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Preface to the First Edition
The research on plant – soil interaction is focused on the processes that take place in the rhizosphere,
the soil environment surrounding the root. Many of these processes can control plant growth,
microbial infections, and nutrient uptake.
The rhizosphere is dominated by organic compounds released by plant roots and microorganisms. Furthermore, stable components of soil organic matter, namely, humic and fulvic substances,
can influence both plant and microorganism. A variety of compounds are present in the rhizosphere,
and they range from low-molecular-weight root exudates to high-molecular-weight humic substances. The chemistry and biochemistry of these substances is becoming increasingly clear, and
their study promises to shed light on the complex interactions between plant and soil microflora.
The aim of the book is to provide a comprehensive and updated overview of the most recent
advances in this field and suggest further lines of investigation. As an interdisciplinary approach
is necessary to study such a complex subject, the book provides a good opportunity to summarize
information concerning agronomy, soil science, plant nutrition, plant physiology, microbiology,
and biochemistry. The book is therefore intended for advanced students, and researchers in agricultural, biological, and environmental sciences interested in deepening their knowledge of the
subject and developing new experimental approaches in their specific field of interest.
The first chapter defines the spatial and functional features of the rhizosphere that make this
environment the primary site of interaction between soil, plant, and microorganisms. Among the
multitude of organic compounds present in the rhizosphere, those released by plant roots are the
most important from a qualitative and quantitative point of view; furthermore, the relationships
with soil components of any released compound need to be considered (Chapter 2). The release of
these compounds strongly depends on the physiological status of the plants and is related to the
ability of plant roots to modify the rhizosphere in order to cope with unfavorable stress-inducing
conditions. These aspects are discussed in Chapter 3, with particular emphasis on water and
physical, and nutritional stresses. A thorough analysis of how root exudates may influence the
dynamics of microbial populations at the rhizosphere will be provided in Chapter 4. However, the
importance of the role played by biologically active substances produced by microbial populations
cannot be underrated, and the organic compounds acting as signals between plants and microorganisms must be identified and characterized (Chapter 7). In this context the biochemistry of the
associations between mycorrhizae and plants (Chapter 9) and the interaction between rhizobia and
the host plant (Chapter 10) is also considered.
It has been long recognized that both roots and microorganisms compete for iron at the
rhizosphere; a wealth of literature is already available on this subject, and many studies on the
production of siderophores by microbes are being carried out. Their potential use by plants and
the relationship with other plant-borne iron chelating substances is still a matter of debate (Chapter 8).
The fulfillment of the nutritional requirement of plants and microorganisms also depends on the
processes leading to mineralization and humification of organic residues (Chapter 6). The presence
of humic and fulvic substances can have a considerable effect on root habitability, plant growth,
and mineral nutrition (Chapter 5). Knowledge of these aspects needs to be reconsidered at the
rhizosphere (Chapter 5 and Chapter 6). The development of specific models can shed light on the
events taking place at the rhizosphere (Chapter 11). Validation of the models and a better understanding of these phenomena may come from the correct use and development of new experimental
approaches (Chapter 12).
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We realize that the information in the book is still largely descriptive and that the interdisciplinary view of the causal relationships in the rhizosphere is still in its infancy. Nevertheless, we
do hope that our efforts and these high-quality scientific contributions will stimulate further interest
in and work on this fascinating topic.
Roberto Pinton
Zeno Varanini
Paolo Nannipieri
Udine, Florence
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Preface to the Second Edition
After the first edition of this book published in 2001, interest in rhizosphere research very much
increased, becoming a major area of scientific research, and some important steps ahead have been
taken in the area covered by the book. This is testimonied by the vast array of publications and
the number of meetings focusing on this subject. On this basis we developed the idea to edit a
second edition of the book. The book structure remained essentially the same, reflecting the
multidisciplinary approach of the first edition. Most of the original chapters were maintained,
expanded, and updated. The second edition contains new information obtained since the first edition
was published, which integrates material coming from the first edition that still remains valid.
Furthermore, some new chapters have been included that deal with areas gaining increasing
importance for understanding the complex biochemistry of soil–microbe–plant interactions. Subjects have been added that describe the role of nutrient availability in regulating root morphology
and architecture (Chapter 5), and the involvement of root membrane activities, besides the wellknown release of exudates, in determining (and responding to) the nutritional conditions at the
rhizosphere (Chapter 6). Molecular signals between root–root (including allelopathy) and
root–microbe, excluding those involving rhizobia and mychorriza, have been discussed (Chapter 10).
Manipulation of microbial population for biocontrol and rhizosphere management has been also
considered (Chapter 11). Gene flow in the rhizosphere has been discussed for its important role
in the evolution of rhizosphere microorganisms and their coevolution with plants (Chapter 14), and
in relation to the fate of genetically modified organisms added to the soil–plant system.
All the chapters contain new information deriving from a molecular approach, which contribute
to a better understanding of the biochemical processes occurring in the rhizosphere.
We do hope that the efforts made by the editors and by the different contributors can help to
make more vigorous the interconnection among scientists interested in rhizosphere biochemistry
and molecular biology.
Roberto Pinton
Zeno Varanini
Paolo Nannipieri
Udine, Florence
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I. INTRODUCTION
The rhizosphere is defined here as that volume of soil affected by the presence of the roots of
growing plants. The overall change may be deemed biological, but chemical, biological, and
physical properties of the soil in turn are affected to varying degrees. A multitude of compounds
are released into the rhizosphere of soil-grown plants, most of which are organic compounds and
are normal plant constituents derived from photosynthesis and other plant processes (Table 1.1).
The relative and absolute amounts of these compounds produced by plant roots vary with the plant
species, cultivars, plant’s age, and environmental conditions including soil properties, particularly,
the level of physical, chemical, and biological stress and so on [1,2,15–18].
An impression one gets from the voluminous literature on the rhizosphere and related topics
is that the rhizosphere is deemed by many as a feature of not only soil-grown plants but also of
those plants grown in vitro in any sort of medium. If that is the case, then a new name other than
rhizosphere is required for those media other than soil. Similarly, one gets the impression that each
and every compound released has a specific role or function, but the reality is that very few proposed
effects are established; some are feasible, and some, probably the majority, must remain speculative
and unproven. From the time this chapter was first completed in 1999 [19], nothing seems to have
changed in the sense that there is no shortage of enthusiastic speculative reviews or of fanciful
titles (for example, see Reference 20 and Reference 21).
It is salutary to read the review of Rovira [22], a renowned rhizosphere researcher, where he
records significant progress in the understanding of the rhizosphere and how his optimism, born
in the 1960s, has transformed into frustration in the 1990s. Admittedly, the complexity of the system
1
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The Rhizosphere: Biochemistry and Organic Substances at the Soil–Plant Interface

TABLE 1.1
Organic Compounds Released by Plant Roots
Sugars and Polysaccharides
Arabinose, desoxyribose, fructose, galactose, glucose, maltose, mannose, mucilages of various compositions,
oligosaccharides, raffinose, rhamnose, ribose, sucrose, xylose
Amino Acidsa
α-alanine, β-alanine, α−amino adipic, γ-amino butyric, arginine, asparagine, aspartic, citrulline,
cystathionine, cysteine, cystine, deoxymugineic, 3-epihydroxymugineic, glutamine, glutamic, glycine,
homoserine, histidine, isoleucine, leucine, lysine, methionine, mugineic, ornithine, phenylalanine, proline,
serine, threonine, tryptophan, tyrosine, valine
Organic Acidsa
Acetic, aconitic, aldonic, ascorbic, benzoic, butyric, caffeic, citric, p-coumaric, erythonic, ferulic, formic,
fumaric, glutaric, glycolic, glyoxilic, lactic, malic, malonic, oxalacetic, oxalic, p-hydroxy benzoic, piscidic,
propionic, pyruvic, succinic, syringic, tartaric, tetronic, valeric, vanillic
Fatty Acidsa
Linoleic, linolenic, oleic, palmitic, stearic
Sterols
Campesterol, cholesterol, sitosterol, stigmasterol
Growth Factors
p-amino benzoic acid, biotin, choline, n-methyl nicotinic acid, niacin, pantothenic, vitamins B1 (thiamine),
B2 (riboflavin), and B6 (pyridoxine)
Enzymes
Amylase, invertase, peroxidase, phenolase, phosphatases, polygalacturonase, protease
Flavonones and Nucleotides
Adenine, flavonone, guanine, uridine or cytidine
Miscellaneous
Auxins, p-benzoquinone, scopoletin, hydrocyanic acid, 8-hydroxyquinoline, glucosides, hydroxamic acids,
luteolin, unidentified ninhydrin-positive compounds, unidentified soluble proteins, reducing compounds,
ethanol, glycinebetaine, inositol and myo-inositol-like compounds, Al-induced polypeptides,
dihydroquinone, quercetin, quercitrin, sorgoleone
a

The pKa’s of these acids and the pH of the solution will determine the form that these acids adopt.

Source: From Rovira, A.D., Bot. Rev., 35, 35, 1969; Hale, M.G. et al., Interactions between Non-Pathogenic
Soil Micro-Organisms and Plants, Dommergues, V.R. and Krupa, S.V., Eds., Elsevier, Amsterdam, 1978,
p. 163; Kraffczyk, I. et al., Soil Biol. Biochem., 16, 315, 1984; Curl, E.A. and Truelove, B., The Rhizosphere,
Springer-Verlag, New York, 1986; Schönwitz, R. and Ziegler, H., Z. Pflanzenernähr. Bodenk., 152, 217,
1989; Einhellig, F.A. and Souza, I.F., J. Chem. Ecol., 18, 1, 1992; Basu, U. et al., Plant Physiol., 106, 151,
1994; Fan, T.W.M. et al., Anal. Biochem., 251, 57, 1997; Shinmachi, F., Plant Nutrition for Sustainable Food
Production and Environment, Ando, T., Fujita, K., Mae, T., Matsumoto, H., Mori, S., and Sekiya, J., Eds.,
Kluwer Academic Publishers, Dordrecht, 1997, p. 277; Bais, H.P. et al., Plant Physiol., 128, 1173, 2002;
Dakora, F.D. and Phillips, D.A., Plant Soil, 245, 35, 2002; Inderjit, S. and Weston, L.A., in Root Ecology,
de Kroon, H. and Visser, E.J.W., Eds., Springer-Verlag, Berlin, 2003, chap. 10; Rumberger, A. and Marshner,
P., Soil Biol. Biochem., 35, 445, 2003; Vivanco, J.M. et al., Ecol. Lett., 7, 285, 2004. With permission.
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is great, daunting at times, and a source of some frustration. But another source of frustration has
been born out of unfulfilled expectations — expectations that were, as it turned out, unrealistically
high. A period of rationalization may be arising as, for example, Vaughan and Ord [23] prefer to
refer to phenolic acids as phytotoxins rather than allelochemicals because the proof of allelopathy
is difficult to establish; other authors may not be quite so circumspect. Similarly, Jones et al. [24]
state: “Root exudates released into the soil surrounding the root have been implicated in many
mechanisms for altering the level of soluble ions and molecules within the rhizosphere, however,
very few have been critically evaluated.” Further similar cautionary statements have been made
[25–29] and none more apt than the following by Farrar and Jones [30]:
Root exudation cannot be simply explained by a single mechanism but is moreover a combination of
complex multidirectional fluxes operating simultaneously. While we currently possess a basic understanding of root exudation, its overall importance in plant nutrition, pathogen responses, etc., still
remains largely unknown. Future research should therefore be directed at quantifying the significance
of root exudates in realistic plant–soil systems.

Many of the problems arise out of the extrapolation of what happens in solution cultures to
soils. Although solution cultures have served, and continue to serve, very useful functions in basic
research of plant science, they differ from soils in several important ways: (1) the surface area
available in soils for processes such as sorption is much greater than in solution cultures, (2) solution
cultures are mixed continuously, (3) the microbial ecology differs greatly between the two media,
and (4) the status of water and O2 in the two systems is usually quite different. It is not difficult
to find quotes from eminent plant scientists that indicate their support for this general view. For
example, “Laboratory studies blind us to the complexity found by careful study of roots in soil”
[31] and “The idea, however, that the laboratory control is the norm is false and can lead to
misunderstanding and poor predictions of behavior” [32].
In this chapter I have continued to take a skeptical view, as I did previously [19], of the rosy pictures
so commonly painted in the current literature. The role of the devil’s advocate has been adopted to
raise issues that are too readily disregarded or assumed glibly to be true. Although some attention will
be given to the quantitative aspects of the release of root products, the main purpose is to classify types
of root products on the basis of their known properties and perceived roles in the rhizosphere.
Because most phytoactive compounds released by plants do not persist in soil in a free and
active form for very long, it appears implausible that they should be implicated in a process of
infection or nutrient acquisition, for example. However, circumstances in the rhizosphere or at the
root–soil interface may arise, through normal root growth through soil that preserve the compound
and its activity, and thus facilitate the process. Because the theory of Mn uptake in soils of neutral
and alkaline pH failed to adequately explain the observed facts, the “right set of circumstances”
was invoked by Uren and Reisenauer [25] to explain how labile reducing agents secreted by roots
may be protected physically from O2 and microbial degradation, and thus be preserved to react
with insoluble oxides of Mn at the root–soil interface. Provided that the right set of circumstances
occurs sufficiently and frequently, then the Mn needs of the plant will be met, but if not, then
deficiency prevails. The right set of circumstances may have relevance in other situations where
other types of root exudates remain phytoactive, in what appears to be a hostile environment. Such
possibilities are discussed later in this chapter.
This chapter considers the various types of root products with a potential functional role in the
usually tough environment of soil. Only direct effects of immediate benefit to plant growth, e.g.,
an increase in nutrient solubility, will be considered here. Although root products of a plant species
may have a direct effect on important groups of soil organisms such as rhizobia and mycorrhizae,
their effect on the plant is not immediate; these and other aspects related to microbial activity in
the rhizosphere will not be considered here (see Chapter 3, Chapter 9, and Chapter 11). For some
reviews of the microorganisms in the rhizosphere, the reader is referred to Bowen and Rovira [33]
and to more recent works [34–38].
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II. ROOT GROWTH, THE RHIZOSPHERE, AND ROOT PRODUCTS
Roots are linear underground organs of plants that grow through soil with a complex architecture,
a three-dimensional configuration, which in turn secures the plant and facilitates the exploitation
of soil for nutrients and water [39,40]. The complexity of root growth and the architecture of root
systems are illustrated in several reviews [41–43] (see also Chapter 5), whereas more recent
emphasis has been on the influence of nutrients on root morphology and architecture [44–46]. The
pattern of root growth, given adequate supplies of nutrients, is determined largely by the type of
plant, the soil water potential, and its interaction with soil structure. The growth of roots is such
that in soil under ideal conditions, favoring full exploitation of nutrients and water, roots avoid one
another and rarely do neighboring roots interfere with one another; the heterogeneity of soil structure
tends to separate roots spatially [47]. Under suboptimal soil conditions where yield is decreased,
any configuration of the root system imposed by the conditions cannot make good the deficit.
The successful models of nutrient uptake have included the parameter for root surface area, or
proxies for surface area, such as root length and radius or rate of root growth and radius (see
Chapter 12). The sensitivity analysis carried out by Silberbush and Barber [48] reinforced what
the modelers perceived to be important. Those soil conditions that inhibit root elongation, such as
Al toxicity, high bicarbonate activities, and heavy metal toxicity, restrict the uptake of the least
mobile nutrients and so, for example, iron chlorosis is a common symptom of heavy metal toxicity.
The rhizosphere forms around each root as it grows because each root changes the chemical,
physical, and biological properties of the soil in its immediate vicinity. The rhizosphere along the
axis of each root can be described in terms of the longitudinal and radial gradients that develop as
a result of root growth, nutrient and water uptake, rhizodeposition, and subsequent microbial growth.
In solution cultures most of these gradients tend to be obliterated by the active mixing, such that
a phytoactive compound released at one point on the root axis may have an impact on or at another
more distal (nearer the root apex) point, a situation that may have little or no relevance for soilgrown plants. Further, although reabsorption of sugars and amino acids occurs in solution-based
systems [49], it seems unrealistic that root exudates can play a major role in plant growth, because
they are highly biodegradable and assimilated by microbes in the rhizosphere.
The evaluation of rhizodeposition in soil in terms of not only the quantities of compounds
released by roots and their identification but also the sites of release, their fate, and their impact
remains a major difficulty faced by researchers in this field [50–56], see Chapter 13. When faced
with such an apparently intractable situation, one might ask, “Does it matter?” Maybe for most
root products it does not matter as it is really quite remarkable that, given adequate light and
support, healthy vigorous plants can be grown in sterile nutrient solutions. The point here is that
it is possible, that in most respects plants can manage quite well without the majority of effects
that have been proposed to occur in the rhizosphere.
Rhizodeposits stimulate microbial growth because of their high energy and C content, and thus
they will tend to decrease the availability of nutrients in the region of the rhizosphere where they
are released from the root. Because the apical regions of the root (i.e., from the root hair zone to
the root apex) have extracted most nutrients that are available for uptake before there is extensive
colonization of the rhizosphere by saprophytic microorganisms, there is no impact on plant growth
but microbial growth is likely to be limited. Merckx et al. [57] found that microbial growth in the
rhizosphere of maize was limited by the depletion of mineral nutrients. Similarly, it was found that
microbial respiration was not limited in the rhizosphere of winter wheat by available C [58], which
in turn indicates, as one would expect, that perhaps some other nutrient element is limiting. The
high C-to-N ratio of root products leads to the suggestion that N may be significant [59], and so
it is not a surprise that rhizodeposition by maize plants enhanced microbial denitrification and
immobilization of N in the rhizosphere [60]. Immobilization of other nutrients may occur also, but,
as suggested earlier, it may not be a problem for the plant because root extension and absorption
of nutrients occurs at a more rapid rate than the colonization of the rhizosphere with competing
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microorganisms. Ultimately, nutrients immobilized by microbial assimilation are likely to become
available (recycled) following the death and degradation of microbes and microfauna, but the timing
and location of such events in relation to the nutrient-absorbing regions of the root has not been
pursued, probably because of the difficulties involved. For example, Mary et al. [61] measured the
recycling of C and N during the decomposition of root mucilage, glucose, and roots by simply
mixing the substrates with soil at low rates of addition. Although mixing by soil fauna and cultivation
may occur in some circumstances such as annual plants, is it realistic where, say, perennial plants
are growing?
High root densities may lead to the overlapping of rhizospheres but not in a consistent way,
and extensive overlapping is more likely to be the exception rather than the rule. Some poor soil
structures, e.g., cloddiness, may cause clumping of roots, but such an arrangement would not appear
to be the preferred way, and it is unlikely to confer any benefits upon the plant’s growth. Even if
there are any benefits, they are not sufficient to make good the decrease in plant yield brought
about by poor structure. Although some of the contrived systems of studying plant root exudates
utilize clumping of roots in an attempt to mimic the rhizosphere (see Reference 62), the effects
measured in those systems may reflect what happens when roots are clumped together, nothing
more, and not what happens in more normal and desirable circumstances in soil-grown plants in
the field. In some pot and field experiments, the Fe status of peanuts was increased by close
intercropping with maize [63], and although the cause is no doubt due to an increase in the
availability of Fe in the intermingling rhizospheres, there is no direct evidence to support the
contention that phytosiderophores were responsible [64].
A common situation that requires some consideration is the emergence of lateral roots. The
apices of these roots must grow through the rhizosphere of the superior axis from which they
originate, and thus may experience specific effects related to the type of exudates produced by the
main axis and the microbial population. If the situation in nonsterile solution cultures has relevance
in soil, then the high level of bacterial colonization of the rhizoplane observed near emerging
laterals of maize in solution cultures [65] may be significant. However, any effects on the new
lateral root apex, which may be significant and quite specific, have not been investigated.
Root products are all the substances produced by roots and released into the rhizosphere
(Table 1.2) [25]. Although most root products are C compounds, the term includes ions, sometimes
O2, and even water. Root products may also be classified on the basis of whether they have either
a perceived functional role (excretions and secretions) or a nonfunctional role (diffusates and root
debris). Excretions are deemed to facilitate internal metabolism such as respiration, whereas secretions are deemed to facilitate external processes such as nutrient acquisition [25]. Both excretion
and secretion require energy, and some exudates may act as either. For example, protons derived
from CO2 production during respiration are deemed excretions, whereas those derived from an
organic acid involved in nutrient acquisition are deemed secretions.

