a
well-studied model system to investigate the potential
risk of pathogen resistant plants (Düring et al. 1993).
For example, in a 6-year field release of T4 lysozyme
producing potatoes cv. Désirée the changes in
structure and function of plant-associated bacterial
populations were monitored by a polyphasic ap-
proach. However, in both microenvironments (rhizo-
sphere and geocaulosphere) no statistically significant

Fig. 2 Selective enrichments
of antagonistic populations in
the rhizosphere according to
results obtained in a six-year
field trial with Verticillium
host plants (Berg et al. 2002,
2005, 2006)
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differences between transgenic and non transgenic
plants were found in the following parameters: (i) the
abundances of bacteria, (ii) the percentage of auxin-
producing bacteria, (iii) the percentage of antagonistic
bacteria, and (iv) on the diversity of bacterial antagonists
on genotypic and phenotypic level (Lottmann and Berg
2001; Lottmann et al. 1999; Lottmann et al. 2000). In
an additional approach, rifampicin resistant mutants of
two antagonistic plant-associated bacteria were used
for seed tuber inoculation of transgenic and non-
transgenic potato lines. During flowering of plants,
significantly more colony counts of the lysozyme
tolerant Pseudomonas putida QC14-3-8 were recov-
ered from the transgenic T4 lysozyme plant than from
the non-transgenic control and the parental line.
Furthermore, using a root hair - Bacillus subtilis
model, roots from potato lines expressing the T4
lysozyme gene always showed significantly (1.5- to
3.5-fold) higher killing (Ahrenholtz et al. 2000).
However, using cultivation-independent methods the
influence of environmental factors on potato associated
bacteria was much higher than of the transgene (Heuer
et al. 2002). Altogether, an influence of transgenic T4
lyzozyme on bacterial strains and community was to be
seen in special experiments. In field trials, the influence
was negligible compared to other environmental
factors.

To assess potential effects of T4 lysozyme on
culturable plant-associated fungi in the rhizosphere, the
abundances of colony forming units, the percentage of

antagonistic fungi and their diversity were investigated
(Berg, unpublished results). The results from this study
suggest that transgenic plants producing T4 lysozyme did
not affect the fungal communities and the abundance and
composition of fungi with antagonistic activity. Further-
more, the composition and relative abundance of
endophytic fungi in roots of T4-lysozyme producing
potatoes and the parental line were assessed by classical
isolation from root segments and cultivation-independent
techniques to test the hypothesis that endophytic fungi are
affected by T4-lysozyme (Götz et al. 2006). Fungi were
isolated from the majority of root segments of both lines
and at least 63 morphological groups were obtained
with Verticillium dahliae, Cylindrocarpon destructans,
Colletotrichum coccodes and Plectosporium tabacinum
as the most frequently isolated species. Dominant bands
in the fungal fingerprints obtained by denaturing
gradient gel electrophoresis analysis of 18S rRNA gene
fragments amplified from total community DNA corre-
sponded to the electrophoretic mobility of the 18S
rRNA gene fragments of the three most abundant fungal
isolates, V. dahliae, C. destructans and Col. coccodes,
but not to P. tabacinum. The assignment of the bands to
these isolates was confirmed for V. dahliae and Col.
coccodes by sequencing of clones. Verticillium dahliae
was the most abundant endophytic fungus in the roots of
healthy potato plants. Differences in the relative
abundance of endophytic fungi colonizing the roots of
T4-lysozyme producing potatoes and the parental line
could be detected by both methods.

M M M
Veronica

chamaedrys
Achillea

millefolium
Rumex
acetosa

Poa
pratensis

Anthoxanthum
odoratumM

Fig. 3 Plant driven selec-
tion of bacterial communi-
ties in the rhizosphere of
different herbaceous plants.
Six different herbaceous
plants were cultivated in the
same soil and the rhizo-
sphere bacterial communi-
ties were analyzed using the
SSCP-profiling technique
(according to Dohrmann
and Tebbe (2005))
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These results obtained for T4-lysozyme potato
were confirmed in greenhouse experiments (Rasche
et al. 2006) and in other studies analyzing transgenic
plants (Bruinsma et al. 2003). There was only a
minor, and in comparison to other environmental
factors, negligible influence on the structure and
function of microbial communities to be seen. In
another approach comparing zeaxanthine producing
potatoes with different potato cultivars, the effect of
cultivar was much higher than of the transgene
(Schloter, pers. communication).

