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Preface

The inspiration and concept for preparing this volume were conceived
while both of us were sipping a cup of Columbian coffee in the Goethe
Gallery, Jena (Germany). The idea developed that soils are dynamic bio-
logical systems and certainly not a static substrate that supports the life of
microbes, plants and animals. Microorganisms play a vital role in creating
this universe and maintaining life in it. Dealing with the interrelationships
of organisms and the relationships between organisms and their environ-
ment was formerly more or less confined to a small group of specialists
within the scientific community. This has changed in the current sce-
nario. Growing environmental problems have created a public awareness
of the ecological disturbances and dangers related to excessive industrial
expansion and the way of life in “disposable societies”. As a consequence
of the perceived importance of ecology, research in this field has devel-
oped rapidly. As one of the three environmental media besides water and
air, soils have now become a central concern for a broad range of scien-
tists.

In the golden era of microbiology, the study of soil organisms soon
became an area of interest to alarge number of early bacteriologists, and the
pioneering investigations of Winogradsky, Omeliansky, and Beijerinck still
stand as major contributions to our knowledge of the bacterial population.
At the same time, it became apparent to soil scientists that the surface
crust of the earth is not merely a static physiochemical matrix upon which
green plants grow, but also a biological system in a continuous dynamic
equilibrium. In the realm of pure science, information on the ecology,
function, and biochemistry of microflora has grown considerably so that
a clear picture of soil biology is beginning to emerge.

The innumerable developments in recent years make a complete review
impossible within the scope of a single volume. Some of the more detailed
points have been omitted for brevity, yet, where conflicts still exist, con-
trasting viewpoints are presented. Time may change these views, but it is
in the very nature of science to be in a continual state of flux and for the
errors of one generation to be amended by the next. Soil microbiology is
not a pure discipline. Its parentage may be traced through bacteriology,
mycology, and soil science; biochemistry and plant pathology have also
made their mark, especially in recent years.



VI Preface

In the framework of agriculture, the microflora s of significance for man’s
ability to feed himself. For the microbial inhabitant, the soil functions as
a unique ecosystem to which the organism must adapt and from which it
must obtain sustenance. However, in the final analysis, microbiologists can
find definitive answers as to how these processes are brought about only
through biochemical inquiries.

We have attempted to bring together the major aspects of rhizosphere
research and principles of rhizosphere ecology for the benefit of developing
young scientists and technologies, as well as for the established professional
researcher and teacher. A prime objective and hope is that this volume might
generate ideas that will bring forth new approaches and methodology lead-
ing to further advances in our understanding of rhizosphere interactions
and their implications for agriculture and forestry. Nevertheless, even if
the rhizosphere is the compartment from which plants acquire their water
and nutrients and a hot spot of microbial and animal activity, this com-
partment can only be understood in the context of whole soil functioning,
from soil genesis to the nutrient cycling, and including the exchanges with
water and atmosphere. These aspects therefore occupy a large part of the
volume.

References are of great value not only to the research worker, but to the
advanced student as well. The blind acceptance of secondary sources when
primary material is readily accessible is not the hallmark of the serious
student. Where available, reviews are included in the reference lists of each
chapter so that the finer points of each topic may be sought out. Pertinent
original citations are likewise included since these permit the student and
researcher alike to examine the original source, observe the techniques uti-
lized, and draw their own conclusions. However, a mere literature review is
not intended, since much good work has not been cited. We have deliber-
ately drawn upon some old research information, largely for the benefit of
advanced students and young scientists, to show where research has come
from and where it may be going. In doing this, we believe we have revealed
many gaps in our knowledge which are yet to be filled. Emphasis is given
to the more recent papers, but certain classical works are also included,
particularly where the studies have been of such a nature as to define
a unique approach. It may also be of value to students majoring in other
fields, such as soil science, geology, hydrology, plant ecology, zooecology,
phytopathology, agronomy, forestry, or the environmental, crop sciences,
natural science management, agricultural engineering, biological sciences,
animal sciences, and life sciences.

For meaningful contributions to be made in the future, the need for
refined technology and a multidisciplinary pooling of expertise by soil mi-
crobiologists, phytopathologists, soil physicists and chemists, plant physi-
ologists, and zoologists should be clearly evident.