TABLE 1.2
Root Products: A Classification
Product
Root exudates
Diffusates
Excretions
Secretions
Border cells
Root debris

Compound

Sugars, organic acids/anions, amino acids, water, inorganic ions, oxygen, riboflavin etc.
Carbon dioxide, bicarbonate ions, protons, electrons, ethylene, etc.
Mucilage, protons, electrons, enzymes, siderophores, allelochemicals, etc.
Root cap cells separated from the root apex
Cell contents, lysates, etc.

Source: From Uren, N.C. and Reisenauer, H.M., Adv. Plant Nutr., 3, 79, 1988. With permission.
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The name root border cells has been adopted for those root cap cells that separate during growth
from the root apex [66]. Most plant species, but not all, appear to exhibit this release of border cells
in vitro, particularly in free water [67]. In soil, maize border cells have been observed to remain
intact and alive among root hairs in the rhizosphere [68–70] and to continue secretion of mucilage
for up to 3 weeks after separation [71]. In 1988, Uren and Reisenauer [25] suggested that “if these
cells had fulfilled their functions of protection, secretion of mucilage, and geotropic response near
the root cap, then it appears wasteful of photosynthate that they should not serve another purpose
in association with more proximal regions of the root.” Although many other roles have been proposed
for border cells [67,69,72–74], it would seem, thus far, “to date, research on root cap biology and
its relationship with the rhizosphere has raised more questions than it has answered” [67].
Most root debris comes from the senescence of cortical cells, an event which may be the trigger
for infection with mycorrhizae, but it is probably of little, real, direct consequence for plant growth
in fertile soil. The possibility that phytohormones such as indole acetic acid, cytokinin, and abscisic
acid produced by rhizosphere bacteria of field-grown maize [75] do have a consistent effect on plant
growth has yet to be established. The production of plant growth-regulating substances in the rhizosphere has been reviewed extensively by Arshad and Frankenberger [76], and they conclude that there
are many unresolved aspects when it comes to the consideration of in situ events and circumstances.
Root products as defined by Uren and Reisenauer [25] represent a wide range of compounds. Only
secretions are deemed to have a direct and immediate functional role in the rhizosphere. CO2, although
labeled an excretion, may play a role in rhizosphere processes such as hyphal elongation of vesiculararbuscular mycorrhiza [77]. Also, root-derived CO2 may have an effect on nonphotosynthetic fixation
of CO2 by roots subject to P deficiency and thus contribute to exudation of large amounts of citrate
and malate as observed in white lupins [78]. The amounts utilized are very small and, in any case, are
extremely difficult to distinguish from endogenous CO2 derived from soil and rhizosphere respiration.

III. AMOUNTS RELEASED
The bulk of root products are C compounds derived from products of photosynthesis. The root
products that are not C compounds are few (H+, inorganic ions, water, electrons, etc.), but nevertheless they are deemed to be highly significant. Both H+ and electrons may be secreted as C
compounds in the form of undissociated acids and reducing agents, respectively, but plasma
membrane-bound entities are believed to be the main sites of H+ and electron transport [79–81].
The origins of root-mediated pH changes in the rhizosphere have been discussed by Hinsinger et
al. [82], whereas Ryan et al. [83] do not exclude the possibility of exudation of undissociated
organic acids. The reducing capacity of roots has been known ever since it has been discovered
that they require oxygen. Schreiner et al. [84] found that selenite was reduced to metallic Se by
wheat roots in solution culture, and Lund and Kenyon [85] showed that onion roots reduced
methylene blue, but nonsterile conditions prevailed in these and other similar experiments. Uren
[86] found that sterile sunflower roots reduced an insoluble higher oxide of Mn impregnated into
filter paper and showed unequivocally that roots in their own right secreted reducing agents.
Estimates of the amounts and proportions of photosynthate committed to roots and to root
products vary considerably, and the shortcomings associated with measurements have been critically
and realistically reviewed [27,87,88] (see also Chapter 13). The units used, or those which might
be used, need closer attention. In relation to the cycling of C rhizodeposition, rates of kg C ha−1 y−1
are appropriate, whereas micromoles per unit root length per hour might be more appropriate in
relation to the secretion of phytosiderophores. Because uptake, for example, may be restricted to
a specific region of each root, then the units of micromoles per unit root length per hour might be
even more relevant still. Darrah [27] concludes that the major challenge to quantify the individual
flux components of rhizodeposition remains. Obviously, further huge challenges exist as so little
is known of the timing of the release (in relation to the stage of growth and development), the sites
of the release, and other aspects of individual secretion.
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TABLE 1.3
Rough Estimates of the Fates of Carbon Fixed by Soil-Grown Plants
Photosynthesis = 100%
Shoots = 50%
Shoots = 45%
Respiration = 5%
Roots = 50%
Root biomass = 25%
Root products = 25%
Respiration = 15%
Root debris including border cells
= 10%
Diffusates <1% (guess)
Secretions <1% (guess) includes
mucilage — may be more
Note: Amounts and relative proportions depend on species, cultivars, environmental conditions, health,
age, level of chemical, physical and biological stress, and so on.
Source: From Darrah, P.R., Plant Soil, 187, 265, 1996; Whipps, J.M., The Rhizosphere, Lynch, J.M., Ed.,
John Wiley and Sons, Chichester, U.K., 1990, p. 59; Lynch, J.M. and Whipps, J.M., The Rhizosphere and
Plant Growth, Keister, D.L. and Creagan, P.B., Eds., Kluwer Academic Publishers, Dordrecht, 1991,
p. 15. With permission.

All the variables aside, approximately 50% of fixed C is committed to roots (Table 1.3). Fifty
percent of this C is retained as root tissue and the other 50% is root products. Three fifths (15%
of the net fixed C) is used in root respiration and two fifths (10%) make up border cells, root debris,
diffusates, and secretions. Of the latter, border cells and root debris predominate ahead of secretions
(largely mucilage), with diffusates making up the difference [27,87,88]. The contribution of root
border cells is difficult to estimate, but as Griffin et al. [89] estimated that for sterile peanuts grown
in solution culture “95 to 98% of the sloughed organic matter plus total sugars lost by roots is
sloughed organic matter,” the contribution might be significant. By comparison, 5 to 10% of C
deposited by maize roots in sand culture was attributed to sloughed cap cells [90]. More recent
estimates (for example, see Reference 91) are not greatly different, and so at present we have to
accept these rough estimates in much the same way that we acknowledge that many factors affect
the proportion released by roots and that sick or stressed plants make a larger commitment than
healthy plants [25]. It is often construed without much evidence for soil-grown plants that such an
extra commitment is a controlled response to stress, which in turn enables the plant to overcome
the stress, the so-called stress response. Ryan et al. [83] emphasize the need for caution when
stressed plants are involved: “It is important to remember that P-deficient plants are stressed plants,
and every metabolic perturbation that they display will not necessarily be directed toward increasing
P availability in the rhizosphere.” In field soil, the environment is not nearly as friendly as in
solution cultures, and incontinent roots are likely to encourage infection by pathogens as much as
by beneficial or saprophytic microorganisms. There must be a limit to what quantities and proportions of the fixed C can be lost in stress responses but, as with quantitative estimates of exudation,
they must remain as uncertain at best.
In an investigation of the phytotoxicity and antimicrobial activity of (±)-catechin exuded by
knapweed roots, extraction of the soil with absolute methanol for 24 h gav concentrations ranging
from 292 to 390 µg/g [10]. Assuming a bulk density of 1 g cm−3 and a volumetric water content of
0.25, the concentration of catechin in the soil solution would be of the order of 1200 µg/ml (approximately, 4 mM), which is to be compared with the 50 to 60 µg/ml of (–)-catechin required to give
an allelopathic response in Arabidopsis seedlings. The extracted concentrations in the soil would
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amount to about 1% of the total soil organic matter and as such appear abnormally high. However,
as there have been so few studies of the chemical forms and activities of potential allelochemicals
in soils, we have little idea of what is normal or abnormal, and thus caution is required in evaluating
new data.
For wheat plants grown to maturity under irrigation [92] in a soil of neutral pH [93], one can
calculate that a mature wheat plant (yield 13.2 g dm [dry matter]) with a Mn concentration of 42
mg kg−1 took up 556 µg of Mn (i.e., 556/55 × 2 equivalents of Mn). If ascorbic acid (MAA = 176),
or another reducing agent of similar equivalent weight and C content, is assumed to reduce insoluble
Mn oxides at the root–soil interface, then it can be calculated that an amount of ascorbic acid
equivalent to about 0.01% of the total C in the mature plant needs to be secreted to give the
concentration of 42 mg Mn/kg in the mature plant. In this calculation it is assumed that all the Mn
in the plant comes from the reduction of insoluble Mn oxides and that every molecule of reductant
hits its target with concomitant uptake of the Mn2+ formed. As the root system is made up only
1.7% of the total dry matter in these mature wheat plants, it is difficult to give a more precise
estimate of the proportion of the total C attributed to Mn mobilization. Nevertheless, 0.01% is near
the maximum, and values less than 0.01% are realistic.
Similar calculations might be performed for other secretions, which are neither changed nor
consumed in their interaction with soil entities. For example, complexation of Fe3+ by a ligand
secreted by the root involves first the diffusion of the ligand away from the root to the insoluble
oxides of Fe, a complex forms between the ligand and Fe3+, and then, if the appropriate activity
gradient exists, the complex diffuses to the root. At the plasmalemma, if the Fe3+ is complexed by
a phytosiderophore [59] it is absorbed by the root, but if the Fe3+ is separated from the ligand, then
the ligand is free to diffuse back into the soil, and so the process may continue. The quantities of
root secretion required in such a “search and fetch” role are likely to be much less than the earlier
case for Mn, where the secretion is destroyed, or in cases such as Al toxicity, where it is important
that the secretion stays associated with the metal (if not permanently, then at least until the root
tip has progressed beyond the point of interaction).

IV. TYPES OF ROOT PRODUCTS: SECRETIONS AND THEIR ROLES
Root products contain probably every type of compound that exists in plants, except for chlorophyll
and other specific compounds associated with photosynthesis (Table 1.1). The range of compounds
is increasing with the increasing sensitivity and analytical capabilities of modern equipment. For
example, Fan et al. [8] analyzed comprehensively the root exudates of iron-stressed barley plants
with multinuclear or multidimensional nuclear magnetic resource (NMR) and silylation gas chromatography/mars spectrometry (GC-MS), not only bypassing tedious traditional methods but also
detecting unknown and unexpected ligands.
Most root products are by-products, which represent some of the costs of growth and development, and, except in the development of symbiotic relationships, they simply become the substrate
for attendant microorganisms. With time the organic C compounds are converted progressively to
either CO2 or into recalcitrant forms of organic matter (e.g., humins). There may be indirect effects
associated with heterotrophic activity, which may be either harmful or beneficial, but these will
not be discussed here (see Chapter 3). Of the other root products, secretions that facilitate external
processes are our primary interest here, and they are discussed in the following text.
Root products may be classified on the basis of their (1) chemical properties such as composition, solubility, stability (e.g., hydrolysis and oxidation), volatility, molecular weight, etc., (2) site
of origin, and (3) established, not just perceived, functions. The chemical properties in turn determine their biological activity and how the compounds will behave in soils; their persistence in soil
is very much an outcome of their chemical behavior, particularly sorption and biodegradability.
Root products as chemical signals, and issues relating to their persistence, etc., are discussed in
Chapter 11.
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The persistence of a secretion and the likelihood that it will reach an appropriate nutrient source
and be effective in its role is a prime concern. A secretion must be free to diffuse through a portion
of the rhizosphere, but a sort of tyranny of distance exists. The longer it takes, or the further it
must travel, then the greater is the chance that it will be rendered ineffective by either microbial
degradation or assimilation, or chemical degradation or reaction, or by sorption, or by a combination
of these processes. Low-molecular-weight exudates (sugars, amino acids, and other organic acids),
the so-called diffusates, may be more mobile, but usually they are more readily assimilated by a
wider range of microorganisms than are high-molecular-weight compounds such as mucilage,
although Mary et al. [61] found the mineralization rate of C from mucilage of maize roots to be
comparable with that of glucose.
Secretions may be classified also on the basis of their biological activity. Some of the classes
are phytohormones, ectoenzymes, phytoalexins, allelochemicals, and phytotoxins, or referred to as
“chemical signals” (see Chapter 11). However, whether or not they can exert their potential activity,
which so often has been illustrated in solution cultures or under axenic conditions, depends on
their survival in the soil, being at the right place, and for long enough at appropriate concentrations.
All these preceding classes of compounds, except for phytoalexins and protectors against toxic Al,
are usually secreted during normal plant growth in the absence of stress. Phytoalexins are secreted
in response to an external stimulus (infecting organisms), which presumably is a chemical compound, whereas in the case of Al toxicity the plant response in soil occurs if the Al is present in a
mobile and active form [83]. The possible roles of some different types of root secretions are given
in Table 1.4.
The growth of roots through soil is perceived often as improving soil structure for plant growth.
In the context of this review, the question is whether or not a plant’s root products directly improve
the soil structure for the growth of that plant. However, it is a difficult question to answer, because
in addition to the release of root products there may be shearing and compression that together, in
turn, may tend to destabilize aggregates [94], perhaps with some benefits (e.g., mineralization of
physically protected organic N). Accompanying root elongation and radial expansion, there is the

TABLE 1.4
Possible Roles of Some Different Types of Root Secretions
Role
Acquisition of nutrients
Fetchers
Modifiers
Ectoenzymes
Acquisition of water
Protection against physical stress

Protection against pathogens
Protection against toxic elements
Protection against competition
Establishment of symbiotic relationships
Rhizobia
Endomycorrhizae
Ectomycorrhizae