Impact of Medicago species on arbuscular
mycorrhizal fungi

A relationship of the diversity of arbuscular mycor-
rhizal fungi and plant diversity has been documented
several times under field conditions (Gollotte et al.
2004; Husband et al. 2002; Oehl et al. 2005; van der
Heijden et al. 1998; Vandenkoornhuyse et al. 2003;
Wolfe et al. 2007). These knowledge has been
obtained by analyzing the root-associated mycorrhizal
community on the basis of spore counting (Husband
et al. 2002; Oehl et al. 2005; Vandenkoornhuyse et al.
2003; Wolfe et al. 2007), PCR-RFLP analysis of the
small ribosomal sub-unit (Husband et al. 2002;
Scheublin et al. 2004; Vandenkoornhuyse et al.
2003) or by sequencing of the large ribosomal subunit
of the fungi (Gollotte et al. 2004). More recently,
Real-Time PCR has been used to quantify mycorrhizal
fungi in plant roots inoculated with a single (Filion et
al. 2003) or two fungal isolates (Alkan et al. 2004;
Alkan et al. 2006). This method opens the possibility
of quantifying the fungal ribosomal operon in the soil
or plant roots, by a very refined and sensitive method,
and has been used to estimate the fungal community in
the roots, by monitoring several arbuscular mycorrhizal
taxa, in closely related Medicago species (Pivato et al.
2007). As it is known that the plant used to trap
arbuscular mycorrhizal has a great influence on the
species detected (Jansa et al. 2002), a preliminary
experiment was carried out to identify the indigenous
arbuscular mycorrhizal fungi present in the soil. This
was performed on a low fertility soil from the
Mediterranean basin, corresponding to the naturally
growing zone of annual medics. The arbuscular
mycorrhizal fungi were identified by sequencing the
large ribosomal subunit (LSU), directly amplifying
from soil extracted DNA. By using Glomeromycota

specific primers, targeting the 5' end of the LSU
(Gollotte et al. 2004; van Tuinen et al. 1998), Pivato
and co-workers (2007) were enabled to group, after a
phylogenetic analysis, the 246 obtained sequences in
12 Glomus species, or OTU, belonging to the Glomus
A group (Schwarzott et al. 2001; van Tuinen et al.
1998). From these 12 OTU, only two could be
identified on the basis of their homology with well-
identified Glomus species, whose sequences are avail-
able in the databases, namely G. mosseae and G.
intraradices. No Acaulosporaceae nor Gigasporaceae
were detected, although the Glomeromycota specific
primers used were also able to positively amplify the
former taxa (Gollotte et al. 2004). Primers specifically
amplifying 4 of the 12 identified Glomus OTU, were
then designed, and used to quantify by Real-Time PCR,
the presence of the corresponding OTU in bare soil or
in roots of 4 closely related Medicago species, namely
Medicago laciniata L.,M. murexWild.,M. polymorpha
L. and M. truncatula Gaertn, grown for 34 days in the
same soil. For each OTU specific primer the primer
binding site was fully conserved within the sequences
of the corresponding OTU, this was important as it is
well known that different ribosomal operons are
harbored in the same single Glomeromycota spore.
This approach enabled to show that the amount of the
four selected OTU varied between bare soil and the
plants, but also between the Medicago species. No
statistical differences were found in the roots of M.
laciniata and M. murex, whereas statistical differences
were observed between M. polymorpha and M.
truncatula for 2 of the selected OTU. Interestingly
one of the OTU was present in the same amount in all 4
root systems. This approach demonstrated a subtle
modification in the arbuscular mycorrhizal fungi
community composition between closely related plants
grown in their native soil environment. These measure-
ments were performed at a single time point, and it is
possible that the community structure varies over time.
Thus, this technique offers the possibility to accurately
monitor the selective impact of plants on arbuscular
mycorrhizal fungi associated with their roots or their
mycorhizospheres.

Summary and conclusions

Ample evidences exist which clearly demonstrate the
selection of microbes by roots of plants. Due to many
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usually overlapping and interfering mechanisms, the
roots provide a specific microhabitat for the prolifer-
ation of a specific subset of soil microbes. Usually,
new interactions amongst colonizing microbes arise in
the quite densely colonized rhizosphere. For example,
specific mycorrhiza-bacteria interactions lead to a
stimulation of symbiosis and other microbe-microbe
interactions result in the biological control of phyto-
pathogenic microbes by plant beneficial root colo-
nizers. Vice versa, the plant is profiting manifold from
microbial activities in the rhizosphere and is addi-
tionally influenced by root colonizing microbes
through signaling pathways, leading to potentially
improved plant fitness. It is probably not the mere
utilization of available carbon sources which selects
the rhizosphere community but rather the presence of
selective and inhibitory interactions which creates the
bias into root-associated microbial populations.

To get deeper insight into key rhizosphere processes
and the major steering factors involved, a combination
of stable isotope probing (through e. g. 13C-CO2

labeling of plant assimilates) with molecular biological
techniques of community characterization will certain-
ly gain even more importance in future. Since m-RNA
can be retrieved from soil with more confidence now,
studies on functional gene expression of specific
bacterial genes and even rhizosphere transcriptome
analysis are feasible. These studies should be com-
bined with metagenome, proteome and metabolome
studies to get a complete picture. However, to be able
to cope with the complexity and amount of data,
bioinformatics and mathematical modeling will have to
be included in these endeavors. Finally, on site field
studies of rhizosphere research should be performed
more intensively to be able to proof the experience of
more or less laboratory model studies to the field and
forest setting. Climatic or environmental simulation
chambers will help to reduce the unpredictable climatic
factors to well designed factorial analyses while
keeping the complexity of a realistic ecosystem setting.
This will allow studying the influence of extreme
climatic conditions on plant performance and how
plants influence rhizosphere communities and process-
es under these conditions.

Rhizosphere driven selection of microbes has high
potential to improve the development and health of
plants. Although some promising products are in
applications, this route needs to be much more
developed and applied for the sake of sustainable

agriculture, silviculture and horticulture. In future,
both the plant side and the microbial side should be
included in concerted biotechnological development
and breeding programs.
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