Preface VII

The presentation is essentially arranged into six main parts. The Intro-
duction or Part I outlines the definition of soils and dynamics to the mi-
crobial diversity. Part IT deals with varied functions of the microorganisms
and soil genesis. In Part ITI, we highlight the biogeochemical processes. The
biotic interactions in terms of plant/microorganisms involving symbiosis
are given in Part IV. Functions of microbes in specific soil compartments
are discussed in Part V. Modern tools and techniques to understand soil
biology are elucidated in Part VI.

It is hoped that the groundwork will be laid herein for a fuller enquiry
on the part of the readers. If this goal is achieved even in part, the volume
will have served its purpose.

Molecular microbiological studies have focused our attention in recent
times on the characterization of known as well as unknown microbial
species implicated in soil transformation and plant growth.

While assuming sole responsibility for any omissions or errors in the
book, we are grateful to all those unselfish individuals who have contributed
to the chapters. Finally, we would like to ask the reader to make allowances
for our lack of linguistic proficiency considering that English is not our
mother tongue.

We are grateful to the many people who helped bring this volume to light.
We wish to thank Dr. Dieter Czeschlik and Dr. Jutta Lindenborn, Springer-
Verlag, Heidelberg for generous assistance and patience in finalizing the
volume. Finally, specific thanks go to our family, immediate, and extended,
not forgetting the memory of those who passed away, for their support or
their incentive in putting everything together. Ajit Varma in particular is
very thankful to Dr. Ashok K. Chanhan, founder president, An Institute
of Ritnand Balved Education Fondation (Amity), New Delhi, for the kind
support and constant encouragement received. Special thanks are due to
my Ph.D. students Ms. Rina Kamari and Mr. Ram Prasad for compiling the
subject index.

Leipzig, Germany Francgois Buscot
New Delhi, India Ajit Varma
June 2004
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What Are Soils?

Francois Buscot!

1
Introduction

Soil is often defined as the earth surface layer exploited by roots. This
kind of definition is not the most appropriate to introduce a volume on soil
microorganisms as these are also found in soil compartments not colonized
by roots. Making this point, Paul and Clark (1996) gave the examples of
microbial denitrification, observed much below the rooting depth, and of
the numerous bacteria and fungi that colonize small pores and micro-
aggregates not accessible to roots or even root hairs.

Another definition (see, for example, Wild 1993) refers to soil genesis by
mentioning the intervening factors, i. e., the parent material, the relief, the
climate, the organisms involved and time. This approach is more appropri-
ate as it emphasizes that soil edification is a biologically driven process. It
also inherently points out the complexity and especially the heterogeneity
of the resulting medium. In order to mark the diversity that results from
combining the interaction of very diverse and complex organism com-
munities on different types of rock material under variable climatic and
topographic conditions and over a time scale (the unit of which may vary
from decades to thousands or even millions of years), many soil scientists
avoid using the term “soil”, but prefer to speak of “soils”.

The line that results from genesis-based definitions of soils and from the
complex and heterogeneous soil functions that such definitions underline
has deeply inspired the structure of this volume. If we follow this line, we
have to consider at least five questions when addressing the fate of soil
microorganisms:

- What are the functions of microorganisms in soil genesis?

- What are the roles played by microorganisms in the energy and matter
fluxes and in their transformation within functioning soils?

University of Leipzig, Institute of Botany, Department of Terrestrial Ecology, Johannisallee
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- As the soil genesis and functioning involve complex and tightly in-
tegrated bioceonoses, in which kind of biotic interactions do the soil
microorganisms participate?

- What is the function of microorganisms in specific domains of soils that
are highly influenced by biotic or abiotic factors?

- Finally, considering that soils are difficult media to work on, especially for
microbiologists, which approaches can be used by soil microbiologists,
taking the wide structural and functional diversity of soil microbes into
account, but avoiding going too far into details that do not provide
explanations for emergent properties and processes characteristic of
soils?