Action

Seek and fetch, e.g., phytosiderophores
Modification of the rhizosphere soil with, e.g., protons,
reductants
Convert unusable organic forms to usable ones, e.g.,
phosphatase
Modification of the rhizosphere soil with mucilage
Response to high soil strength through modification of
interface through lubrication and amelioration of
rhizosphere soil
Defensive response to invasion, e.g., phytoalexins
Response to toxic entity, e.g., complexation of Al3+
Modification of rhizosphere soil with phytoactive
compounds, e.g., allelochemicals
Chemotactic response
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permeation of soil with mucilage that has been shown in vitro, and when accompanied by wetting
and drying, to confer stability on soil aggregates [95]. Other than permeation of soil with mucilage,
most effects on structure would appear to be indirect effects, and thereby of little benefit to the
plant whose roots brought about the change in structure.
Whiteley [96] found that remolded soil near (300 to 600 µm from the root surface) the roots
of peas showed evidence of orientation of the clay fraction. He argues that the change could only
have come about if the soil water potential had increased because of mucilage secretion by the root
tip; the lower soil strength then allowed deformation by the growing root. Also, he believes that
the lower soil strength may then predispose the remolded soil in the rhizosphere to penetration by
root hairs and lateral roots. The secretion of water by roots as observed by McCully [97] and Young
[98] adds weight to his argument.
It is impossible to discuss the possible effects of mucilage associated with the root apex without
including border cells, although there are some species of plants which do not produce border
cells [67]. Bengough and Mckenzie [99] suggested that the mucilage assists root cap cells, or acts
in concert with them, to decrease the friction between the growing root tip and soil or, conversely,
the mucilage acts as a lubricant. Iijima et al. [100] showed that the border cells of maize roots tips
were more effective than mucilage at decreasing soil resistance to root elongation. Presumably,
then, those plant species that do not produce either much mucilage or border cells are not at a great
disadvantage when it comes to root growth in soil.
The permeation of soil at the root–soil interface by mucilage from the root cap may affect
structure, and it may oppose the damaging effects of compression and shearing. Read et al. [101]
found that the mucilages of maize, lupin, and wheat contained phospholipids that indirectly were
shown to decrease the surface tension of water and thus facilitate possibly the permeation of soil
with mucilage. And, attempts to measure the development of water repellency in the rhizosphere
of barley, oil-seed rape, potato, and Italian ryegrass were not convincing [102]. Whalley et al. [103]
attributed a decrease in the infiltration of water into rhizosphere soil to deformation of the soil,
rather than to any other changes due to mucilage or the development of water repellency. Also,
they found that neither natural mucilage from maize nor polygalacturonic acid affected the soil
water characteristic between 0 and −15 kPa.
It is sometimes claimed that mucilage and similar gels may help to maintain hydraulic conductivity between root and soil [104]. However, the hydraulic conductivity of soils is often substantially decreased when soils are irrigated with wastewater, which is largely due to the production
of microbial biomass, particularly extracellular polysaccharides. For example, Wu et al. [105] found
that the hydraulic conductivity of sand was decreased by one to one-half orders of magnitude 3 weeks
after treatment with a mixture of dextrose and nutrient solution. These extracellular polysaccharides
form gels which may store large quantities of water and allow water and ions to diffuse through
them at rates not much less than free water, but they could be expected to restrict mass flow of
water, and thus some nutrients, to roots [106].
Another apparent paradox exists as mucilage is most easily seen on roots when they are
immersed in water, and yet the evidence of its secretion in soil, apart from electron micrographs [71],
is the development of rhizosheaths in soil-grown plants, particularly at relatively low water potentials [107]. The explanation may be simple in that at high water potentials the cohesive and adhesive
properties of mucilage are low and bonds are easily broken, whereas in drier conditions the bonds
are much stronger and so soil sticks more readily to the root. An alternative suggestion is that
mucilage and water is secreted as a gel when conditions favor guttation, that is, at night and at
water potentials from −120 to −500 kPa [97].
The release of mucilage from the periplasmic space can be triggered by contact with water at
high potential [108]. In soil, growing roots are only exposed to high soil–water potential when the
soil is saturated after rain or irrigation, but they make most of their growth at water potentials
between −10 and −1000 kPa when most intra-aggregate pores are full of water, and aggregate
surfaces are covered by a thick water film [106]. When a root tip makes contact with the aggregates,
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the mucilage will tend to be secreted and to form a gel on the surfaces of aggregates [109] and in
those pores that favor accommodation of the macromolecules of mucilage, that is, pores that are
full of water, big enough, and do not repel the molecules. If the diameter of the mucilage molecule
is taken as 68 nm [110], and diffusion of molecules is severely restricted in pores up to one order
of magnitude larger than the molecule [111], then mucilage will move into pores whose diameters
are greater than about 680 nm, which is equivalent to a soil water potential of about −500 kPa.
Pores of such size are large enough to accommodate bacteria, and so the mucilage molecules may
not be safe from microbial degradation. We obviously need to know more about the secretion of
mucilage from the periplasmic space, its physical and chemical properties, its interaction with soil,
and the consequences.
In soil, the chances that any enzyme retains its activity are very slim, indeed, because inactivation can occur by denaturation, microbial degradation, and sorption [112,113], although it is
possible that sorption may protect an enzyme from microbial degradation or chemical hydrolysis
and retain its activity. The nature of most enzymes, particularly size and charge characteristics, is
such that they would have very low mobility in soils, so that if a secreted enzyme is to have any
effect, then it must operate close to the point of secretion, and its substrate must be able to diffuse
to the enzyme. Secretory acid phosphatase was found to be produced in response to P-deficiency
stress by epidermal cells of the main tap roots of white lupin and in the cell walls and intercellular
spaces of lateral roots [114]. Such apoplastic phosphatase is safe from soil but can only be effective
when presented with soluble organophosphates, which are often present in the soil solution [115].
However, because the phosphatase activity in the rhizosphere originates from a number of sources
[116], mostly microbial, and is much higher in the rhizosphere than in bulk soil [117], it seems
curious that plants would have a need to secrete phosphatase at all. The role of phosphatases in
the rhizosphere remains uncertain [118].
Of enzymes that appear to acquire or retain their activity in soils, urease is an example. It is a
microbial product, bound to soil, and causes very rapid hydrolysis of urea upon its addition to soil.
By contrast when phytase from seedlings of transgenic Arabidopsis thaliana was added to soil,
it was rapidly immobilized and deactivated by adsorption, which was favored by low soil pH [119].
The phytase could be desorbed by increasing the pH but gradually the overall activity decreased,
possibly due to proteinase activity.
Many phytoalexins and allelochemicals have much in common, in that they are designed to protect
plants from either injury by other organisms or competition from other plants, and they are usually
aromatic compounds. Chemical signals are discussed in Chapter 11. The phytoalexins are usually
larger and more complex molecules [120] than those deemed to be allelochemicals [23]. Compounds
of this type that are secreted by roots have to run the usual gauntlet in the rhizosphere, and if any of
the secretions are likely to survive the trip, then the phenolics implicated in allelopathy have some
chance. Not only do the phenolics have low molecular weights and usually have some negative charge,
but they also have some antimicrobial activity. In spite of these attributes, benzoic and cinnamic acid
derivatives are easily degraded microbially in soils [121], and they are chemically oxidized by Mn
oxides [122,123] and adsorbed by soils as well [123,124]. Further, when nine different phenolics
(caffeic acid, chlorogenic acid, p-coumaric acid, ellagic acid, ferulic acid, gallic acid, p-hydroxybenzoic acid, syringic acid, and vanillic acid) were added to three different soils, they had no effect on
seed germination, on seedling growth, or on early plant growth of several species, even when added
to soils at rates well above the concentrations detected in soils [125]. The case for these types of
compounds as having an important role in root secretions is not strong, in spite of the case argued
earlier, except perhaps in the right set of circumstances, discussed later. The situation presented here
is supported by the statement that “it is important to demonstrate that phenolics, released by the plant,
should have enough bioactive concentration and persistence in the rhizosphere in order to argue their
probable involvement in allelopathy” [126]. Other potential allochemical compounds, such as momilactone B found in rice exudates [127] and sorgoleone in sorghum spp. [128], appear to be better
candidates but very much depends on their fate and behavior in soil.
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Inderjit and Duke [129] indicate that there is a lack of consensus in identifying any compound
as an allelochemical, and they discuss the requirements for a chemical compound to be deemed
an allelochemical. The difficulty associated with the isolation, identity, activity, etc., of suspected
allelochemicals is illustrated by the work of Wu et al. [130], who isolated significant bioactive
phenolic and hydroxamic acids exuded into agar growth medium by wheat seedlings, and they
found that the so-called allelochemicals inhibited the growth of annual ryegrass (Lolium rigidum).
Annual ryegrass is one of the worst weeds in cereal growing in Australia, and so one can only
wonder about the relevance of the finding, particularly in the context of the difficulties faced in the
search for allelochemicals.
The roots of canola plants and decaying residues of canola crops release 2-phenylethylisothiocyanate, which is believed to inhibit soilborne pathogens [13], but its microbial degradation is
rapid. In a Luvisol (20% clay) the concentration decreased 50% from the initial concentration of
3382 pmol g−1 in close to 2 h. Such rapid degradation suggests that if the compound is to have an
effect it will be close to the root, and it will need to be secreted in a specific zone and not be
released along with cortical degeneration.
Nonaromatic organic acids such as citric have been implicated in nutrient acquisition since the
19th century [131] and, in spite of the certainty with which some authors assert that these acids
play an unquestionable role, there is still uncertainty [132,133]. The process involves secretion of
the acid in either an undissociated form (H3X) or a dissociated form (H2X−, HX2−, or X3−). Although
it would seem that, at the pHs that prevail in the cytoplasm and in the soil solution, the form
secreted is anionic and not as the acid [83], it is possible that the undissociated acids are secreted
or that there is a concomitant efflux of H+ [133]. The form of the acid in the rhizosphere depends
on the pH and on the availability of metals and their tendency to form complexes of varying stability.
The acid per se may mobilize metals by dissolution (e.g., Fe(OH) 3) or cation exchange, whereas
the anion through its tendency to form stable soluble complexes may protect metals from precipitation, or it may cause insoluble sources to dissolve, or it even may precipitate a cation such as
Ca2+ [134]. These respective reactions for Fe can be represented as follows, where X3− represents
an anion such as citrate:
H3X = H2X− + H+, H2X− = HX2− + H+, HX2− = X3− + H+,
Fe(OH) 3 + 3 H+ = Fe3+ + 3H2O
Fe3+ + X3− = FeX
Fe(OH) 3 + H3X = FeX + 3H2O
3Ca2+ + 2X3− = Ca3X2
It is conceived that the soluble complexes once formed diffuse back to the root where the
complex is absorbed or the metal is separated from the ligand and then absorbed [29]. The ligand
is then released back into the rhizosphere and, as the organic acids are not prone to reabsorption
[135], they are fully available to run the gauntlet once more. Because citrate is adsorbed by soil
surfaces and rapidly degraded microbially [136], there are serious doubts about the role of citric
acid and similar organic acids in the acquisition of nutrients except, perhaps, in the right set of
circumstances, where some form of protection is proffered by the spatial arrangement of root and
soil surfaces. Further, the soil diffusion rates of soluble exudates such as amino acids are several
orders of magnitude less than, say, nitrate [137,138], and so the chances that they are assimilated
by microbes in the rhizosphere rather than absorbed by roots are high.
It is curious that white lupins, which have the capacity to produce relatively large quantities of
citric acid [134], do not grow as well as other species on calcareous soils [139,140] that cannot
produce such large quantities of citric acid [141]. Hinsinger [142] highlights in a table some data
from Dinkelaker et al. [134], in which the concentration of citrate in the rhizosphere accompanies an
eightfold increase in diethylenetriamine pentaacetic acid (DTPA)-extractable concentration of Fe, and
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yet white lupins suffer from Fe chlorosis on calcareous soils. Dinkelaker et al. [134] estimated that
the quantity of citric acid produced was 23% of the total plant dry weight at harvest. Such a huge
release should probably be regarded as abnormal rather than as a result of a stress response mechanism.
The role of the secretion from the root apex of organic acids such as citric and malic in the
resistance of maize and wheat respective to Al toxicity [143,144] has emerged recently as one with
plausibility [83,145]. These studies have been carried out in solution cultures, but how does the
suggestion hold up in soil? The first and probably greatest difficulty is that the toxic species of Al,
probably hydrated Al3+, must diffuse to some site in the root apex and stimulate the production and
subsequent release of the organic acid. The site may be extracellular or intracellular, but whichever
it is, the production of the organic acid must be intracellular, and after its release it must inactivate
the toxic Al species in the apoplasm as beyond the apoplasm rapid microbial degradation is likely
[146]. The relative freedom of the root apex from microbial colonization and the production of
mucilage both help to create the right set of circumstances that allows the detoxification of the Al
to take place in the protection provided by the apoplasm. The observation that phosphate was
released by the root apex of Al-tolerant cultivars of maize [144] and wheat [147] is of interest in
this context, but it may be an unusual situation restricted to solution cultures, because those soils
in which the activity of Al in the soil solution is high are usually P deficient as well. As plausible
as the role of organic acids may be, there is evidence to suggest that organic acids, and polypeptides,
arise out of Al-induced failure of membranes rather than de novo synthesis and secretion [7].
Similarly, the pivotal role of the so-called stress response in the acquisition of Fe by plants
grown in calcareous soils [59] may have been overrated [118]. The key role of the inhibitory effect
of bicarbonate on root growth of calcifuge plant species [148] has been overlooked in most
considerations of the acquisition of Fe, the least soluble of all nutrients. Also, it is likely that Fe
acquisition in normal healthy plants is a constitutive process, such as Mn uptake in barley [149],
so that normal healthy roots acquire their Fe as a matter of course. By the time the Fe stress response
is triggered, it is possible that cell membranes are losing their integrity and that compounds normally
involved in metabolism requiring or involving Fe are released. It is likely, though, that some of the
compounds released as a result of Fe stress are involved in the constitutive process, and their
production is related to a species prowess in acquiring Fe from calcareous soils. The inability of
the Fe response in so-called iron-efficient sunflowers to overcome Fe stress in a calcareous soil
[150] suggests that the Fe stress response in this case may be restricted to culture solutions and of
little relevance in calcareous soils. Another reason to question the theory of Fe stress response is
that in soil the Fe-active compounds are rapidly decomposed by microorganisms [151–153]. The
early reviews on root exudates by Rovira [1] and others [2,15] all drew attention to the numerous
factors that affect membrane permeability and cause roots to leak; they are just as relevant today
as they were 20 or more years ago [83]. Once again, the right set of circumstances may overcome
the problem of microbial decomposition, but it cannot overcome membrane failure.

V. THE RIGHT SET OF CIRCUMSTANCES
Contact reduction was proposed to explain how plants obtain Mn from soils of neutral and alkaline
pH [154]. The evidence that sterile roots of sunflower roots could directly reduce insoluble reactive
oxides of Mn strengthened the theory [86]. Nevertheless, the idea of the “right set of circumstances”
was developed to explain how labile reductants produced by roots may be protected physically
from microorganisms and O2 and be directed toward insoluble oxides of Mn instead [25]. The right
set of circumstances are thought to arise where roots contact soil and an interface is created that
is saturated with water, and that, with physical blockage, creates a zone with low activity of O2
[155,156] and, presumably, of microorganisms. If the right set of circumstances arise sufficiently
and frequently enough, then the mechanism remains a plausible one [25,157].
The absence of suitable reducing agents among root exudates has been taken as a flaw in this
theory, but their absence is explained readily because either they are not looked for nor are adequate
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precautions taken to exclude O2; also, the oxidized products are not recognized as derivatives of
reducing agents. Evidence that this sort of thing could happen easily is provided by Einhellig and
Souza [6], who analyzed for sorgoleone rather than its precursor dihydroquinone, a major root
exudate of sorghum seedlings, as dihydroquinone was rapidly oxidized by ambient O2 to sorgoleone.
Also, the right of set circumstances that exist in soil would never occur in well-aerated solution
cultures, although ascorbic acid, a suitable but labile reducing agent, has been found in solution
cultures of healthy cucumber and tomato [9]. Many phenolic compounds discussed earlier in
reference to allelopathy have reducing activity toward Mn oxides. For example, Park et al. [158]
found in the root exudates of sunflowers hydroquinone, β-resorcyclic acid, vanillic acid, caffeic
acid, salicylic acid, quercetin, gentisic acid, and ferulic acid, some of which readily reduce reactive
Mn oxides, e.g., hydroquinone.
The complexity of plant root interactions with soil are such that even the right set of circumstances as described earlier is a simplification. For example, in the case of Mn acquisition, the right
set of circumstances must arise at the right time and frequently enough for the plant to acquire
sufficient quantities of Mn. It depends on (1) the constitutive properties of the roots to produce
reducing compounds, (2) the growth of roots through soil so that the parts of the root producing
the reductant and those involved in Mn absorption come into contact with soil, (3) the location of
Mn oxides on the soil surfaces contacted by the root, (4) the reactivity of the Mn oxides (their
ability to accept electrons) and (5) soil properties such as pH and structure. Although the number
of variables involved is high, the probability of the right set of circumstances occurring frequently
is also high in most soils: it becomes less so as the opportunities of roots making contact with
active oxides becomes less.

VI. CONCLUSIONS
It is likely that of the vast array of compounds released by plant roots very few have a direct effect
on the growth of soil-grown plants. One must ask whether or not they serve any useful purpose at
all. The fears and uncertainty about what is physiologically normal were expressed by Ayers and
Thornton in 1968 [159]; their concerns are as valid today as they were then. The absolute and
relative quantities released are at present no more than approximations based largely on a very
narrow selection of short-lived agricultural plants.
In attempting to classify types of secretions on the basis of what might happen in the rhizosphere, the foregoing discussion has taken a fairly distrusting view of data derived from in vitro
experiments such as solution cultures, those using sterilized soil, and those using highly contrived
situations where the reality of normal soil-grown plants is disregarded. The discussion has also
highlighted the difficulties faced by some secretions and how these difficulties will decrease their
likelihood of bringing about the process that they are purported to bring about. However, arguments
in cases such as tolerance of Al toxicity and the acquisition of Fe and Mn can be strengthened by
invoking the right set of circumstances.
Root products represent a vast array of predominantly organic compounds. Of these, secretions
represent a small proportion, but they are deemed the most likely of all root products to have a
direct effect on the growth of the plant that produced them. When a secretion is released by a root,
all the following are likely to affect its behavior:
1.
2.
3.
4.
5.
6.

Site of secretion appropriate or inappropriate
Microbial assimilation or degradation
Chemical alteration or degradation, for example, oxidation
Sorption and persistence with or without activity, for example, ectoenzymes
Diffusion and reaction with the target, for example, complex with Al3+ or Fe3+
Mechanism of uptake, for example, reabsorption by the root
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Very few root secretions can be expected to be effective unless the right set of circumstances
arise sufficiently often. Further, research involving soil-grown plants is required to establish whether
or not the right set of circumstances as discussed earlier do make a real contribution to the wellbeing of field-grown plants. Similarly, close scrutiny of all research must be made, particularly
when results obtained in solution cultures and other contrived situations are believed to be relevant
for plants growing in soil.
Finally, if the understanding of the rhizosphere and the functional roles of compounds therein
is to increase, then it is important that the enthusiasm shown in recent times continues, but that
enthusiasm must be curbed at times by reality checks and frequent reference to what might actually
happen in normal soil. One should also heed the words of Tinker and Nye [118]:
It is not surprising that the large literature on the rhizosphere in the past has produced rather little in
the way of firm generalizations and mechanisms on the nutritional effects, bearing in mind its complexity, constant variation, and difficulty of access. It is interesting to note the list of processes in the
rhizosphere that have been proposed in the past, but that have only slowly and often partially been
proven to occur. The critical question is whether they are important for plant growth, and it is only
recently that we have gained some insight into this.

ACKNOWLEDGMENT
I thank Dr. C. Tang for his comments and the opportunity to discuss aspects of this chapter.

REFERENCES
1. Rovira, A.D., Plant root exudates, Bot. Rev., 35, 35, 1969.
2. Hale, M.G., Moore, L.D., and Griffin, G.J., Root exudates and exudation, in Interactions between
Non-Pathogenic Soil Micro-Organisms and Plants, Dommergues, V.R. and Krupa, S.V., Eds., Elsevier,
Amsterdam, 1978, p. 163.
3. Kraffczyk, I., Trolldenier, G., and Beringer, H., Soluble root exudates of maize: influence of potassium
supply and rhizosphere organisms, Soil Biol. Biochem., 16, 315, 1984.
4. Curl, E.A. and Truelove, B., The Rhizosphere, Springer-Verlag, New York, 1986.
5. Schönwitz, R. and Ziegler, H., Interaction of maize roots and rhizosphere microorganisms, Z. Pflanzenernähr. Bodenk., 152, 217, 1989.
6. Einhellig, F.A. and Souza, I.F., Phytotoxicity of sorgoleone found in sorghum root exudates, J. Chem.
Ecol., 18, 1, 1992.
7. Basu, U., Basu, A., and Taylor, G.J., Differential exudation of polypeptides by roots of aluminumresistant and aluminum-sensitive cultivars of Triticum aestivum L. in response to aluminum stress,
Plant Physiol., 106, 151, 1994.
8. Fan, T.W.M. et al., Comprehensive analysis of organic ligands in whole root exudates using nuclear
magnetic resonance and gas chromatography-mass spectroscopy, Anal. Biochem., 251, 57, 1997.
9. Shinmachi, F., Characterization of iron deficiency response system with riboflavin secretion in some
dicotyledonous plants, in Plant Nutrition for Sustainable Food Production and Environment, Ando,
T., Fujita, K., Mae, T., Matsumoto, H., Mori, S., and Sekiya, J., Eds., Kluwer Academic Publishers,
Dordrecht, 1997, p. 277.
10. Bais, H.P. et al., Enantriomeric-dependent phytotoxic and antimicrobial activity of (±)-catechin.
A rhizosecreted racemic mixture from spotted knapweed, Plant Physiol., 128, 1173, 2002.
11. Dakora, F.D. and Phillips, D.A., Root exudates as mediators of mineral acquisition in low-nutrient
environments, Plant Soil, 245, 35, 2002.
12. Inderjit, S. and Weston, L.A., Root exudates: an overview, in Root Ecology, de Kroon, H. and Visser,
E.J.W., Eds., Springer-Verlag, Berlin, 2003, chap. 10.
13. Rumberger, A. and Marshner, P., 2-phenylthiocyanate and microbial community composition in the
rhizosphere of canola, Soil Biol. Biochem., 35, 445, 2003.

3855_C001.fm Page 16 Monday, April 9, 2007 3:12 PM

16

The Rhizosphere: Biochemistry and Organic Substances at the Soil–Plant Interface
14. Vivanco, J.M. et al., Biogeographical variation in community response to root allelochemistry: novel
weapons and exotic invasion, Ecol. Lett., 7, 285, 2004.
15. Hale, M.G., Foy, C.L., and Shay, F.J., Factors affecting root exudation, Adv. Agron., 23, 89, 1971.
16. Rovira, A.D. and Davey, C.B., Biology of the rhizosphere, in The Plant Root Environment, Carson,
E.W., Ed., University of Virginia, Charlotteville, VA, 1974, chap. 7.
17. Martin, J.K., Factors influencing the loss of organic carbon from wheat roots, Soil Biol. Biochem.,
9, 1, 1977.
18. Hale, M.G. and Moore, L.D., Factors affecting root exudation: 1970–1978, Adv. Agron., 31, 93, 1979.
19. Uren, N.C., Types, amounts, and possible functions of compounds released into the rhizosphere by
soil-grown plants, in The Rhizosphere: Biochemistry and Organic Substances of the Soil-Plant Interface, Pinton, R., Varanini, Z., and Nannipieri, P., Eds., Marcel Dekker, New York, 2001, chap. 2.
20. Persello-Crtieaux, F., Nussaume, L., and Robaglia, C., Tales from the underground: molecular plantrhizobacteria interactions, Plant Cell Environ., 26, 189, 2003.
21. Somers, E., Vanderleyden, J., and Srinivasan, M., Rhizosphere bacterial signalling: a love parade
beneath our feet, Crit. Rev. Microbiol., 30, 205, 2004.
22. Rovira, A.D., Rhizosphere research — 85 years and frustration, in The Rhizosphere and Plant Growth,
Keister, D.L. and Creagan, P.B., Eds., Kluwer Academic Publishers, Dordrecht, 1991, p. 3.
23. Vaughan, D. and Ord, B.G., Extraction of potential allelochemicals and their effects on root morphology and nutrient contents, in Plant Root Growth: an Ecological Perspective, Atkinson, D., Ed.,
Blackwell, Oxford, 1991, p. 399.
24. Jones, D.L., Darrah, P.R., and Kochian, L.V., Critical evaluation of organic acid mediated iron
dissolution in the rhizosphere and its potential role in root iron uptake, Plant Soil, 180, 57, 1996.
25. Uren, N.C. and Reisenauer, H.M., The role of root exudates in nutrient acquisition, Adv. Plant Nutr.,
3, 79, 1988.
26. Bowen, G.D., Microbial dynamics in the rhizosphere: possible strategies in managing rhizosphere
populations, in The Rhizosphere and Plant Growth, Keister, D.L. and Creagan, P.B., Eds., Kluwer
Academic Publishers, Dordrecht, 1991, p. 25.
27. Darrah, P.R., Rhizodeposition under ambient and elevated CO2 levels, Plant Soil, 187, 265, 1996.
28. Inderjit, S. and del Moral, R., Plant phenolics in allelopathy, Bot. Rev., 62, 186, 1996.
29. Jones, D.L., Organic acids in the rhizosphere — a critical review, Plant Soil, 205, 25, 1998.
30. Farrar, J.F. and Jones, D.L., The control of carbon acquisition by and the growth of roots, in Root
Ecology, de Kroon, H. and Visser, E.J.W., Eds., Springer-Verlag, Berlin, 2003, chap. 4.
31. McCully, M.E., Roots in soil: unearthing the complexities of roots and their rhizospheres, Ann. Rev.
Plant Physiol. Plant Mol. Biol., 50, 695, 1999.
32. Clarkson, D.T., Foreword, in Plant Physiological Ecology, Lambers, H., Chapin, F.S., and Pons, T.L.
[Authors], Springer-Verlag, New York, 1998.
33. Bowen, G.D. and Rovira, A.D., The rhizosphere and its management to improve plant growth, Adv.
Agron., 11, 1, 1999.
34. Kapulnik, Y. and Okon, Y., Plant growth promotion by rhizosphere bacteria, in Plant Roots: The
Hidden Half, 3rd ed., Waisel, Y., Eshel, E., and Kafkafi, U., Eds., Marcel Dekker, New York, 2002,
chap. 48.
35. Dobbelaere, S., Vanderleyden, J., and Okon, Y., Plant growth-promoting effects of diazotrophs in the
rhizosphere, Crit. Rev. Plant Sci., 22, 107, 2003.
36. Patterson, E., Importance of rhizodeposition in the coupling of plant and microbial activity, Eur. J.
Soil Sci., 54, 741, 2003.
37. Walker, T. et al., Root exudation and rhizosphere biology, Plant Physiol., 132, 44, 2003.
38. Singh, B. et al., Unravelling rhizosphere-microbial intersections: opportunities and limitations, Trends
Microbiol., 12, 387, 2004.
39. Barley, K.P., The configuration of the root system in relation to nutrient uptake, Adv. Agron., 22, 159,
1970.
40. Lynch, J., Root architecture and plant productivity, Plant Physiol., 109, 7, 1995.
41. Bernston, G.M., Modelling root architecture: are there tradeoffs between efficiency and potential of
resource acquisition, New Phytologist, 127, 483, 1994.
42. Spek, L.Y., Generation and visualization of root-like structures in a three-dimensional space, Plant
Soil, 197, 9, 1997.

3855_C001.fm Page 17 Monday, April 9, 2007 3:12 PM

Types, Amounts, and Possible Functions of Compounds

17

43. Thaler, P. and Pagès, L., Modelling the influence of assimilate availability on root growth and
architecture, Plant Soil, 201, 307, 1998.
44. López-Bucio, J. et al., The role of nutrient availability in regulating root architecture, Curr. Opin.
Plant Biol., 6, 280, 2003.
45. Malamy, J.E., Intrinsic and environmental response pathways that regulate root system architecture,
Plant Cell Environ., 28, 67, 2005.
46. Ueda, M., Koshino-Kimura, Y., and Okada, K., Stepwise understanding of root development, Curr.
Opin. Plant Biol., 8, 71, 2005.
47. Young, I.M., Biophysical interactions at the root-soil interface: a review, J. Agric. Sci., 130, 1, 1998.
48. Barber, S.A. and Silberbush, M., Plant root morphology and nutrient uptake, in Roots, Nutrient and
Water Influx, and Plant Growth, Barber, S.A. and Bouldin, D.R., Eds., Soil Science Society of America,
Madison, WI, 1984, chap. 4.
49. Jones, D.L. and Darrah, P.R., Re-sorption of organic components by roots of Zea mays L. and its
consequences in the rhizosphere, Plant Soil, 143, 259, 1992.
50. Meharg, A.A., A critical review of labelling techniques used to quantify rhizosphere carbon-flow,
Plant Soil, 166, 55, 1994.
51. Toal, M.E. et al., A review of rhizosphere carbon flow modelling, Plant Soil, 222, 263, 2000.
52. Hutsch, B., Augustin, J., and Merbach, W., Plant rhizodeposition — an important source for carbon
turnover in soils, J. Plant Nutr. Soil Sci., 165, 397, 2002.
53. Kuzyakov, Y. et al., Qualitative assessment of rhizodeposits in non-sterile soil by analytical pyrolysis,
J. Plant Nutr. Soil Sci., 166, 719, 2003.
54. Nguyen, C., Rhizodeposition of organic C by plants: mechanisms and controls, Agronomie, 23, 375,
2003.
55. Dilkes, N.B., Jones, D.L., and Farrar, J., Temporal dynamics of carbon partitioning and rhizodeposition
in wheat, Plant Physiol., 134, 706, 2004.
56. Jones, D.L., Hodge, A., and Kuzyakov, Y., Plant and mycorrhizal regulation of rhizodeposition, New
Phytologist, 163, 459, 2004.
57. Merckx, R. et al., Production of root-derived material and associated microbial growth in soil at
different nutrient levels, Biol. Fertil. Soils, 5, 126, 1987.
58. Cheng, W. et al., Is available carbon limiting microbial respiration in the rhizosphere?, Soil Biol.
Biochem., 28, 1283, 1996.
59. Marschner, H., Mineral Nutrition of Higher Plants, 2nd ed., Academic Press, London, 1995.
60. Qian, J.H., Doran, J.W., and Walters, D.T., Maize plant contributions to root zone available carbon
and microbial transformations of nitrogen, Soil Biol. Biochem., 29, 1451, 1997.
61. Mary, B. et al., C and N cycling during decomposition of root mucilage, roots and glucose in soil,
Soil Biol. Biochem., 25, 1005, 1993.
62. Kuchenbuch, R. and Jungk, A., A method for determining concentration profiles at the soil-root
interface by thin slicing rhizospheric soil, Plant Soil, 68, 391, 1982.
63. Zuo, Y. et al., Studies on the improvement of iron nutrition of peanut by intercropping with maize on
a calcareous soil, Plant Soil, 220, 13, 2000.
64. Zhang, F.S. and Li., L., Using competitive and facilitative interactions in intercropping systems
enhances crop productivity and nutrient-use efficiency, Plant Soil, 248, 305, 2003.
65. Schönwitz, R. and Ziegler, H., Quantitative and qualitative aspects of a developing rhizosphere
microflora of hydroponically grown maize seedlings, Z. Pflanzenernähr. Bodenk., 149, 623, 1986.
66. Hawes, M.C. and Lin, H.J., Correlation of pectolytic enzyme activity with the programmed release
of cells from root caps of pea (Pisum sativum), Plant Physiol., 94, 1855, 1990.
67. Hawes, M.C. et al., Root caps and rhizosphere, J. Plant Growth Regul., 21, 352, 2003.
68. Vermeer, J. and McCully, M.E., The rhizosphere of Zea: new insight into its structure and development,
Planta, 156, 45, 1982.
69. McCully, M.E., Cell separation: a developmental feature of root caps which may be of fundamental
functional significance, in Cell Separation in Plants, Osborne, D.J. and Jackson, M.B., Eds., SpringerVerlag, Berlin, 1989, p. 241.
70. McCully, M., How do real roots work? Some new views of root structure, Plant Physiol., 109, 1, 1995.
71. Foster, R.C., Rovira, A.D., and Cook, T.W., Ultrastructure of the Root-soil Interface, American
Phytopathological Society, St. Paul, MN, 1983.

3855_C001.fm Page 18 Monday, April 9, 2007 3:12 PM

18

The Rhizosphere: Biochemistry and Organic Substances at the Soil–Plant Interface
72. Hawes, M.C., Living plant cells released from the root cap: a regulator of microbial populations in
the rhizosphere?, in The Rhizosphere and Plant Growth, Keister, D.L. and Creagan, P.B., Eds., Kluwer
Academic Publishers, Dordrecht, 1991, p. 51.
73. Hawes, M.C. et al., Function of root border cells in plant health, Annu. Rev. Phytopathol., 36, 311,
1998.
74. Hawes, M.C. et al., The role of border cells in plant defense, Trends Plant Sci., 5, 128, 2000.
75. Müller, M., Deigele, C., and Ziegler, H., Hormonal interactions in the rhizosphere of maize (Zea mays
L.) and their effects on plant development, Z. Pflanzenernähr. Bodenk., 152, 247, 1989.
76. Arshad, M. and Frankenberger Jr., W.T., Plant growth-regulating substances in the rhizosphere:
microbial production and functions. Adv. Agro., 62, 45, 1998.
77. Balaji, B. et al., Responses of an arbuscular mycorrhizal fungus, Gigaspora margarita, to exudates
and volatiles from the Ri T-DNA-transformed roots of nonmycorrhizal and mycorrhizal mutants of
Pisum sativum L. Sparkle, Exp. Mycol., 19, 275, 1995.
78. Johnson, J.F. et al., Root carbon dioxide fixation by phosphorus-deficient Lupinus albus, Plant Physiol.,
112, 19, 1996.
79. Yan, F. et al., Adaptation of H+-pumping and plasma membrane H+ ATPase activity in proteoid roots
of white lupin under phosphate deficiency, Plant Physiol., 129, 50, 2002.
80. Zhu, Y.Y. et al., A link between citrate and proton release by proteoid roots of white lupin (Lupinus
albus L.) grown under phosphorus-deficient conditions, Plant Cell Physiol. 46, 892, 2005.
81. Berczi, A. and Moller, I.M., Redox enzymes in the plant plasma membrane and their possible roles,
Plant, Cell Environ., 23, 1287, 2000.
82. Hinsinger, P. et al., Origins of root-mediated pH changes in the rhizosphere and their responses to
environmental constraints: a review, Plant Soil, 248, 43, 2003.
83. Ryan, P.R., Delhaize, E., and Jones, D.L., Function and mechanism of organic anion exudation from
plant roots, Annu. Rev. Plant Physiol. Plant Mol., Biol., 52, 527, 2001.
84. Schreiner, O., Sullivan, M.X., and Reid, F.R., Studies in Soil Oxidation, USDA Bur. Soils Bull. No.
73, 1910.
85. Lund, E.J. and Kenyon, W.A., Relation between continuous bio-electric currents and cell respiration.
I. Electric correlation potentials in growing root tips, J. Exp. Zool., 48, 333, 1927.
86. Uren, N.C., Chemical reduction of an insoluble higher oxide of manganese by plant roots, J. Plant
Nutr., 4, 65, 1981.
87. Whipps, J.M., Carbon economy, in The Rhizosphere, Lynch, J.M., Ed., John Wiley and Sons, Chichester, U.K., 1990, p. 59.
88. Lynch, J.M. and Whipps, J.M., Substrate flow in the rhizosphere, in The Rhizosphere and Plant
Growth, Keister, D.L. and Creagan, P.B., Eds., Kluwer Academic Publishers, Dordrecht, 1991, p. 15.
89. Griffin, G.J., Hale, M.G., and Shay, F.J., Nature and quantity of sloughed organic matter produced
by roots of axenic peanut plants, Soil Biol. Biochem., 8, 29, 1976.
90. Iijima, M., Griffiths, B., and Bengough, A.G., Sloughing of cap cells and carbon exudation from
maize seedling roots in compacted sand, New Phytologist, 145, 477, 2000.
91. Farrar, J. et al., How roots control the flux of carbon to the rhizosphere, Ecology, 84, 827, 2003.
92. Hocking, P.J., Dry-matter production, mineral nutrient concentrations, and nutrient distribution and
redistribution in irrigated spring wheat, J. Plant Nutr., 17, 1289, 1994.
93. Butler, B.E., A soil survey of the horticultural soils in the Murrumbidgee irrigation areas, New South
Wales, Bulletin No. 289, CSIRO, 1979.
94. Goss, M.J., Consequences of the activity of roots on soil, in Plant Root Growth: An Ecological
Perspective, Atkinson, D., Ed., Blackwell, Oxford, 1991, p. 171.
95. Morel, J.L. et al., Influence of maize root mucilage on soil aggregate stability, Plant Soil, 136, 111, 1991.
96. Whiteley, G.M., The deformation of soil by penetrometers and root tips of Pisum sativum, Plant Soil,
117, 210, 1989.
97. McCully, M.E., Water efflux from the surface of field-grown grass roots. Observations by cryoscanning electron microscopy, Physiol. Plant., 95, 217, 1995.
98. Young, I.M., Variation in moisture contents between bulk soil and the rhizosheath of wheat (Triticum
aestivum L. cv. Wembley), New Phytologist, 130,135, 1995.
99. Bengough, A.G. and McKenzie, B.M., Sloughing root cap cells decreases the frictional resistance to
maize (Zea mays L.) root growth, J. Exp. Bot., 48, 885, 1997.

3855_C001.fm Page 19 Monday, April 9, 2007 3:12 PM

Types, Amounts, and Possible Functions of Compounds

19

100. Iijima, M., Higuchi, T., and Barlow, P.W., Contribution of root cap mucilage and the presence of
an intact root cap in maize (Zea mays) to the reduction in soil mechanical impedance, Ann. Bot.
94, 473, 2004.
101. Read, D.B. et al., Plant roots release phospholipids surfactants that modify the physical and chemical
properties of soil, New Phytologist, 157, 315, 2003.
102. Hallet, P.D., Gordon, D.C., and Bengough, A.G., Plant influence on rhizosphere hydraulic properties:
direct measurements using a miniaturized infiltrometer, New Phytologist, 157, 597, 2003.
103. Whalley, W.R. et al., The hydraulic properties of soil at the root-soil interface, Soil Sci., 169, 90, 2004.
104. Drew, M.C., Properties of roots which affect rates of absorption, in The Soil-Root Interface, Harley,
J.L. and Russell, J.S., Eds., Academic Press, London, 1979, p. 21.
105. Wu, J. et al., Experimental study on the reduction of soil hydraulic conductivity by enhanced biomass
growth, Soil Sci., 162, 741, 1997.
106. Greenland, D.J., The physics and chemistry of the soil-root interface: some comments, in The SoilRoot Interface, Harley, J.L. and Russell, J.S., Eds., Academic Press, London, 1979, p. 83.
107. Watt, M., McCully, M.E., and Canny, M.J., Formation and stabilization of rhizosheaths of Zea mays
L., Plant Physiol., 106, 179, 1994.
108. McCully, M.E. and Boyer, J.S., The expansion of maize root-cap mucilage during hydration. 3. Changes
in water potential and water content, Physiol. Plant., 99, 169, 1997.
109. Soileau, J.M., Jackson, W.A., and McCracken, R.J., Cutans (clay films) and potassium availability to
plants, J. Soil Sci., 15, 117, 1964.
110. Sealey, L.J., McCully, M.E., and Canny, M.J., The expansion of maize root-cap mucilage during
hydration. 1. Kinetics, Physiol. Plant., 93, 38, 1995.
111. Nye, P.H. and Tinker, P.B., Solute Movement in the Soil-Root System, University of California Press,
Berkeley, CA, 1977.
112. Burns, R.G., Enzyme activity in soil: location and a possible role in microbial ecology, Soil Biol.
Biochem., 14, 423, 1982.
113. Nannipieri, P., The potential use of enzymes as indicators of productivity, sustainability and pollution,
in Soil Biota — Management in Sustainable Farming Systems, Pankhurst, C.E., Doube, B.M., Gupta,
V.V.S.R., and Grace, P.R., Eds., CSIRO Australia, 1994, p. 238.
114. Wasaki, J. et al., Properties of secretory acid phosphatase from lupin roots under phosphorus-deficient
conditions, in Plant Nutrition for Sustainable Food Production and Environment, Ando, T., Fujita,
K., Mae, T., Matsumoto, H., Mori, S., and Sekiya, J., Eds., Kluwer Academic Publishers, Dordrecht,
1997, p. 295.
115. Seeling, B. and Jungk, A., Utilization of organic phosphorus in calcium chloride extracts of soil by
barley plants and hydrolysis and alkaline phosphatases, Plant Soil, 178, 179, 1996.
116. Tarafdar, J.C. and Marschner, H., Phosphatase activity in the rhizosphere and hyposphere of VA
mycorrhizal wheat supplied with inorganic and organic phosphorus, Soil Biol. Biochem., 26, 387, 1994.
117. Tarafdar, J.C. and Jungk, A., Phosphatase activity in the rhizosphere and its relation to the depletion
of soil organic phosphorus, Biol. Fertil. Soils, 3, 199, 1987.
118. Tinker, P.B. and Nye, P.H., Solute Movement in the Rhizosphere, Oxford University Press, New York, 2000.
119. George, T.S., Richardson, A.E., and Simpson, R.J., Behavior of plant-derived extracellular phytase
upon addition to soil, Soil Biol. Biochem. 37, 977, 2005.
120. Bailey, J.A. and Mansfield, J.W., Eds., Phytoalexins, John Wiley and Sons, New York, 1982.
121. Haider, K. and Martin, J.P., Decomposition of specifically carbon-14 labeled benzoic and cinnamic
acid derivatives in soil, Soil Sci. Soc. Am. Proc., 39, 657, 1975.
122. Lehmann, R.G., Cheng, H.H., and Harsh, J.B., Oxidation of phenolics by soil iron and manganese
oxides, Soil Sci. Soc. Am. J., 51, 352, 1987.
123. McBride, M.B., Adsorption and oxidation of phenolic compounds by iron and manganese oxides,
Soil Sci. Soc. Am. J., 51, 1466, 1987.
124. Inderjit and Bhowmik, P.C., Sorption of benzoic acid onto soil colloids and its implications for
allelopathy studies, Biol. Fertil. Soils, 40, 345, 2004.
125. Krogmeier, M.J. and Bremner, J.M., Effects of phenolic acids on seed germination and seedling growth
in soil, Biol. Fertil. Soil, 8, 116, 1989.
126. Inderjit and del Moral, R., Is separating resource competition from allelopathy realistic?, Bot. Rev.,
63, 221, 1997.