In the introductory chapter, we will summarize some basic traits of soil
genesis and functioning and try to indicate at which stages the processes
that are detailed in the different parts and chapters of the book are involved.
This first chapter will not replace general soil science books (see, for exam-
ple, Brady 1990), but aims to be a guideline providing an integration of the
matter detailed in the book and pay the correct tribute to the role played
by microorganisms for soil genesis and functions.

2
Soil Genesis

2.1
Rock Weathering or Decay

At the beginning of each soil formation, for example, after a volcanic erup-
tion or a glacier or water retreat, the initial mother substrate, in general,
displays a reduced capacity to immediately carry an abundant plant and
animal biocoenosis. Up to this stage, however, microorganisms such as
bacteria, algae and their associations with fungi in biofilms of lichens be-
long to the early colonizers (see Chap. 2). If the basic substrate is loose,
the microbial community, constituting biological crusts, will provide sta-
bilization and avoid erosion. Such crusts form also at the surface of some
developed soils. They are analyzed in detail in Chap. 15.

Moreover, if the mother substrate consists of a hard rocky material such
as granite or limestone, the initial process of soil formation consists of
weathering. Both basic mechanisms of weathering, i.e., the substrate frac-
tionation and its gradual chemical transformation, are bound together.
Fractionation enhances the contact surface between substrate and envi-
ronment, which, in turn, increases chemical reactivity and transformation
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rate. Each time a monolith is divided into 1000 fractions, the ratio between
its surface and its volume increases by an order of magnitude of at least
10. Such a surface increase factor may appear low. However, one has to
keep in mind that the smallest particles resulting from weathering are clay
minerals that have an equivalent diameter less than 2 pm. At this stage of
fractionation, the contact surface is tremendous. According to the mineral
type, 1 g of clay has a surface varying from 93 to 800 m* (Gisi et al. 1997). As
clay particles are negatively loaded, they display a considerable potential
for binding and exchanging cations that may be crucial nutrients, but also
toxic substances such as heavy metals (see Chap. 16).

In Chap. 3, Gorbushina and Krumbein point out two important traits
of weathering and its consequences. The first trait is that even if the basic
mechanisms of weathering are of a physical and chemical nature, they are
largely biologically driven, with a predominant role of the microorgan-
isms, especially at the initial stage. To take this biological component into
account, the authors propose that “wear down” might be a more appro-
priate term than weathering. This view is in agreement with van Breemen
et al. (2000), who has recently used the term “rock eating fungi”. The
second trait concerns the exchange surface that results from substrate frac-
tionation. The idea here is that not the classical surface of the terrestrial
ecosystem, but its fractal surface, i. e., the real contact interface of soils with
water and air, should be considered. This radically inverts our current view
that the exchange surface between the atmosphere and oceans is higher
than the one with the terrestrial component. As microorganisms represent
the widest biota fraction in soils, both in terms of biomass and number of
organisms, and as they are tightly associated with this tremendous fractal
surface, they play a key role in biogeochemical cycles including those of
climate-relevant gases. The importance of this role is even reinforced when
considering the carbon flux driven by so called chemolithotroph bacteria
that mobilize important quantities of CO, from the atmosphere during
their attack on rocks. As the time scale at which such processes operate is
very high, they are to be considered as a driving force of geomorphological
processes. The consequences of wear down are therefore much broader
than the sole contribution to soil edification. It influences the geology and
the climate (see Chap. 3).

2.2
Importance of Soil Texture

In the soil matrix, the solid phase of soils, the skeleton and the fine earth
correspond to particle fractions with an equivalent diameter higher and
lower than 2 mm, respectively. The fine earth is split into three particle
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size fractions, the sand fraction with an equivalent diameter of 50 or 63-
2000 pm, the silt fraction (2-50 or 63 pm) and the already mentioned clay
fraction (< 2 pm). The proportion of each fraction of the fine earth defines
the soil texture which is a crucial property as it determines at two levels
the volume available for the two other soil phases, the gaseous (soil-air)
and the aqueous ones (soil-water or soil solution). Sandy soils not only
have a higher total available volume for water and air, they warrant a better
water percolation and evaporation, resulting in rapid shifts of soil moisture
versus soil aeration. In contrast, clay soils have numerous capillary pores
that retain water and lower aeration and water circulation. These proper-
ties are determinant for microorganisms themselves, as they influence the
balance between oxidative and reductive biological processes which drive
biogeochemical cycles in soils (see Chaps. 7-9). Soil texture and soil pore
size are also important as they rule the distribution of soil organisms. The
classification of organisms used by soil biologists refers to the dimension
of soil particles and soil pores (Fig. 1).
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23
Input of Organic Matter into Soils and Aggregation