3855_C001.fm Page 20 Monday, April 9, 2007 3:12 PM

20

The Rhizosphere: Biochemistry and Organic Substances at the Soil–Plant Interface

127. Kato-Noguchi, H., Allelopathic substance in rice root exudates: rediscovery of momilactone B as an
allelochemical, J. Plant Physiol., 161, 271, 2004.
128. Czarnota, M.A. et al., Mode of action, localization of production, chemical nature, and activity of
sorgoleone: a potent PSII inhibitor in Sorghum spp. root exudates, Weed Technol., 15, 813, 2001.
129. Inderjit and Duke, S.O., Ecophysiological aspects of allelopathy, Planta, 217, 529, 2003.
130. Wu, H. et al., Distribution and exudation of allelochemicals in wheat Triticum aestivum, J. Chem.
Ecol., 26, 2141, 2000.
131. Dyer, B., On the analytical determination of probably available “mineral” plant food in soils, J. Chem.
Soc. Trans., 65, 115, 1894.
132. Jones, D.L. et al., Organic acid behavior in soils — misconceptions and knowledge gaps, Plant Soil,
248, 31, 2003.
133. Trolove, S.N. et al., Progress in selected areas of rhizosphere research on P acquisition, Aust. J. Soil
Res., 41, 471, 2003.
134. Dinkelaker, B., Römheld, V., and Marschner, H., Citric acid excretion and precipitation of calcium
citrate in the rhizosphere of white lupin (Lupinus albus L.), Plant Cell Environ., 12, 285, 1989.
135. Jones, D.L. and Darrah, P.R., Influx and efflux of organic acids across the soil-root interface of Zea
mays L. and its implications in rhizosphere C flow, Plant Soil, 173, 103, 1995.
136. Jones, D.L. and Darrah, P.R., Role of root derived organic acids in the mobilization of nutrients from
the rhizosphere, Plant Soil, 166, 247, 1994.
137. Kuzyakov, Y., Raskatov, A., and Kaupenjohann, M., Turnover and distribution of root exudates of Zea
mays, Plant Soil, 254, 317, 2003.
138. Owen, A.G. and Jones, D.L., Competition for amino acids between wheat roots and rhizosphere
microorganisms and the role of amino acids in plant N acquisition, Soil Biol. Biochem., 33, 651, 2001.
139. White, P.F., Soil and plant factors relating to the poor growth of Lupinus species on fine-textured
alkaline soils, Aust. J. Agric. Res., 41, 871, 1990.
140. Tang, C. et al., The growth of Lupinus species on alkaline soils, Aust. J. Agric. Res., 46, 255, 1995.
141. Zhang, F.S., Ma, J., and Cao, Y.P., Phosphorus deficiency enhances root exudation of low-molecular
weight organic acids and utilization of sparingly soluble inorganic phosphates by radish (Raghanus
satiuvs L.) and rape (Brassica napus L.) plants, in Plant Nutrition for Sustainable Food Production
and Environment, Ando, T., Fujita, K., Mae, T., Matsumoto, H., Mori, S., and Sekiya, J., Eds., Kluwer
Academic Publishers, Dordrecht, 1997, p. 301.
142. Hinsinger, P., How do plant roots acquire mineral nutrients? Chemical processes in the rhizosphere,
Adv. Agron., 64, 225, 1998.
143. Delhaize, E.P., Ryan, P.R., and Randall, P.J., Aluminium tolerance in wheat (Triticum aestivum L.)
II. Aluminium-stimulated excretion of malic acid from root apices, Plant Physiol., 103, 695, 1993.
144. Pellet, D.M., Grunes, D.L., and Kochian, L.V., Organic acid exudation as an aluminium-tolerance
mechanism in maize (Zea mays L.), Planta, 196, 788, 1995.
145. Horst, W.J., The role of the apoplast in aluminium toxicity and resistance of higher plants: a review,
Z. Pflanzenernähr. Bodenk., 158, 419, 1995.
146. Jones, D.L., Prabowo, A.M., and Kochian, L.V., Kinetics of malate transport and decomposition in
acid soils and isolated bacterial populations: the effect of microorganisms on root exudation of malate
under Al stress, Plant Soil, 182, 239, 1996.
147. Pellet, D.M. et al., Involvement of multiple aluminium exclusion mechanisms in aluminium tolerance
in wheat, Plant Soil, 192, 63, 1997.
148. Lee, J.A. and Woolhouse, H.W., A comparative study of bicarbonate inhibition of root growth in
calcicole and calcifuge plants, New Phytologist, 68, 1, 1969.
149. Huang, A. and Graham, R.D., Efficient Mn uptake in barley is a constitutive system, in Plant Nutrition
for Sustainable Food Production and Environment, Ando, T., Fujita, K., Mae, T., Matsumoto, H.,
Mori, S., and Sekiya, J., Eds., Kluwer Academic Publishers, Dordrecht, 1997, p. 269.
150. Venkatraju, K. and Marschner, H., Inhibition of iron-stress reactions in sunflower by bicarbonate, Z.
Pflanzenernähr. Bodenk., 144, 339, 1981.
151. Bar-Ness, E. et al., Short-term effects of rhizosphere microorganisms on Fe uptake from microbial
siderophores by maize and oats, Plant Physiol., 100, 451, 1992.
152. von Wiren, N. et al., Iron inefficiency in maize mutant ys1 (Zea mays L. cv. Yellow-stripe) is caused
by a defect in uptake of iron phytosiderophores, Plant Physiol., 106, 71, 1994.

3855_C001.fm Page 21 Monday, April 9, 2007 3:12 PM

Types, Amounts, and Possible Functions of Compounds

21

153. von Wiren, N. et al., Competition between micro-organisms and roots of barley and sorghum for iron
accumulated in the root apoplasm, New Phytologist, 130, 511 1995.
154. Leeper, G.W., Relationship of soils to manganese deficiency of plants, Nature, 134, 972, 1934.
155. de Willigen, P. and van Noordwjik, M., Mathematical models on diffusion of oxygen to and within
plant roots, with special emphasis on effects of soil-root contact: I, Plant Soil, 77, 215, 1984.
156. van Noordwjik, M. and de Willigen, P., Mathematical models on diffusion of oxygen to and within
plant roots, with special emphasis on effects of soil-root contact: II, Plant Soil, 77, 233, 1984.
157. Uren, N.C., Mucilage secretion and its interaction with soil, and contact reduction, Plant Soil, 155/156,
79, 1993.
158. Park, K.H. et al., Allelopathic activity and determination of allelochemicals from sunflower (Helianthus annuus L.) root exudates. II. Elucidation of allelochemicals from sunflower exudates, Korean J.
Weed Sci., 12, 173, 1992.
159. Ayers, W.A. and Thornton, R.H., Exudation of amino acids by intact and damaged roots of wheat
and peas, Plant Soil, 28, 193, 1968.

3855_C001.fm Page 22 Monday, April 9, 2007 3:12 PM

3855_C002.fm Page 23 Monday, April 9, 2007 3:40 PM

Release of Root Exudates
2 The
as Affected by the Plant
Physiological Status
Günter Neumann and Volker Römheld
CONTENTS
I. Introduction ...............................................................................................................................24
II. Collection of Root Exudates: Methodological Aspects ...........................................................25
A. Collection Techniques with Trap Solutions ......................................................................25
B. Localized Sampling Techniques in Solution and Soil Culture Systems ..........................26
1. Solution Culture Systems ............................................................................................27
2. Soil Culture Systems ...................................................................................................27
C. Factors Affecting the Recovery of Root Exudates ...........................................................28
1. Microbial Activity........................................................................................................28
2. Sorption at the Soil Matrix..........................................................................................30
3. Retrieval Mechanisms..................................................................................................30
4. Root Injury...................................................................................................................30
III. Mechanisms of Root Exudation ...............................................................................................31
A. Diffusion ............................................................................................................................31
B. Ion-Channels ......................................................................................................................32
C. Vesicle Transport ...............................................................................................................32
D. Other Transport Mechanisms ............................................................................................32
IV. Nutritional Factors.....................................................................................................................33
A. Phosphorus (P)...................................................................................................................33
1. Role of Carboxylate Exudation for P Mobilization in Soils ......................................33
2. Physiology of Carboxylate Exudation ........................................................................36
3. Exudation of Phenolic Compounds.............................................................................41
4. Root-Secretory Phosphohydrolases .............................................................................41
B. Nitrogen and Potassium.....................................................................................................43
1. Nitrate Assimilation .....................................................................................................43
2. Ammonium Assimilation.............................................................................................43
3. Potassium Nutrition .....................................................................................................43
C. Iron .....................................................................................................................................44
1. Strategy I Plants...........................................................................................................44
2. Strategy II Plants .........................................................................................................46
D. Other Micronutrients and Heavy Metals...........................................................................49
1. Role of PS....................................................................................................................49
2. Role of Carboxylates, Rhizosphere pH, and Redox State..........................................49
V. Aluminum Toxicity...................................................................................................................51
VI. Temperature...............................................................................................................................54
23

3855_C002.fm Page 24 Monday, April 9, 2007 3:40 PM

24

The Rhizosphere: Biochemistry and Organic Substances at the Soil–Plant Interface

VII. Light Intensity........................................................................................................................54
VIII. Water Supply ..........................................................................................................................54
A. Drought ...........................................................................................................................54
B. Excess Water Supply ......................................................................................................55
IX. Elevated CO2 ..........................................................................................................................55
X. Future Research Perspectives and Prospects for Rhizosphere Management........................55
References ........................................................................................................................................57

I. INTRODUCTION
Apart from the function of plant roots as organs for water and nutrient uptake and anchorage in
soils, roots are able also to release a wide range of organic and inorganic compounds into the
rhizosphere. Soil–chemical changes related to the presence of these compounds and products of
their microbial turnover are important factors affecting microbial populations, availability of nutrients, solubility of toxic elements in the rhizosphere, and thereby, the ability of plants to cope with
adverse soil–chemical conditions [1]. Organic rhizodeposition includes lysates, liberated by autolysis
of sloughed-off cells and tissues, intact root border cells, as well as root exudates, released passively
(diffusates) or actively (secretions) from intact root cells (Table 2.1; see also Chapter 1). In annual
plant species, 30 to 60% of the photosynthetically fixed carbon is translocated to the roots, and a
considerable proportion of this carbon (up to 70%) can be released into the rhizosphere [2,3] as
pointed out in Chapter 1, Chapter 3, and Chapter 13 of this book. This rhizodeposition is affected
by multiple factors such as light intensity, temperature, nutritional status of the plants, activity of
retrieval mechanisms, various stress factors, mechanical impedance and sorption characteristics of
the growth medium, and microbial activity in the rhizosphere. This chapter will focus on the release
of root exudates, and highlight effects of the physiological status on root exudation and its
significance for adaptations to adverse soil conditions and nutrient efficiency. Because the methods
employed for collection and analysis of root exudates play an important role for the qualitative and
quantitative interpretation of measured exudate data, methodological aspects will also be discussed
in the introductory section.

TABLE 2.1
Root Exudates Detected in Higher Plants
Class of Compounds
Sugars
Amino acids and amides

Aliphatic acids

Aromatic acids
Miscellaneous phenolics
Fatty acids
Sterols
Enzymes
Miscellaneous

Single Components
Arabinose, glucose, fructose, galactose, maltose, raffinose, rhamnose, ribose, sucrose, xylose
All 20 proteinogenic amino acids, aminobutyric acid, homoserine, cysrathionine, mugineic
acid phytosiderophores (mugineic acid, deoxymugineic acid, hydroxymugineic acid,
epi-hydroxymugineic acid, avenic acid, distichonic acid A)
Formic, acetic, butyric, popionic, malic, citric, isocitric, oxalic, fumaric, malonic, succinic,
maleic, tartaric, oxaloacetic, pyruvic, oxoglutaric, maleic, glycolic, shikimic, cis-aconitic,
trans-aconitic, valeric, gluconic
p-Hydroxybenzoic, caffeic, p-coumaric, ferulic, gallic, gentisic, protocatechuic, salicylic,
sinapic, syringic
Flavonols, flavones, flavanones, anthocyanins, isoflavonoids
Linoleic, linolenic, oleic, palmitic, stearic
Campestrol, cholesterol, sitosterol, stigmasterol
Amylase, invertase, cellobiase, desoxyruibonuclease, ribonuclease, acid phosphatase, phytase,
pyrophosphatase apyrase, peroxidase, protease
Vitamins, plant growth regulators (auxins, cytokinins, gibberellins), alkyl sulfides, ethanol,
H+,K+ Nitrate, Phosphate, HCO−3
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II. COLLECTION OF ROOT EXUDATES: METHODOLOGICAL
ASPECTS
A. COLLECTION TECHNIQUES

WITH

TRAP SOLUTIONS

Water-soluble root exudates are most frequently collected by immersion of root systems into aerated
trap solutions for a defined time period (Figure 2.1A). The technique is easy to perform and allows
kinetic studies by repeated measurements using the same plants. Although it is possible to get a
first impression about qualitative exudation patterns and even quantitative changes in response to
different preculture conditions, the technique also includes several drawbacks, which should be
taken into account for the interpretation of experimental data. Application should be restricted to
plants grown in nutrient solution, because removal of root systems from solid media (soil, sand)
is almost certainly associated with mechanical damage of root cells, resulting in overestimation of
exudation rates. On the other hand, it has been frequently demonstrated that the mechanical
impedance of solid growth media leads to alterations in root morphology and stimulates root
exudation [4,5]. In liquid culture media, simulation of the mechanical forces imposed on roots of
soil-grown plants may be achieved by addition of small glass beads [5–7]. Alternatively, exudate
collection from plants grown in solid media (sand, vermiculite) may be performed by percolating
the culture vessels with the trap solution for a defined time period (Figure 2.1B), after removal of

A

B

Glass tube
(removed after
pre-culture)

Peristaltic pump
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Vermiculite

Pipette tip
Cotton plugs
Paraffin sealing
Air outlet
Membrane filter 0.2 µm
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Drainage
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Air inlet/
nutrient solution
Nutrient solution
Trap solution

C
Filterpaper Resin
(disks 5 mm) foil/agar
PE foil

Micro-suction
cups (connected
to vacuum device)

Filterpaper
Resin
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Plastic rings
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Roots
Sealing
Root
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Rhizobox
with removable
front lid
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FIGURE 2.1 Techniques for collection of root exudates: (A) Solution culture system [396]; root exudates
collected from the whole root system by immersion into aerated trap solutions under sterile conditions
(optional). (B) Plant culture in solid media (vermiculite, sand); root exudates collected from the whole root
system by percolation of the culture vessels with trap solution [9,11]. (C) Localized root exudate sampling
from plants grown in solution culture. Exudates collected into trap solution inside of sealed plastic rings
straddling the root [29], or by application of sorption media (filter paper, agar, ion-exchange resins) onto the
root surface [18,46]. (D) Localized collection of rhizosphere soil solution from plants grown in soil culture.
Rhizoboxes with removable front lids for plant culture (root windows under field conditions). Collection by
insertion of microsuction cups (made from HPLC capillaries, 1 mm in diameter) connected to a vacuum
collection device [52] or by application of sorption media (filter paper, agar, ion-exchange resins) onto the
root surface [28,46].

3855_C002.fm Page 26 Monday, April 9, 2007 3:40 PM

26

The Rhizosphere: Biochemistry and Organic Substances at the Soil–Plant Interface

rhizosphere products accumulated during the preceeding culture period by repeated washing steps
[8–11]. For this approach, however, recovery experiments and comparison with results obtained
from experiments in liquid culture are essential, because incomplete leaching and sorption of certain
exudate compounds to the matrix of solid culture media cannot be excluded [12]. As a modification
of the percolation technique, cartridges filled with selective adsorption media (e.g., XAD resin for
hydrophobic compounds, anion-exchange resins for carboxylates), which are installed in the draining tube below the plant culture vessel, can be employed for the enrichment of distinct exudate
constituents [13,14]. After adsorption to a resin, exudate compounds are also protected to a certain
extent against microbial degradation (see Subsection II.C.1).
Trap solutions employed for collection of water-soluble root exudates are nutrient solutions of
the same composition as the culture media [8,10,11], solutions of 0.5 to 2.5 mM CaSO4 or CaCl2
to provide Ca2+ for membrane stabilization [15] or simply distilled water [9,16–18]. Because the
osmotic strength of nutrient solutions is generally low, short-term treatments (1 to 2 h) even with
distilled water are not likely to affect membrane permeability by osmotic stress. Accordingly,
comparing exudation of amino acids from roots of Brassica napus L. into nutrient solution, 20 mM
KCl, or distilled water, respectively, revealed no differences during collection periods between 0.5
and 6 h [19]. In contrast, Cakmak and Marschner [20] reported increased exudation of sugars and
amino acids from roots of wheat and cotton during a collection period of 6 h when distilled water,
instead of 1 mM CaSO4, was applied as trap solution. Thus, for longer collection periods or for
repeated measurements, only complete or at least diluted nutrient solutions should be employed as
trap solutions to avoid depletion of nutrients and excessive leaching of Ca2+. Long-term exposure
of plant roots to external solutions of very low ionic strength is also likely to increase exudation
rates due to an increased transmembrane concentration gradient of solutes [21,22]. Prior to further
sample preparation, solids, microorganisms, and root border cells in trap solutions should be
removed by filtration or centrifugation steps.
Exudate collection in trap solutions usually requires subsequent concentration by vacuum evaporation or lyophilization, due to the low concentration of exudate compounds. Depending on the
composition of the trap solution, the reduction of sample volume can lead to high salt concentrations,
which may interfere with subsequent analysis, or may even cause irreversible precipitation of certain
exudate compounds (e.g., Ca-citrate, Ca-oxalate, proteins). Therefore, if possible, removal of interfering salts by use of ion-exchange resins prior to sample concentration is recommended. Alternatively, solid-phase extraction techniques may be employed for enrichment of exudate compounds
from the diluted trap solution [11,23]. High-molecular-weight (HMW) compounds may be concentrated by precipitation with organic solvents (methanol, ethanol, acetone 80% [v/v] for polysaccharides and proteins) or acidification (trichloroacetic acid 10% [w/v], perchloric acid 5% [w/v] for
proteins; [24]). Alternatively, ultrafiltration of the trap solutions or even cultivation of plant roots
enclosed in dialysis bags is possible [25]. Mucilage polysaccharides adhering to the root surface
have been collected by application of vacuum suction [26], by abrasion with a soft brush and
subsequent transfer to cellulose acetate filters [27], or simply by collection with forceps [28].