After the wear down or weathering of the initial substrate that results in
producing a matrix with a huge reactive surface and determines complex
niches for the soil organisms, the second important event in soil genesis is
the input and transformation of organic matter. This organic matter orig-
inates from the organisms that establish themselves on and within soils.
Here, two mechanisms are balanced that are detailed in Chap. 4. On the
one hand, organic matter may be mineralized, resulting in production of
CO,, phosphate, sulfate, nitrate, etc. that may be remobilized by the soil
biota, undergo further microbial transformation through oxidation or re-
duction, or eventually leave soils as gas or by transfer into the groundwater
(for details, see Chaps. 6-9). On the other hand, it may only be partially
decomposed into more or less complex organic radicals that polymerize
and form humus, a very stable complex component of soils. Both the min-
eralization and humification processes are driven by soil bacteria and fungi
and involve a broad set of enzymes with either narrow substrate specificity
like cellulases or, on the contrary, the ability to attack a diversity of sub-
strates. This is the case for oxidative exo-enzymes such as laccases (Luis
et al. 2004). Although humus rarely represents more than several percent
of the soil matrix, it confers many properties to soils. Due to its colloidal
structure, it increases the soil water holding capacity and participates in
the formation of aggregates with soil minerals, contributing to building
what is called the soil structure. Like clay, humus particles are loaded neg-
atively and bind and exchange cations. Therefore, this fraction influences
soil fertility, especially in many soils of the tropics, where the clay fraction
is less stable than in temperate region.

In addition to an indirect role in aggregation and soil structure via their
contribution to humification, soil microorganisms also act directly. Bacte-
ria and fungi exude colloidal polysaccharides that can glue soil particles.
Soil fungi, for example, produce glomalin, which has been demonstrated
to represent a high proportion of soil organic matter promoting aggregate
formation (Rillig et al. 2002). The mechanical role of microorganisms is
also considerable, given their biomass of 40-200gm™2 and their hyphal
structure (Dighton and Kooistra 1993; Thorn 1997) that contributes to an-
choring soil components to each other. To pay tribute to this phenomenon,
Chap. 5 is devoted to the role of microorganisms in soil aggregation.
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24
Migration Processes

A third basic phenomenon involved in soil formation is the differential
migration of components, which result in forming complex horizons the
chemical composition of which may be very different to both that of min-
erals delivered by the mother rock substrate and the organic components
originating from the biota. Microorganisms are not involved directly in the
migration processes themselves as these result from a mass flow of particles
suspended in the soil solution under the driving force of gravitation and
from diffusion of ions along concentration gradients. However, microbes
play a role in the decay and solubilization processes delivering the fine
particles or ions that migrate. By synthesizing enzymes and organic acids,
they also directly influence the oxidation level and the solubility of com-
ponents that determine their mobility across or their precipitation within
soil horizons. Another indirect role of microorganisms is their association
to soil animals often called the “soil engineers” that are actively involved
in bioturbation. This aspect is treated in Chap. 12.

3
Biogeochemical Processes in Soils

As soils are one of the three environmental media besides air and water, they
are involved in biogeochemical processes not only during their genesis, but
also once they are formed. At the genesis stage, the input of carbon and
energy and the bioavailable forms of nitrogen and phosphorus is crucial.

3.1
Energy and Carbon

As for all ecological niches, soils need energy for their biota. Most of this
energy comes indirectly from the sun via the primary producers. These
deliver energy-rich organic compounds into soils either in the form of lit-
ter or by direct exudation through the roots. As enlightened in Chaps. 6
and 7, microbes are highly involved in energy and carbon cycling in soils.
According to Smith and Read (1987), soil fungi forming mycorrhizal sym-
bioses with plant roots actively contribute to directly derive 10-20% of the
photoassimilation by plants into soils (see also Chaps. 11 and 14).