B. LOCALIZED SAMPLING TECHNIQUES

IN

SOLUTION

AND

SOIL CULTURE SYSTEMS

In many plants, root exudation is not uniformly distributed over the whole root system. Considerable
spatial variation has been reported for the exudation of carboxylates and protons in P-deficient oilseed rape [29,30], the exudation of protons and phenolics in many dicotyledonous plant species in
response to Fe deficiency [1,31], or for the release of phytosiderophores in Fe-deficient barley [31].
In all these cases, exudation was mainly confined to apical root zones. Various plant species adapted
to low fertile soils, such as members of the Proteaceae and Casuarinaceae, but also white lupin
(Lupinus albus) are characterized by the formation of cluster roots (proteoid roots; see Figure 2.3A)
mainly under conditions of P deficiency or Fe deficiency [32,33]. Exudation of large amounts of
carboxylates and protons involved in the mobilization of mineral nutrients such as P and Fe (see
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Section IV) is mainly confined to these root clusters [23,34,35], and moreover to distinct stages
during cluster root development [18,28,36,37]. Intense root exudation, restricted to distinct root
zones (root tips, cluster roots), may enhance the mobilization efficiency due to localized accumulation of exudate compounds in the rhizosphere to a concentration level that is sufficient to mediate
desorption of mineral nutrients from the soil matrix [23,38]. This enhanced mobilization effect may
be further increased by a low density of microbial colonization [39–41] and a high capacity for
nutrient uptake in apical root zones. Longitudinal gradients of exudation along the roots may,
however, also reflect gradients in microbial degradation of root exudates, which is frequently more
expressed in basal parts of the root sytem than in apical root zones [1,39,42]. This may be attributed
to the high intensity of cell division and cell elongation (1 to 2 cm d−1), restricted to the apical
parts of the root [43]. This is associated with continuous production of new cell material, which
has to be newly colonized by soil microorganisms. However, recent reports suggest, that even in
apical root zones, rapid microbial colonization may be possible at least for some species of soil
microorganisms [44,45]. Variations in root growth rates and root exudation in different plant species
and under different environmental conditions are likely to explain the variability in microbial
colonization patterns in different root zones.
Reliable evaluation of root exudation is only possible, considering the spatial variability along
the roots. Also the possibility of temporal changes in root exudation, such as transient release of
organic acids in cluster rooted plant species [28,46,47], or diurnal variations in exudation of
phytosiderophores in Fe-deficient barley [48] (see Subsection IV.C.2), and of citrate in P-deficient
white lupin [37] has to be taken into account.
1. Solution Culture Systems
Spatial variation in root exudation has been investigated by separating distinct root zones of plants
grown in hydroponic culture with small plastic rings (1.2 cm in diameter), which were sealed
with agar [29] or vacuum grease [36,49] and subsequently filled with trap solution for 1 to 2 h
(Figure 2.1C). Marschner et al. [50] used agarose sheets that were placed onto the root surface,
allowing diffusion of root exudates into the agarose layer. Neumann et al. [18] collected exudates
from different root zones with a spatial resolution of 5 mm, by incubating the roots for 3 h between
double layers of filter disks (5 mm in diameter) made from moist chromatography paper (preparative
quality) with a high soaking capacity (Figure 2.1C). Similarly, Kape et al. [51] used cellulose acetate
filters with a high sorption capacity for hydrophobic compounds to investigate spatial variation of
flavonoid exudation in soybean seedlings. For the selective adsorption of carboxylate anions released
from roots of white lupin, Kamh et al. [46] applied anion-exchange resins enclosed in dialysis bags
or agar sheets, which were placed on the surface of different root zones (Figure 2.1C).
2. Soil Culture Systems
Small sheets of chromatography paper [28] as well as resin bags or resin agar sheets [46], applied
onto the surface of distinct root zones, were also used for localized collection of compounds released
into the rhizosphere soil solution from soil-grown plants, which were cultivated in rhizoboxes
(Figure 2.1D). Göttlein et al. [52] reported the construction of microsuction cups made of HPLC
capillaries (1 mm outer diameter) and connected to a vacuum collecting device, which were inserted
beneath the roots of soil-grown plants for collection of rhizosphere soil solution (Figure 2.1D).
This technique was also successfully employed under field conditions by use of root windows,
however mainly for analysis of mineral elements. Detection of carboxylates in rhizosphere soil
solutions of Norway spruce and silver birch collected with microsuction cups has been recently
reported by Sandnes et al. [53].
Extraction of rhizosphere soil [23,35,54,55] is an approach, which can provide information
about long-term accumulation of rhizosphere products (root exudates and microbial metabolites) in
the soil. Culture systems, which seperate root compartments from adjacent bulk soil compartments
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by steel or nylon nets [55–57], have been employed to study radial gradients of rhizosphere products
in the root environment. The use of different extraction media can account for different adsorption
characteristics of rhizosphere products to the soil matrix [22,34]. However, even the extraction with
distilled water for extended periods (>10 min) may lead to some contamination from damaged
microbial cells and plant residues, which was not observed when centrifugation techniques were
used for soil extraction [58].
A new approach to study root exudation of distinct compounds in soil-grown plants uses
inoculation of roots with genetically engineered reporter bacteria, which are able to indicate the
presence of particular compounds by indicator reactions, such as production of ice-nucleation
protein, or activation of bioluminescence genes. This technique has been employed to detect the
exudation of amino acids from roots of soil-grown Avena barbata [59] or carbon release from roots
of Hordeum vulgare, depending on the N nutritional status [60].

C. FACTORS AFFECTING

THE

RECOVERY

OF

ROOT EXUDATES

1. Microbial Activity
Organic compounds in root exudates are continuously metabolized by root-associated microorganisms at the rhizoplane and in the rhizosphere. Microbial activity results in quantitative and qualitative
alterations of the root exudate composition due to degradation of exudate compounds and the
release of microbial metabolites. However, 14C-labeling studies with culture systems spatially
separating roots and microorganisms, by using Millipore membranes, demonstrated that root exudation can also be stimulated by microbial colonization of plant roots, and by the presence of
microbial metabolites [61–63]. Thus, the use of axenic culture systems to avoid microbial degradation of exudate compounds [19,45,64,65] may, on the other hand, underestimate exudation rates
compared with nonsterile systems.
Under nonsterile conditions, collection time is an important factor affecting the impact of microbial
degradation on recovery of root exudates. Recovery of amino acids in root exudates of Brassica
napus L. grown in solution culture under nonsterile conditions remained constant during a collection
period of 2.5 h but decreased by more than 90% during the next 3.5 h due to microbial metabolization
[19]. Investigations on the fate of 14C citrate and 14C malate added to various soils at a realistic
concentration level for root exudates (100 to 300 µM) revealed average half-life times of 2 to 3 h,
and almost complete mineralization within 48 h [43,66]. Similarly, recovery of various organic acids
detected in the rhizosphere soil solution of Hakea undulata [28] was little affected by microbial
degradation during a 3-h incubation period in soils taken from the culture vessels of the plants, but
recovery declined to zero after 20 h (Table 2.2). Rapid microbial degradation in the soil environment

TABLE 2.2
Recovery of Water-Extractable Organic Acids Applied to a P-deficient West African Soil
Taken from the Culture Vessels of Hakea undulata and Incubated under Sterile
(chloroform fumigation) and Nonsterile Conditions (organic acid application according
to the composition of root exudates)
Percentage Carboxylate Recovery after Soil Incubation
Carboxylate

3 h Sterile

Malic
Citric
Fumaric
trans-Aconitic
Lactic

46.9
32.5
88.1
71.7
64.6

±
±
±
±
±

4.0
3.5
6.9
7.4
13.0

3 h Nonsterile
44.5
29.5
64.4
71.2
69.2

±
±
±
±
±

4.2
1.9
3.1
7.2
9.5

24 h Sterile

24 h Nonsterile

±
±
±
±
±

0
0
0
0
0

34.8
12.8
78.4
63.1
70.2

1.7
11.1
1.6
0.8
5.7
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has been reported also for other constituents of root exudates, such as amino acids and sugars [30]
with similar half-life times in a range between 1 and 5 h [67]. Biodegradation of exudate compounds
was found to be most expressed in soils high in organic matter but seems to be inhibited when
adsorption to the soil matrix occurs [66,68]. Therefore, sorption materials such as ion-exchange resins
[14,46] and reversed-phase materials [13] can be employed to remove certain compounds from the
exudate solution to minimize microbial degradation during exudate collection.
The application of various antibiotics such as Rifampicin/Tetracyclin [69], Cefatoxim/Trimethoprim [70], or bacteriostatic compounds such as “Micropur” (Roth, Karlsruhe, Germany) [71]
used for root pretreatment or added to collection media is another strategy to prevent biodegradation
during root exudate collection. However, depending on dosage and plant species, phytotoxic effects
of antibiotics have also been reported (Table 2.3). Antibiotics in the soil environment can rapidly
stimulate the release of low-molecular-weight (LMW) organic compounds from dead or damaged
microbial cells [72], which may interfere with the determination of root exudates. On the other
hand, the function of antibiotics can be affected by adsorption at the soil matrix and by microbial
degradation due to the presence of resistant microorganisms [72]. Thus, critical evaluation of root
exudate data with application of antibiotics obtained is necessary. Addition of antibiotics to exudate
solutions subsequent to the collection period can prevent proliferation of microorganisms and
microbial degradation of exudate compounds during further sample processing [73].

TABLE 2.3
Effect of Various Antibiotics on Phytosiderophore (PS) Concentrations in Root Exudates
after a 4-h Collection Period and on Fe-PS Uptake in Iron-Deficient Barley and Sorghum
Treatment/Plant Species

Phytosiderophore Concentration in
Root Exudates [Relative Values] (%)

Fe-PS Uptake Rate (%)

Barley
Control
(without antibiotics)
Cefatoxim [30 ppm]
+Trimethoprim [20 ppm]
Cefatoxim [60 ppm]
+Trimethoprim [40 ppm]
Rifampicin [12.50 ppm]
+Tetracyclin [6.25 ppm]
Rifampicin [25.0 ppm]
+Tetracyclin [12.5 ppm]
Rifampicin [50 ppm]
+Tetracyclin [25 ppm]
Micropur
1/10 Tablet L−1 (1.0 mg L−1)
1/4 Tablet L−1 (2.5 mg L−1)
1/1 Tablet L−1 (10 mg L−1)

100

100

36

74

40

57

127

99

91

93

n.d.

87

125
112
75

100
75
38

100
n.d.
n.d.
<10

100
n.d.
n.d.
15

Sorghum
Micropur
Control
1/10 Tablet L−1
1/4 Tablet L−1
1/1 Tablet L−1

Note: Fe-PS uptake rates were determined as a parameter for putative phytotoxic effects of the antibiotica treatments;
n.d. = not determined.
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2. Sorption at the Soil Matrix
Root exudate compounds in soils are differentially affected by adsorption processes, depending on
their charge characteristics and on ion-exchange properties of the soil matrix. The lack of charges
prevents interactions of sugars with metal ions both in soil solution and at the soil matrix [74].
However, adsorption of more hydrophobic organic exudate compounds such as flavonoids [75] and
simple phenolics may be mediated by hydrophobic interactions with humic compounds, and also
abiotic oxidation of phenolics and organic acids at Fe and Mn surfaces has been reported [76]. The
adsorption of charged compounds such as carboxylic acids, though largely dependent on the soil
type and pH, generally tends to increase with the number of negative charges available for anionic
interactions with metal surfaces at the soil matrix [77], resulting in rapid removal of certain
carboxylate species from the rhizosphere soil solution (Table 2.2). Because metal complexation
and ligand-exchange are mechanisms involved in mobilization of mineral nutrients (P, Fe) and
exclusion of toxic elements (Al), the most effective organic chelators (e.g., citrate, oxalate, malate)
for these elements frequently exhibit the most intense soil adsorption [23,77]. Complex stability
of metal carboxylates depends on the number of carboxylic groups and also on their orientation
relative to hydroxyl moieties in the molecule [78]. In contrast, sorption of proteinaceous amino
acids and the related mobilization of mineral nutrients in soils seem to be comparably low, because
of slow reaction kinetics with metal ions [74]. However, the so-called phytosiderophores as nonproteinaceous, tricarboxylic amino acids behave differently and exhibit a fast reaction with amorphous iron (ferrihydrite) in soils [79].
3. Retrieval Mechanisms
Carbon flow in the rhizosphere is not a strictly unidirectional process from root to soil. Active
retrieval mechanisms for sugars and amino acids have been identified in plant roots, which were
capable of recovering up to 90% of the exudates passively lost into the rhizosphere [22,66,80,81].
Even the preferential uptake of organic nitrogen has been reported for plant species adapted to
ecosystems such as arctic tundras, where the rate of nitrogen mineralization is generally low [82].
These findings are in good agreement with reports on the molecular biological characterization of
root specific transporters for amino acids [83] and small peptides [84] in higher plants, frequently
induced under conditions of N limitation [85,86]. Similarly, induction of a re-uptake system for
phytosiderophores as Fe complexes has been reported in graminaceous plant species under Fe
deficient conditions [17,40,87]. However, no such retrieval mechanisms could be identified for
carboxylic acids [88]. Contrary to sugars and amino acids, strong adsorption of carboxylates in
many soils may require an energy investment for remobilization and subsequent uptake, which
exceeds the gain of energy by retrieval of carbon originating from carboxylates. The ecological
significance of retrieval mechanisms for plants may comprise (1) improved N and Fe acquisition, (2)
limitation of passive losses of C and N particularly under stress conditions, and (3) control of
microbial colonization at the rhizoplane and in the rhizosphere [89,90]. In this context, the ability
of microbial metabolites to stimulate root exudation (e.g., of amino acids) [63] and the expression
of retrieval mechanisms for amino acids and peptides by plant roots [83–86] may represent strategies
of competition for limiting nutrients between plants and microorganisms in the rhizosphere. However, the contribution of retrieval mechanisms to N and C uptake under real field conditions remains
to be established [90].
4. Root Injury
Various techniques for collection of root exudates are associated with the risk of root injury by
rupture of root hairs and epidermal cells or rapid changes of the environmental conditions (e.g.,
temperature, pH, oxygen availability) during transfer of root systems into trap solutions, application
of sorption materials onto the root surface, and preparation of root systems for exudate collection.
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The possible impact of those stress treatments may be assessed by measuring responses of plant
growth in plants either subjected or not subjected to the collection procedure [6], and by comparing
exudation patterns after exposure of roots to the handling procedures with different intensities.

III. MECHANISMS OF ROOT EXUDATION
A. DIFFUSION
Release of the major LMW organic constituents of root exudates such as sugars, amino acids,
carboxylic acids, and phenolics is a passive process along the steep concentration gradient, which
usually exists between the cytoplasm of intact root cells (millimolar range) and the external (soil) solution
(micromolar range). Direct diffusion through the lipid bilayer of the plasmalemma (Figure 2.2) is
determined by membrane permeability, which depends on the physiological state of the root cell
and on the polarity of the exudate compounds, facilitating the permeation of lipophilic exudates
[91]. At the cytosolic pH of approximately 7.1 to 7.4 [1], more polar intracellular LMW organic
compounds such as amino acids and carboxylic acids usually exist as anions with low plasmalemma
permeability. A positive charge gradient, which is directed to the outer cell surface, as a consequence
of a large cytosolic K+ diffusion potential [92] and of plasmalemma ATPase-mediated proton extrusion (Figure 2.3), not only promotes uptake of cations from the external solution, but also the outward
diffusion of carboxylate anions. Based on studies on the permeability of lipid bilayers to polar
substances by use of synthetic membrane vesicles and the flux density equation of Nobel et al. [93],
diffusion-mediated basal exudation of amino acids or malate from plant roots has been calculated
at rate of approximately 0.3 nmol h−1 cm−1 root length or 120 nmol h−1 g−1 root fresh weight [74,77].
This is in good agreement with experimental data for carboxylate exudation rates of 0.4 to 0.9 nmol
h−1 cm−1 root length (100 to 380 nmol h−1 g−1 root fresh weight) determined for 5-mm apical root
zones of wheat, maize, tomato, potato, and white lupin grown in a hydroponic culture system [94,95].
Jones et al. [74,88] suggested that root exudation of amino acids and sugars generally occurs passively
via diffusion and may be enhanced by stress factors affecting membrane integrity such as nutrient
deficiency (e.g., K, P, Zn), temperature extremes, or oxidative stress [20,96,97].
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FIGURE 2.2 Model for mechanisms involved in the release of root exudates.
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B. ION-CHANNELS
Root exudation of extraordinary high amounts of specific carboxylates (e.g., citrate, malate, oxalate,
phytosiderophores) in response to nutritional deficiency stress or Al toxicity in some plant species
cannot simply be attributed to diffusion processes. The controlled release of these compounds,
involved in mobilization of mineral nutrients and in detoxification of Al, may be mediated by more
specific mechanisms. By use of patch clamp approaches and inhibitor studies, anion channels have
been identified in the plasmamembrane of epidermal root cells (Figure 2.2), mediating the release
of malate and citrate in wheat and maize under Al stress [98–100] and P-deficiency-induced root
exudation of citrate in Lupinus albus [18,100]. Anion channels have also been implicated in the
release of Fe-, and Zn-mobilizing phytosiderophores in graminaceous plant species [101]. The first
identification of a gene encoding for an anion channel responsible for Al-induced root exudation
of malate in wheat (ALMT1) was provided by Sasaki et al. [102]. The release of carboxylate anions
via anion channels seems to be frequently coupled with increased release of protons via plasmalemma H+-ATPase or increased K+ extrusion by K+ channels, and probably also release of other
cations to maintain charge balance (Figure 2.2) [101,103–106].