The fate of microbial energy in soils is especially complex and integrated.
Soils are characterized by a high variety of energy-carrying substrates and
of redox and pH conditions. Consequently, a diversity of energy-related
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metabolic processes in which more or less specialized microorganism
groups are involved coexist in each soil, where they are heterogeneously
distributed in space and undergo succession in time. Finally, various com-
pounds with biogeochemical and climatic relevance are released from soils
into the atmosphere. The most important are carbon dioxide, methane, di-
verse nitrous oxides such as N,O, NO and NO,, often cited under the term
NO,. Information on the involved microorganisms and their functions is
given in Chaps. 6-8.

In Chap. 6 we learn that, globally considered, life in soils is very energy
limited. Mean rates of two to four divisions per year for bacteria reflect that
energy economy of soil microorganisms differs highly from that known
from classical microbiology acting in a Petri dish or bioreactors. In this
context, two points should be considered. First, the biotic interactions dis-
cussed in Part D are often found in soil compartments with particular
energetic contexts. This is the case for the microorganisms associated with
the rhizosphere (Chaps. 11 and 14) or with members of the micro- and
mesofauna, but also for specific groups such as chemolithotrophic bacteria
that gain their energy autotrophically from mineral substrates without pho-
tosynthesis (Bartosch et al. 2002). Second, there are methodological con-
sequences, as studying the functions of soil microorganisms in vitro may
lead to misinterpretations. Development of in situ investigation methods
such as the molecular approaches reported in Chap. 17 is, therefore, of spe-
cial importance. These methods are extremely sensible and precise, but the
disadvantage of the scale at which they operate is that their results are diffi-
cult to integrate in up-scaling procedures. Therefore, analytical techniques
that allow the measurement of microbially driven integrated functions, in
addition to detailed molecular analyses, are of special importance. Besides
classical soil biological methods to measure sum parameters (see, for ex-
ample, Ritz et al. 1994 or Shinner and Sonnleitner 1996), techniques based
on specific fractionating of natural isotopes have recently appeared to be an
important tool for elucidating functions of soil microorganisms in biogeo-
chemical cycles and integrating them at higher scales. These techniques are
also important to detect through which microbial pathways elements are
transformed in soils. Hobbie et al. (2001), for example, showed that using
specific fractionation rates of natural N isotopes allows us to determine
whether nitrogen is mobilized by plants via mycorrhizal fungi or directly
from the soil. In fungi, analyses of C isotope fractionation allow us to de-
termine whether they gain their carbon as saprophytes or as symbionts.
Chapter 18 (Part VI) is devoted to soil ecological investigations using the
isotope fractionation technique.



10 E Buscot

3.2
Nitrogen and Phosphorus

Nitrogen and phosphorus, two essential biological elements, are good ex-
amples to illustrate how diverse and specific the entering and cycling of
nutrients during formation and function of soils may be.

Molecular nitrogen (N,) constitutes about 79% of the atmosphere. As
geological substrates are poor in nitrogen, they cannot deliver sufficient
amounts of this key element to meet the biological demand in soils. In
fact, almost the total soil nitrogen pool originates from the atmosphere
and has been originally fixed by soil bacteria alone or in symbiosis with
plant roots or fungi. Biological nitrogen fixation consists in a reduction of
N, to NH,; (ammonium). This biological reduction is impressive in that
to create an identical reaction chemically, the industrial process developed
by Haber-Bosch in the nineteenth century requires temperatures of 500 °C
and a pressure of about 200 bars, which represents a tremendous amount
of energy. The biological N, fixation is also highly energy consuming as
it requires 28 ATP or 675kJ to produce two NHj. To fix 1 g N, nodulating
plants have to provide 12 g glucose to their symbiotic bacterial partners.