C. VESICLE TRANSPORT
Vesicle transport is involved in root secretion of HMW compounds [107]. The release of mucilage
polysaccharides from hypersecretory cells of the root cap is mediated by Golgi vesicles (Figure 2.2).
Subsequently, the secretory cells degenerate and are sloughed off. Secretory proteins such as ectoenzymes (e.g., acid phosphatase, phytase, peroxidase, phenoloxidase) are synthesized by membranebound polysomes and cotranslationally enter the endomembrane system by vectorial segregation
into the ER lumen. While passing through the Golgi apparatus, they are separated from proteins
destinated for the vacuolar compartment, and are transported to the plasmalemma by transfer vesicles
[108,109]. Processes involved in exocytosis, such as formation of vesicles and their fusion with the
plasma membrane strongly depend on extracellular and intracellular calcium levels [1].
Vesicles have also been implicated in storage and release of LMW compounds such as phenolics
[110–112] and phytosiderophores [113] in plant roots but the characterization of mechanisms
remains to be established.

D. OTHER TRANSPORT MECHANISMS
Plant roots are able to secrete a wide range of secondary metabolites, such as phenylpropanoids,
quinones, flavonoids, terpenoids, and alkaloids. The large number of different compounds with
specific functions in plant–microbial signaling, feeding deterrence, and antimicrobial and allelopathic interactions obviously requires release control in space and time. However, surprisingly little
is known concerning the related release mechanisms. Biosynthesis of secondary plant metabolites
frequently occurs in close association with the endoplasmic reticulum with subsequent compartmentation in vesicles and vacuoles, to prevent accumulation of toxic levels in the cytosol
[112,114,115]. Therefore, vesicle transport has been discussed as a possible release mechanism
(Figure 2.2; see Subsection III.C). On the other hand, members of transporter families involved in
detoxification and vacuolar compartmentation of pathogen toxins, agrochemicals (e.g., pesticides)
and flavonoids, such as multidrug-resistance ATP binding cassette (ABC) transporters [116] and
multidrug and toxic compound extrusion (MATE) transporters [117] may also have functions in
root exudation of secondary plant metabolites (Figure 2.2); [112]. Accordingly, macroarray analysis
for P-deficiency-induced gene expression in Lupinus albus revealed an EST with homology to
MATE transporters, particularly expressed in cluster roots with high secretory activity for carboxylates and isoflavonoids [118,119].
Apart of release mechanisms responsible for root exudation of LMW and HMW organic
compounds, genetically controlled processes are involved even in the liberation of sloughed-off
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root cells. The number of the so-called root border cells, produced in different plant species is
genetically fixed, involves mechanisms of feedback control and can be modified by various environmental factors, such as contact with free water and elevated CO2 [120]. Root border cells
represent the final stage of hypersecretory cells in the root cap, responsible for secretion of mucilage.
Embedded into a layer of mucilage polysaccharides, the cells are viable after detachment from the
root cap for up to one week, and can be transported during root growth to more basal parts of the
root [120,121]. Border cells are able to produce antibiotics and specifically attract root pathogens,
such as parasitic nematodes, fungal zoospores, and pathogenic bacteria, thereby counteracting
infection of the apical root meristem. In response to infection with pathogenic bacteria and to toxic
levels of Al, root border cells exhibit enhanced mucilage excretion, which seems to repel bacteria
and alleviates toxic effects of Al on border cell viability [120].

IV. NUTRITIONAL FACTORS
A. PHOSPHORUS (P)
Phosphorus is one of the major limiting factors for plant growth in many soils. Plant availability
of inorganic phosphorus (Pi) can be limited by formation of sparingly soluble Ca phosphates,
particularly in alkaline and calcareous soils, by adsorption to Fe- and Al-oxide/hydroxide surfaces
in acid soils, by formation of Fe/Al-P complexes with humic acids [122,123] and precipitation as
Al-, or Fe-phosphates. Phosphorus deficiency can significantly alter the composition of root exudates in a way, which is at least in some plant species related to an increased ability for mobilization
of sparingly soluble P sources [30,32,47,77].
1. Role of Carboxylate Exudation for P Mobilization in Soils
Increased root exudation of carboxylates (e.g., citrate, malate, malonate, oxalate) is a P-deficiency
response, reported particularly in dicotyledonous plant species [94,95,124]. Mobilization of Pi by
exogenous application of carboxylates to various soils with low P availability has been demonstrated
in numerous studies [23,122,125–128] and seems to be mediated by mechanisms of ligand exchange,
dissolution, and occupation of P sorption sites (e.g., Fe/Al-P and Ca-P) in the soil matrix [23]. Citrate
and oxalate were found to be among the most efficient carboxylates with respect to P mobilization
in many of these model experiments, according to high stability constants of these carboxylates
for complex formation with Fe, Al, and Ca [77]. However, to mediate significant desorption of Pi,
carboxylate accumulation of >5 to 10 µmol g−1 soil is required for interactions with P sorption sites
at the soil matrix [128–131]. A similar carboxylate concentration level in the rhizosphere, has been
reported so far only for a very limited number of plant species, such as Lupinus albus L. and
members of the Proteaceae [23,28,32,46,54] and its still a matter of debate, whether P-deficiencyinduced carboxylate exudation observed in many other plants can be really regarded as an adaptive
mechanism for chemical P acquisition in soils [6,132].
For 1-cm apical root zones, where the most intense root exudation is frequently located (see
Subsection II.B), the amount of rhizosphere soil in a distance of 1 mm from the root surface has
been calculated at about 70 mg cm−1 root length [133]. Assuming root elongation rates of 1 to
2 cm/d [43], the average residence time of 1-cm apical root zones in a given soil compartment would
hardly exceed 12 to 24 h. Thus, accumulation of P-mobilizing carboxylates at rhizosphere concentrations relevant for P desorption (e.g., 10 µmol citrate g−1 soil) within 24-h residence time of the
root tip in a given soil compartment, would require release rates of at least 30 nmol h−1 cm−1 root
length, and up to 300 nmol h−1 cm−1 root length, if microbial carboxylate degradation with a halflife time of, for example, 5 h [43] is taken into account. This is far above the reported release rates
of carboxylates for many plant species, which in most cases hardly exceed 1 nmol h−1 cm−1 root
length [95]. Stimulation of root exudation by the mechanical impedance of the soil substrate [4,5]
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FIGURE 2.3 Clusterlike root structures in different plant species: (A) cluster roots of Hakea corymbosa
(Proteaceae); (B) clustering of barley roots in response to localized placement of NH4SO4; (C) clustering of
root hairs (dauciform roots) in apical root zones of sedges (Cyperaceae); (D) clustering of root hairs in the
heavy metal hyperaccumulator Thaspi caerulescens grown on a Cd-contaminated soil. (Figure 2.3C — courtesy
of M. Shane and Hans Lambers, UWA, Perth, Australia.)

or by microbial activity in the rhizosphere [60–62] may contribute to some extent to increased
carboxylate exudation [30]. However, a direct involvement in a root-induced strategy for chemical
P acquisition seems to be unlikely, because these effects are not specific for P deficiency and
strongly depend on environmental conditions. Moreover, the required daily release rates of Pmobilizing carboxylates, such as citrate would easily exceed the total biomass of 1-cm apical root
zones (approximately 1 mg dry matter for roots with 1-mm diameter). Therefore, it is not surprising
that a general ecological significance of P-deficiency-induced root exudation of carboxylates for P
acquisition has been questioned in the recent past [67,77,89].
However, the formation of so-called cluster roots, characteristic for members of the Proteaceae,
Lupinus albus, and various other plant species [32,47] represents an example for an efficient strategy
to increase the concentration of P-mobilizing root exudates in the rhizoshere. The bottlebrush-like
clusters of densely-spaced lateral rootlets (50 to 1000 per cm cluster root axis) with limited growth
(3 to 5 mm) (Figure 2.3A), densely covered with root hairs are formed mainly in response to low
P supply [32,47]. Cluster roots are the sites of intense rhizosphere–chemical changes involved in
mobilization of P but also of Ca, Mg, Fe, Mn, Zn, Mo, and Al [23,28,32–35,134] by root-induced
pH changes, secretion of carboxylates, phenolics, and acid phosphatase [32,47]. Compared to
normal lateral roots, the formation of root clusters increases the radial extension of the rhizosphere
by up to 1 cm. Because of the high density of lateral rootlets within this rhizosphere cylinder, the
surface area active in root exudation is increased by a factor of 25 to 500 and even higher values
may be expected by hyperproliferation of root hairs along the lateral rootlets [32,47,135]. Because
lateral rootlets exhibit no more growth activity [32], root exudation into the same soil compartment
is possible over extended time periods of 2 to 3 d. The prolongated secretory activity of cluster
roots compared with normal lateral roots may further increase the accumulation of root exudates
in the rhizosphere by a factor of approximately 3 to 6. Moreover, various modifications in cluster
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root metabolism are responsible for preferential production and a 5- to 15-fold increase in exudation
of root exudates involved in P mobilization (see Subsection IV.A.2.). The combination of these
morphological, developmental, and physiological adaptations enables the accumulation of Pmobilizing carboxylates in the rhizosphere of cluster roots at concentration levels up to 45 to 55 µmol
g−1 soil, reported, for example, for Lupinus albus, as a plant species with a proven ability for citratemediated P mobilization in the rhizosphere [23,34,130,131]. The modifications in morphology and
growth activity of cluster roots mainly increase the quantity of carboxylate accumulation in the
rhizosphere, whereas both the composition and the amount of released carboxylates is determined
by alterations at the physiological level.
Cluster roots are widely distributed in members of the families of the Fabaceae, Betulaceae,
Casuarinaceae, Myricaceae, Cucurbitaceae, Moraceae, Eleagnaceae, Moraceae, and Proteaceae
[32,47]. Therefore, Skene [136] postulated, that along with mycorrhizae and N2-fixing nodules,
cluster roots may be regarded as the third major adaptation for nutrient acquisition in terrestrial
vascular sporophytes. It remains to be established, whether in other plant species also, “clustering”
of root structures by localized proliferation of roots and root hairs or formation of root mats in
response to various environmental stimuli (Figure 2.3B to Figure 2.3D) can have a similar impact
on accumulation of root exudates and chemical mobilization of nutrients in the rhizosphere. Recently,
Lambers et al. [137] demonstrated that so-called dauciform (carrot-shaped) lateral roots in sedges
(Schoenus unispiculatus, Cyperaceae), formed under P limitation by hyperproliferation of root hairs
(Figure 2.3C), release similar amounts of citrate in an exudative burst as observed for cluster roots
in Lupinus albus or members of the Proteaceae. Intense exudation of carboxylates under P limitation
has been reported also in spinach [138], red clover [129], chickpea [94,132], and various Lupinus
species (L. luteus, L. angustifolius, L. hispanicus, L. pilosus [139–141]. Ström et al. [142] suggested
that P (and Fe) mobilization, mediated by root exudation of citrate and oxalate, might be related
to the ability of various calcicole plant species to grow on calcareous soils.
Although in many soils with low P availability, significant desorption of sparingly soluble Pi
forms requires millimolar concentrations of specific carboxylates (e.g., citrate, oxalate) in the extraction solution, much lower application rates were sufficient to reduce soil adsorption of Pi, which
was applied simultaneously with carboxylates [133]. Thus, competition of carboxylates with Pi for
P-sorption sites in the soil matrix may be a mechanism, which can to some extent prevent soilfixation of Pi after fertilizer application in agricultural soils even in plant species with moderate
exudation rates. This fits well with modeling results of Kirk et al. [143], who identified competition
of carboxylates for P-sorption sites as a major mechanism, increasing P availability in the rhizosphere
of upland rice, whereas displacement of P from adsorption sites was considered as unimportant.
A possible contribution of rhizosphere-microbial production of carboxylates to chemical P
acquisition in plants, driven by root exudation as a carbon source, has been discussed [30]. A wide
range of cultivated soil microorganisms are able to mobilise sparingly soluble soil P sources in
vitro by production of organic chelators and acidification of the growth medium [144]. However,
the significance of these processes for P acquisition in plants under the competitive conditions in
the rhizosphere remains to be elucidated. Nevertheless, at least for some ectomycorrhizal fungi,
significant chemical P mobilization in the myco-rhizosphere by fungal release of carboxylates has
been recently demonstrated [145], whereas other studies indicated increased mineralization of
carboxylates in presence of ectomycorrhizal associations [146].
A close relationship between P-deficiency-induced exudation of carboxylates in different stages
of cluster root development and structural diversity of rhizosphere microbial community structures
was reported for Lupinus albus [147–149]. Plate counts demonstrated a reduced bacterial abundance
associated with a sudden decrease in rhizosphere pH and a pulse of intense citrate exudation in
mature root clusters [149,150]. Together with a preceeding release of isoflavonoids [118] and
secretion of antifungal cell wall-degrading enzymes, such as chitinase and β-1-3-glucanase
[148,150], the transient rhizosphere acidification may represent a plant strategy to counteract
microbial degradation of P-mobilizing carboxylates.
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In addition to LMW carboxylates, also mucilage can to some extent promote P desorption from
clay minerals [151,152], probably mediated by the galacturonate component of the polysaccharide
[152,153]. Possible functions of phosphatidylcholine surfactants in root mucilages for P mobilization, inhibition of nitrification and modification soil water retention have been discussed by Read
at al. [154].
2. Physiology of Carboxylate Exudation
Apart from root-morphological adaptations (see Subseciton IV.A.1), the potential of certain plant
species for mobilization of sparingly soluble soil P sources by root exudation of carboxylates as
organic metal chelators is determined also by alterations in root physiology. Major exudate compounds comprise malate, citrate, malonate, and also oxalate, especially in plant species where
oxalate replaces malate as the major internal carboxylate anion, for example, members of the
Chenopodiaceae [129,138,155].
Preferential root exudation of carboxylates with the highest efficiency in P mobilization under
conditions of P limitation seems to be closely related with three groups of physiological alterations:
(1) increased biosynthesis of carboxylates in the roots and sometimes also in the shoot tissue,
providing exudate compounds or related precursors; (2) reduced metabolic consumption of carboxylates with high potential for P mobilization (e.g., citrate); and (3) expression of specific release
mechanisms to mediate controlled root exudation of the respective carboxylates in sufficient
amounts. At least the processes involved in biosynthesis and turnover of carboxylates (items 1 and
2 of previous list) can be regarded as more general metabolic responses to P limitation, which have
been detected in many plant species, independent of the ability for P-deficiency-induced root
exudation of P-mobilizing carboxylates [18,94,124,156–159].
a. Biosynthesis of Carboxylates
Enhanced expression and in vitro activities of a specific set of glycolytic enzymes, such as sucrose
synthase (SS), phosphoglucomutase (PGM), fructokinase (FK), PPi-dependent phosphofructokinase,
and of phosphoenolpyruvate carboxylase (PEPC) represent a widespread metabolic modification
detected in P-deficient plant tissues (Figure 2.4). These enzymes may operate as an alternative
pathway of carbohydrate catabolism under P-deficient conditions, which facilitates a more economic
Pi utilization by Pi recycling, minimization of Pi consumption and utilization of alternative P pools
such as PPi [159–163]. Particularly, the enhanced nonphotosynthetic CO2-fixation via PEPC contributes to carboxylate accumulation in P-deficient plants and can provide a substantial proportion
of carbon (>30%) to the biosynthesis of carboxylates (Figure 2.4) [11,94,124,156,157,164]. The
cytosolic enzyme catalyzes the carboxylation of phosphoenolpyruvate (PEP) to oxaloacetate, which
can be further converted to malate by enhanced expression of cytosolic malate dehydrogenase (MDH)
[36,156,157,163,165]. Phosphorus-deficiency-induced upregulation of PEPC is regulated at the transcriptional and also at the posttranslational levels by protein phosphorylation [156,157,165]. PEPC
liberates Pi from PEP (Figure 2.4), and may be therefore regarded as an alternative reaction to PEP
turnover via pyruvate kinase (PK), which depends on the presence of ADP and Pi as limiting factors
under P-deficient conditions [161]. Accordingly, increased activity of PEPC was associated with
downregulation of PK in roots of P-deficient Lupinus albus (Figure 2.4); [166].
Particularly in dicotyledonous plant species such as tomato, chickpea, and white lupin [94,164]
with a high inherent cation/anion uptake ratio, PEPC-mediated biosynthesis of carboxylates may
be also linked to excessive net uptake of cations due to inhibition of uptake and assimilation of
nitrate under P-deficient conditions (Figure 2.4) [18,164,167]. Excess uptake of cations is balanced
by enhanced net release of protons [94,164,168], provided by increased biosynthesis of organic
acids via glycolysis and PEPC as a constituent of the intracellular pH-stat mechanism [169,170].
In these plants, P-deficiency-mediated proton extrusion leads to rhizosphere acidification, which
can contribute to the solubilization of acid-soluble Ca phosphates in calcareous soils (Figure 2.4)
[35,171,172]. In some species (e.g., chickpea, white lupin, oilseed rape, buckwheat), the enhanced
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FIGURE 2.4 Model for phosphorus (P)-deficiency-induced physiological changes associated with the release
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inhibition of biochemical reaction sequences or metabolic pathways in response to P deficiency. For detailed
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net release of protons is associated with increased exudation of carboxylates, whereas in tomato,
carboxylate exudation was neglegible despite intense proton extrusion [94,173]. Solution culture
experiments revealed that plant species with intense P-deficiency-induced carboxylate exudation,
such as oil-seed rape [124], chickpea, and white lupin [94] accumulated organic acids mainly in
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the root tissue and, moreover, in the root zones where exudation was most intense (e.g., subapical
root zones, proteoid roots). In contrast, root exudation of carboxylates even decreased in response
to P deficiency in plant species such as Sysimbrium officinale [124], wheat, and tomato [94] and
was associated with predominant carboxylate accumulation in the shoots (Figure 2.5). Increased
root-to-shoot translocation of carboxylates in P-deficient Ricinus communis L. has been reported
by Jeschke et al. [125] and may be related to the higher storage capacity for carboxylates in the
leaf vacuoles [18].
These findings suggest that increased biosynthesis and intracellular accumulation of carboxylates may be a general metabolic response to P limitation with primary functions in intracellular
pH stabilization and more economic P utilization. Depending on plant species, the carboxylates
are stored in the vacuoles [94,174], further metabolized [175], or released into the rhizosphere as
adaptive response for chemical P acquisition. From an evolutionary point of view, the integration
of such already-exisiting structures into novel contexts may be an advantage, offering flexibility
for the rapid development of complex adaptations.
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FIGURE 2.5 P-deficiency-induced changes in tissue concentrations and root exudation of carboxylates in
different plant species. The zero line represents the P-sufficient control. (Adapted from Neumann, G. and
Römheld, V., Plant Soil, 211, 121, 1999; Hoffland, E. et al., New Phytologist, 122, 675, 1992.)