Once nitrogen has entered the food chain, it is transformed into organic
compounds such as amino acids, nucleotides or adenosine and also struc-
tures molecules like chitin and lignin which are difficult to break down.
When they return to soils as litter, such organic nitrogen forms are partly
recycled by soil microorganisms in the course of the ammonification and
nitrification processes detailed in Chap. 8. The rest is more or less durably
immobilized in soil humus. A fraction of the recycled nitrogen can leave
soils as nitrates due to out-washing into the ground water or as gaseous
NOx after denitrification by soil bacteria operating in reductive soil com-
partments. A part of these nitrogen losses is balanced by de novo fixation
of nitrogen from the atmosphere and, in the mean time, by fertilization.
Soils are especially sensible to nitrate outwashing, because this anion is
very mobile and its negative charge does not allow its adsorption onto the
negatively loaded clay or humus particles. Apart from nitrate outwashing,
all steps of the global nitrogen cycling are driven by microorganisms, most
of which live in soils. This complex cycle is detailed in Chap. 8.

In soils, the primary phosphorus sources are the orthophosphates re-
leased by weathering of mother rock compounds like apatite. After its
release, phosphate can be absorbed by organisms and included in organic
compounds, bound on oxide-hydroxides surfaces or precipitated as salts.
Without input through fertilization, the P concentration in the soil solution
is in the order of 107 moll™! which is much too low to meet the biological
demand of plants and soil microorganisms for this essential element. In
addition, phosphorus has a low mobility, so that depletion zones occur
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around absorbing biological structures such as roots (see Chap. 11). Soil
microorganisms are involved at all levels of the management with this basic
P limitation in soils. According to the classical scheme proposed by Stewart
and Sharpley (1987), four pools contribute to compensate the phosphorus
uptake from the soil solution: the stable and labile organic soil-P and the
stable and labile mineral soil-P. Directly or indirectly, microorganisms are
involved in the fluxes between these P pools. They are directly involved
in the mineralization of organic compounds, and at least indirectly in the
mobilization from both mineral pools. This complex cycle is presented in
detail in Chap. 9. The general phosphorus limitation also has consequences
for biotic interactions in soils. With few exceptions, plants alone are not
able to gain enough P from soils, but do this in association with mycorrhizal
tungi (Read and Perez-Moreno 2003). Traits of this symbiosis, which was
probably essential for plants to colonize terrestrial habitats (Redecker et al.
2000), are explained further in Chap. 11. Of special importance is that the
different biological pathways in the N and P cycles are not independent. As
elucidated in Chap. 10, there are numerous reciprocal facilitative interac-
tions between bacteria-fixing N, and mycorrhizal fungi involved in the P
mobilization from the soils.

4
Biotic Interactions Involving Soil Microorganisms

4.1
Competition Versus Facilitation

Biotic interactions involving soil microorganisms are discussed in Part IV
as well as in Part II with regard to soil genesis and in Part III with regard
to biogeochemical processes. Here, some additional aspects should, how-
ever, be underlined. Within classical ecological concepts that were largely
inspired from observations or experimentation on plants and animals,
competition processes play an essential role (see, for example, Begon et
al. 1996). Mutualistic to neutral symbioses in the initial sense of de Bary
were, for a long time, difficult concepts to handle for ecologists (see, for
example, Boucher 1985). On the one hand, numerous pathogenic microbes
inhabit soils (e.g., Renker et al. 2003), and there is great competition be-
tween soil microorganisms for the sparse nutrient and energy resources.
On the other hand, soil microorganisms are also involved in diverse bi-
otic interaction processes, some of which modify emergent soil properties.
The facts presented in Chaps. 10-12 (Part IV) and Chaps. 13-16 (Part V)
demonstrate how important such interactions are for the key processes of
soil formation and function, and for the adaptation of higher organisms to
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life in the soil, which constitutes the sum of heterogeneous and complex
microcompartments.

4.2
The Example of Mycorrhizas

According to Douglas (1994), an important trait of symbioses taken in
a broad sense is that they may provide metabolic capabilities that the
partners do not possess intrinsically. This consideration applies especially
within the soil compartment. A good illustration is given by Read (1993)
in his hypothetical interpretation of how different types of mycorrhiza
mediate the adaptation of more or less diverse plant biomes to the lim-
iting resources in their respective soil contexts. In forest soils of boreal
and temperate regions, nitrogen is not only limiting, but also distributed
heterogeneously and under a wide range of forms. In this context, the oc-
currence of a relatively species-poor tree vegetation can only be explained
by the fact that a diversity of ectomycorrhizal fungi, i.e., several thou-
sands of species of the asco- and basidiomycetes can mobilize the variable
forms of nitrogen, before homogenizing, centralizing and finally distribut-
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plant species diversity

?

high plant species diversity

f

>6000 species of EM fungi
mobilize diverse Nmin& N org forms

centralize and distribute the N

200 species of AM fungi
mobilize Py, and distribute it
without plant specifity
lower concurrence between plants

?

?

N resources are limiting, divers
and heterogeneously distributed

P resources are limiting but
homogeneously distributed

?

f

In soils of boreal to tropical
regions with accumulation of
organic matter (Moder-Mull)

In soils of temperate to tropical
regions with high mineralization
rates

Fig.2. Method by which ecto- (EM) and arbuscular mycorrhizas (AM) provide a link al-
lowing adaptation of different types of plant biomes to their respective soil context and
influence the diversity of their constituting plant species. (After Read 1993)
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ing it to the trees via a network of mycelium and rhizomorphs. Without
this network mediating adaptation to the heterogeneous medium, such
soils would be colonized by a diversity of small plants specialized for each
micro-niche, but not as it is the case by trees sometimes building almost
mono-specific forests over thousands of square kilometers. For species-
rich plant communities such as grasslands or the tropical forests that grow
on well-mineralized soils, the limiting factor is phosphorus. Here, a few
hundred species of arbuscular mycorrhizal fungi (AMF), compatible with
a broad spectrum of plant partners, mediate the mobilization and equal
distribution of this element, lowering the competition between plants and
thus promoting high plant diversity. Without this mediating agent, vegeta-
tion with few species highly competitive for the P mobilization under the
respective climatic and geologic conditions would normally be expected to
establish (Fig. 2). Most recent works have questioned the species concept
(Clapp et al. 2001) and the lack of host plant specificity (van der Heijden
et al. 1998; Vandenkoornhuyse et al. 2002, 2003) of arbuscular mycorrhizal
fungi. Ongoing investigations in the tropics also describe abundant pres-
ence of AMF in organic forest soils (Kottke et al. 2004), so that the scheme
proposed by Read might have to be nuanced (i.e., that EM come rather in
organic and AM rather than in mineral soils or horizons), but there is no
doubt that mycorrhizas mediate adaptation of the plant community to the
different soil contexts.

5
Integrative Considerations on Functions of Microorganisms
in Specific Soil Compartments

The importance of biotic interactions in soils and the high involvement
of microorganisms both justify the interest in analyzing the behavior of
integrated soil microbial communities as a whole. This can be approached
by investigating the influence of man-made or natural disruptions in such
communities, or by trying to integrate single facts in comprehensive mod-
els. Both approaches are addressed in Part V.

5.1
Release of Transgenic Organisms as a Tool to Trace Effects
of Ecological Disruptions on Soil Microorganisms

The release of transgenic plants or microorganisms into soils questions
both their ability to establish themselves permanently and to interact with
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the indigenous soil biota. Apart from problems related to the biologi-
cal hazard, such a release constitutes an experimental system of choice for
investigating the ecological disruption that the import of allochthonous or-
ganisms into soils represents and for elucidating some mechanisms ruling
the function of microorganisms in soil compartments. In the first release
experiment of transgenic forest trees in Europe, the analysis of mycorrhizal
patterns in trees was part of the accompanying biological monitoring pro-
gram. Although the transformation modified the plant hormonal balance,
a factor known to have influence on mycorrhizal associations (Herrmann
et al. 2004), it had no direct impact on the mycorrhizal pattern in the
field, at least at the initial stage (Kaldorf et al. 2002). However, the analysis
revealed a clone-specific, reduced compatibility for one particular myc-
orrhizal fungal partner in one of the transgenic tree lines and, moreover,
allowed characterizing patterns of site colonization by mycorrhizal fungiin
young tree plantations (Kaldorf et al. 2003). Chapter 13 reviews this aspect
in more depth by investigating the impact that released transgenic bacteria
may have on rhizospheric fungi.

5.2
Soil Pollution by Heavy Metals as a More Complex Disruption

Heavy metal pollution in soils constitutes a disruption of ecological equilib-
rium with ahigherlevel of complexity, and itis therefore worth investigating
how soil microorganisms deal with this kind of pollution. Soils naturally
contain not only a broad diversity of metallic elements; in addition, each
metal may be present at variable concentrations and under different chem-
ical species. While some metals have no biological relevance, others belong
to essential trace elements that, however, become toxic over a certain con-
centration level. As soil metals are often in an ionized form, they react
with the negatively loaded soil particles so that not only their concentra-
tion, but also their bioavailability is relevant. The resulting situation is that
soil biota must permanently regulate activities not only to make available
and take up the necessary concentration of essential metals, but also to
exclude or detoxify detrimental forms or concentrations. In particular, the
soil microorganisms must display great physiological adaptation. Taking
the space and time variability of soils into account, the selection pressure
resulting from the metal status in soils probably constituted a motor for
the adaptation of physiological pathways in soil microorganisms and for
their evolution. This is one example of the soil medium complexity that
may explain why the biodiversity of soil microorganisms is so high. The
fate of adaptation of soil microorganisms in heavy metal-polluted soils is
discussed in more depth in Chap. 16.
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5.3
Understanding Complex Functional Domains in Soil Habitats

As shown by Bonkowski et al. (2000), the rhizosphere and invertebrates
constitute functional domains of soils that are inhabited by a diversity of
microorganisms (see also Chap. 12). Biological crusts formed at the in-
terface between soil surface and atmosphere offer a further example of
a functional domain with complex and integrated microbial communities
(see here Chap. 15). Such domains are characterized by multilevel inter-
actions that cannot be explained by reductionist approaches. Chapter 14
proposes a conceptional model to understand the biological functions in
one of such domains. According to this model, a hierarchy of factors at dif-
ferent space and time scales rules the general microbial activities in soils.
The microbial soil community constitutes a dormant metabolic potential
that needs input of energy and substrate sources to be activated. Bacteria in
particular cannot move toward such sources, therefore, the focus of their
activities is limited to energy- and nutrient-rich functional domains such
as the rhizosphere or the domains provided by animals of the meso- and
macrofauna acting as soil engineers. Plant roots and soil animals in turn
have developed several strategies such as predation or mutualism to adapt
to this microflora.

The elucidation of the role of specific microorganism groups in soil
functional domains is not only important to understand basic traits of soil
functions. The resulting knowledge can be used for practical issues. For
example, efforts to restore man-disturbed ecosystems increasingly consider
the importance of target groups of the soil microflora acting in functional
domains such as mycorrhizas and the possibility of manipulating their
species composition to influence the reestablishment of a sustainable plant
cover (Renker et al. 2004).

6
Conclusion or Back to Biodiversity of Soil Microbes

The goal of this first introductory chapter was to present a general view of
what soils are, i.e., a complexity of media that form slowly from mineral
substrates under the involvement of organisms and the influence of climate.
With respect to their participation in the soil biomass, microorganisms
play a crucial role, e. g., at the microscopic level of soil micro-aggregates to
global cycling of elements such as C and N. This role involves a complex
network of biotic interactions between the microorganisms themselves
and the other members of the edaphon (plants and animals). Functional
groups and soil functional domains have to be considered in studies aiming
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to understand the complex ecological role of microbes in the edification
and function of soils and have historically influenced the specific approach
of soil microbiology as a scientific discipline. The second chapter of this
introductory section reviews the diversity of soil microorganisms with
regard to classical systematics and the differentiation into functional groups
or inhabitants of functional domains in soils.
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1
Introduction

Soil microbiology emerged as a distinct branch of soil science in 1838 after
the French agricultural chemist and farmer, Boussingault, showed that
legumes could obtain nitrogen from air when grown in soil which was
not heated. Fifty years later, a Dutch scientist, Beijerinck, isolated bacteria
from nodules of legume roots. Since then, a number of investigations have
been conducted in the area of soil microbiology. However, scientists are
still investigating soil microbial diversity.

Soil is the outer covering of the earth, which consists of loosely arranged
layers of materials composed of inorganic and organic compounds in dif-
ferent stages of organization (Tate 1995; Kapoor et al. 2002). It is a natural
medium in which microbes live, multiply and die. Mic