3855_C002.fm Page 39 Monday, April 9, 2007 3:40 PM

The Release of Root Exudates as Affected by the Plant Physiological Status

39

b. Reduced Turnover of Carboxylates
The primary products of carboxylate biosynthesis under P limitation are oxaloacetate (PEPC reaction), which is readily converted to malate by the MDH reaction [163]. Accordingly, in many plants,
malate is a major carboxylate anion, which accumulates in the root tissue in response to P deprivation
but, additionally an overproportional increase in citrate accumulation has been frequently reported
[94,124,156,157]. Also cluster roots of Lupinus albus with particularly intense expression of Pdeficiency-induced citrate exudation exhibit high levels of malate accumulation in growing juvenile
root clusters with a high P-nutritional status and high metabolic activity. During ageing of the clusters,
declining intracellular P concentrations are associated with a shift to almost exclusive citrate accumulation in the root tissue, which precedes a pulse of intense citrate exudation in mature root clusters
[18,37,176]. Redistribution of P from the mature and senescent root clusters to the juvenile, actively
growing clusters with a high energy demand may explain declining levels of Pi, ATP, RNA, and
respiratory activity during cluster root development in Lupinus albus [18,162,176]. Interestingly,
similar changes have been observed also in other cluster-rooted plant species such as Hakea prostrata
[177] and Hakea undulata (Neumann, unpublished), not systematically related with Lupinus albus,
suggesting the influence of a more general metabolic principle, which links citrate accumulation
with a low local P status at the tissue level. In face of the high efficiency of citrate for P mobilization
in soils (see Subsection IV.A.1), a shift from intracellular accumulation of malate to citrate in the
root tissue under P-deficient conditions may be of particular ecological significance.
Oxaloacetate and malate, produced by the PEPC pathway can act as precursors for biosynthesis
of citrate via citrate synthase (CS) in the TCA cycle. However, neither measurements of CS activities
[94,156,166], nor analysis of differential gene expression under P limitation in various plant species
[159,162,163] demonstrated consistent evidence for a distinct upregulation of CS in plant roots under
P limitation. Also, attempts to increase production and root exudation of citrate by transgenic
overexpression strategies revealed contradictory results [178–181], suggesting that CS may not have
a general rate-limiting function for intracellular citrate accumulation. In contrast, there is increasing
evidence that reduced activity of various metabolic pathways involved in citrate turnover contributes
to intracellular citrate accumulation in plant roots under P limitation and are listed as follows:
1. Downregulation of enzymes involved in citrate degradation such as aconitase, the cytosolic isoform of isocitrate dehydrogenase, and various dehydrogenases of the TCA cycle
has been reported for Lupinus albus (Figure 2.4), tomato, chickpea, and Sysimbrium
officinale and was associated with increased citrate accumulation [94,124,166,182].
Accordingly, artificial inhibition of aconitase activity by short-term application of
monofluoracetate drastically increased citrate accumulation and root exudation of citrate,
even in juvenile root clusters and also in seedling roots of Lupinus albus at a rate
comparable with mature cluster roots [182]. Intense accumulation and release of citrate
was also observed in aconitase mutants of yeast [181]. Declining activities of cytosolic
enzymes involved in citrate turnover (aconitase, NADP-isocitrate dehydrogenase) may
be related with P-deficiency-induced inhibition of nitrate uptake and assimilation
[118,164, 166,167,183], because oxoglutarate as a product of these enzymatic reactions
is discussed as important acceptor for amino-N as a product of nitrate reduction [184].
2. Also reduced root respiration, frequently reported under P limitation [18,156,177,183]
may contribute to citrate accumulation. It was suggested that limitation of respiration by
impairment of the mitochondrial function may induce a feedback inhibition of citrate
turnover in the TCA cycle, to prevent excessive production of reducing equivalents
(Figure 2.4) [18,183,185].
3. Citrate accumulation in mature root clusters of Lupinus albus was associated also with
declining expression and activity of ATP-dependent citrate lyase (CL) (Figure 2.4) [186].
The enzyme catalyzes the ATP-dependent cleavage of citrate into oxaloacetate and acetylCoA. In juvenile root clusters, high activities of CL may provide acetyl-CoA for the
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biosynthesis of lipids and phenolics (Figure 2.4). The production of acetyl-CoA may be
limited by downregulation of PK under conditions of P limitation [166], favoring pyruvate
conversion to di-, and tricarboxylates via PEPC.
Apart from these P-deficiency-induced metabolic changes determining quantity and the qualitative pattern of carboxylates in root exudates, there is increasing evidence that the composition
carboxylates is influenced also by the culture substrate and soil properties [29,187]. These findings
are not surprising because plant roots grown in P-deficient soils are frequently exposed to a wide
range of additional stress factors with differential impact on organic acid metabolism, such as Altoxicity, low pH, low levels of nitrate in acid soils, or Fe deficiency, bicarbonate toxicity, high pH
and high levels of Ca2+ in calcareous soils. Moreover, the plant developmental stage can significantly
affect root exudation of carboxylates in an order of magnitude, which, in some cases, even exceeds
the responses to P deficiency [132,188].
c. Mechanisms of P-Deficiency-Induced Carboxylate Exudation
Although, metabolic alterations under P limitation are important to provide the most efficient carboxylates for P mobilization in the rhizosphere, the exudation of these compounds in sufficient amounts
probably requires the expression of controlled release mechanisms. More detailed investigations on
the related transport processes are currently available only for P-deficiency-induced exudation of
citrate and malate from cluster roots of Lupinus albus: Inhibitor studies [18] and more recently patch
clamp approaches [189] revealed that intense pulses of citrate exudation in mature root clusters during
1 to 3 d [18,37] are mediated by anion channels (Figure 2.2). The channels exhibited a highly selective
permeability for citrate as well as for malate, and were detected not only in the epidermal plasma
membrane of cluster roots but also in lateral roots of P-limited and even P-sufficient lupin plants
[189]. This observation may explain the failure of approaches to identify potential target genes by
analysis of differential gene expression in cluster roots [119,162,163,190]. The almost exclusive
release of citrate during the exudation pulse is probably a consequence of the preferential intracellular
accumulation of citrate in mature root clusters [18,189]. Upregulation of the plasma membrane (PM)
H+ ATPase results in a concomittant extrusion of protons (Figure 2.4), which induces intense rhizosphere acidification [35,104,105]. Similar observations have also been recently reported for the clusterrooted species Lupinus pilosus [141]. The release of H+ and, probably, also of other cations, such as
K+, N+, and Mg2+ is responsible for charge-balance of the secreted carboxylate anions [103,191,192].
Increased H+ extrusion is also required to balance excess uptake of cations over anions as a consequence of reduced nitrate uptake under P limitation [35,118,164], which complicates stoichiometric
calculations. However, a close relationship between citrate exudation and proton extrusion by PMH+ATPase is indicated by a stimulation of ATP-dependent transport of H+ and 14C-labelled citrate into
PM vesicles in the inside-out orientation, isolated from cluster roots of P-deficient Lupinus albus
compared with P-sufficient control plants [105].
The anion channel supposed to be mainly responsible for citrate exudation in cluster roots is
activated by hyperpolarization of the plasma membrane [189]. This is in good agreement with the
observation that PM hyperpolarization by activation of PM H+ATPase after fusicoccin treatments
stimulates root exudation of citrate also in intact lupin plants [103]. Under natural growing conditions, intracellular accumulation of extraordinary high levels of citrate in mature root clusters (20 to
30 µmol g−1 root fwt), probably exceeding the vacuolar uptake capacity [118,176] may contribute
to PM hyperpolarization. This effect may be further enhanced by cytosolic acidification as a
consequence of enhanced production of organic acids under P limitation, leading to H+ extrusion
by activation of the PM H+ ATPase. Accordingly, citrate exudation was induced in juvenile root
clusters and noncluster roots by increased intracellular citrate accumulation in response to application of aconitase inhibitors [182].
A stimulation of carboxylate exudation (2 to 6 µmol h−1 g−1 root fresh weight) similar to citrate
exudation in Lupinus albus (1 to 2 µmol g−1 root fresh weight) has been discussed as mechanism
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for detoxification of lactic acid, which accumulates in root tips of maize under hypoxic conditions
[193] and for detoxification of bicarbonate-induced accumulation of citrate and malate in the root
tips of rice (see Figure 2.9), with comparable intracellular carboxylate concentrations (20 to
40 µmol g−1 root fresh weight).
As a more unspecific effect, enhanced leakiness of membranes in response to P depriviation
may also contribute to enhanced release of sugars, amino acids, and organic acids [97] (see also
Chapter 1). Schilling et al. [30] reported a shift in the qualitative composition of sugars in root
exudates of maize and pea, leading to a higher proportion of pentoses at the expense of glucose
and sucrose under P-deficient conditions. Phosphorus-deficiency-induced root exudation of sugars
and amino acids has been related to increased mycorrhizal colonization [194,195].
d. Carbohydrate Investments
Root exudation of metal-chelating carboxylates in sufficient amounts to mediate P mobilization in
soils can comprise up to 25% of the assimilated carbon [35,196]. This seems to be an extraordinarily
high loss of carbon but resembles the carbon investments in various mycotrophic plant species for
maintaining mycorrhizal associations [197]. Interestingly, cluster-rooted plant species, characterized
by the most intense P-deficiency-induced carboxylate exudation are frequently nonmycorrhizal
[47], and cluster roots may be regarded as an alternative strategy for nutrient acquisition [136].
Moreover, nonphotosynthetic, anaplerotic CO2 fixation via PEPC under P limitation can contribute
up to 30% of the exuded carbon [11]. Phosphorus-deficiency-induced downregulation of root
respiration by up to 60%, [18,156,177,183] may additionally minimize carbon losses originating
from root exudation, because respiratory CO2 release can comprise 15 to 60% of the net fixed
carbon fraction translocated to the roots [198].
3. Exudation of Phenolic Compounds
In many plants, P deficiency also enhances production and root exudation of phenolic compounds
(Figure 2.4) [28,32,118,199,200]. Increased biosynthesis of phenolics under P-deficient conditions
was suggested as another metabolic bypass reaction involved in liberation and recycling of Pi in
P-starved cells [161]. Antibiotic properties of certain phenolic compounds (e.g., isoflavonoids) in
root exudates [75] may not only counteract infection by root pathogens, but also prevent the
microbial degradation of exudate compounds involved in P mobilization [32]. Certain root flavonoids have been identified as signal molecules for spore germination and hyphal growth of
arbuscular mycorrhiza, and flavonoids are likely to be important also as signaling compounds for
the establishment of ectomycorrhiza. However, there are also contradictory reports and the nature
of root exudates and the related mechanisms are still not clear [89,201,202]. (This subject is
reviewed in Chapter 8.) Phenolics may further contribute to P mobilization by reduction of sparingly
soluble FeIII phosphates (Figure 2.4) [32]. Extraction experiments with calcareous and acidic soils
revealed P extraction efficiencies of various phenolic acids comparable to citrate when supplied in
high concentrations up to 100 µmol g−1 soil [203]. The specific release of piscidic acid (p-hydroxyphenyl tartaric acid) from roots of P-deficient pigeon pea (Cajanus cajan L.), which is a strong
chelator for FeIII, has been related to enhanced mobilization of Fe-phosphates in Alfisols [204].
However, considering comparatively low exudation rates, phenolic compounds, such as piscidic
acid may be more relevant as a signaling compound for the establishment of microbial associations
(e.g., AM, rhizobia).
4. Root-Secretory Phosphohydrolases
Enhanced secretion of acid phosphatases [25,55,205] and phytases [206] by plant roots and also
by rhizosphere microorganisms [207] under P-deficient conditions may contribute to Pi acquisition
by hydrolysis of organic P esters in the rhizosphere (Figure 2.4). Organic P fractions can comprise
up to 30 to 80% of the total soil phosphorus, thereby providing a significant proportion of plant
available P in natural ecosystems [208].
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Phosphorus-deficiency-induced root secretion of acid phosphatases regulated at the transcriptional level [118,209], may involve sensing of external P concentrations in the growth medium
[210] and differential induction of isoenzymes [211] with considerable genotypic variation between
plant species and even of cultivars [206,212].
In many soils, however, the availability of organic phosphorus seems to be limited mainly by the
low solubility of certain P forms such as Ca- and Fe/Al-phytates, which can make up a major
proportion of the soil-organic P [213–215]. Moreover, root-secretory acid phosphatases exhibit only
limited hydrolytic activity toward phytates, and the release of specific phytases seems to be more
abundant in microrganisms than in plants [208]. Another limiting factor for phosphatase-mediated P
mobilization is the low mobility of the hydrolytic enzymes (APase, phytase), mainly associated with
the root cell wall and with mucilage in apical root zones [216,217]. Phosphatases can be also subjected
to adsorption and inactivation on clay minerals and organomineral associations [218,219]. Accordingly, phosphorus acquisition from phytate by Arabidopsis and Trifolium subterraneum grown on
agar medium was significantly increased by transgenic expression of a secretory phytase from
Aspergillus niger. However, this effect was markedly reduced in soil culture, probably due to strong
fixation of phytate and possible inactivation of the enzyme in soils [220,221]. Therefore, limited
availability of phytates for enzymatic hydrolysis may explain the accumulation of phytates as dominant
organic P fraction in many soils, while sugar-, lipid-, or nucleotide-phosphates exhibit higher solubility
and, thus, higher rates of mineralization by enzymes released from plants and microorganisms [208].
Beissner [214] reported that oxalic acid in root exudates can contribute to some extent to phytate
mobilization in soils. Similarly, in a P-deficient Arenosol, Pi mobilization by simultaneous application
of acid phosphatase and organic acids identified in rhizosphere soil solution of Hakea undulata was
greater than the additive effect, calculated from separate application of organic acids or acid phosphatase, respectively (Figure 2.6). Hens et al. [222] reported that a substantial proportion of phosphorus,
mobilized by soil application of citrate in concentrations characteristic for the rhizosphere of cluster
25

Pi [mg L–1 soil solution]

20

Sum: Carboxylates + APase
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Carboxylates
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H2O
5

0
H2O
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organic organic acids
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FIGURE 2.6 Water-extractable Pi in a phosphorus-deficient sandy soil from Niger (West Africa) after separate
or simultaneous addition of acid phosphatase and of organic acids detected in the proteoid-rhizosphere soil
solution of Hakea undulata. Organic acids: malic 7.5 mM; citric 2 mM; fumaric 1 mM, t-aconitic 0.6 mM;
acid phosphatase: wheat germ APase according to enzyme activity in rhizosphere soil [0.7 U g soil−1].
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roots, was hydrolyzable by acid phosphatase. These findings suggest that root exudation of carboxylates,
such as citrate and oxalate in sufficient quantities, seems to enhance the solubility not only of inorganic
P but also of organic soil P forms, subsequently hydrolyzed by phosphatases in the rhizosphere.
Because there is no evidence for direct uptake of organic P by plant roots in significant amounts,
an additional important function of root secretory acid phosphatases may be the rapid retrieval of
phosphorus by hydrolysis of organic P, which is permanently lost by diffusion or from sloughedoff and damaged root cells (Figure 2.4) [223]. Accordingly, both high activities of secretory acid
phosphatase and a high capacity for Pi uptake were detectable even in senescent cluster roots of
Lupinus albus in hydroponics and soil culture [18,148].

B. NITROGEN

AND

POTASSIUM

1. Nitrate Assimilation
At least in some plant species, such as maize [224], Lupinus angustifolius L. [225] and tomato
[226], root exudation of di- and tricarboxylic acids (mainly malate and citrate) seems to be affected
by the form of nitrogen supplied as nitrate or ammonium. Generally, exudation of the carboxylates
increased with increasing levels of nitrate in the culture medium. This may be related to the function
of carboxylates in intracellular pH stabilization. Nitrate reduction in roots and in the shoot is
stimulated with increasing nitrate supply, and results in the production of an equivalent amount of
OH−, which is neutralized by increased biosynthesis of organic acids or may be released into the
rhizosphere when produced in the root tissue [225,226]. The carboxylate anions can be stored in
the leaf vacuoles but are also retranslocated to the roots via phloem transport when the leaf storage
capacity is limited. In the root tissue, the carboxylate anions are either metabolized by decarboxylation or can be released into the rhizosphere [1,226,227].
2. Ammonium Assimilation
Excess uptake of cations over anions as a consequence of increased ammonium supply is balanced
by extrusion of protons. Synthesis of carboxylic acids can contribute to pH stabilization in the root
tissue. However, carboxylate anions are required as acceptors for ammonium assimilation in the
roots, which is also associated with the production of protons and decarboxylation of organic acids
[1]. As a consequence, tissue concentrations and root exudation of carboxylates are declining with
increased ammonium supply [226].
High nitrogen concentrations inhibit the production and release of isoflavonoids from lupin
roots. Compared with nitrate supply, exudation was strongly enhanced by ammonium application
[228]. Similarly, the well-known inhibitory effect of nitrogen on nodulation during establishment
of the legume-rhizobium symbiosis is mainly caused by nitrate. [229]. In short-term, intense
rhizosphere acidification induced by NH4+ nutrition or low rates of NO3−, supply may directly
stimulate the release of phenolics and other LMW root exudate compounds as a consequence of
an increased electrochemical transmembrane potential gradient and also because of acid-induced
impairment of membrane integrity [230] (Table 2.4). Because flavonoids have important functions
as chemoattractants, and nod-gene inducers for rhizobia [231], nitrogen effects on nodulation may
be explained by differential exudation of these compounds depending on N form supply and the
N nutritional status of the plants. Root flavonoids are involved also in pathogen and allelopathic
interactions [75,232], and these processes might be similarly affected by nutritional modifications
in root exudation. However, the mechanisms involved are largely unknown (see Subsection III.D).
3. Potassium Nutrition
Only limited information is available on effects of potassium (K) supply on root exudation.
Increased exudation of sugars, organic acids, and amino acids has been detected in maize as a
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TABLE 2.4
Release of Reducing Root Exudates (e.g., phenolics) by Peanut Plants as Affected by Fe
Nutritional Status and Short-Term (10-h) Supply of a NH4+- N Containing [1 mM]
Nutrient Solution

N form in Nutrient Solution
Control
(NO3−-N)
NH4+-N

pH of the Nutrient Solution
after 10 h

Reducing Substances in the Nutrient
Solution [nmol Caffeic Acid Equivalents
10 h−1 g−1 Root Fresh Weight]
+Fe

−Fe

5.5

5

28

3.9

9

115

response to K limitation [224]. This may be related to a K-deficiency-induced preferential accumulation of LMW N and C compounds at the expense of macromolecules [1]. In contrast, Gerke
[129] reported enhanced extrusion of protons but a reduction in carboxylate exudation in K-deficient
wheat, sugar beet, and oil-seed rape. Soil-extraction experiments with carboxylates, amino acids,
and sugars revealed that only citrate applied in extraordinary high concentrations [6 mmol g−1 soil]
was effective in K desorption. Thus, K mobilization by root exudates was suggested to be of
minimal importance [129].

C. IRON
Although iron (Fe) is one of the major soil constituents (0.5 to 5%), where it is usually present in
the oxidized state (FeIII), plant availability is severely limited by the low solubility of Fe hydroxides
at pH levels favorable for plant growth. Therefore, plants need special mechanisms for acquiring
Fe from sparingly soluble Fe forms to fit the requirements for growth, especially in neutral and
alkaline soils, where the availability of Fe is particularly low [233]. Mechanisms involved in iron
acquisition by plants are also discussed in Chapter 1, Chapter 5, and Chapter 7.
1. Strategy I Plants
In dicotyledonous plants and in nongraminaceous monocotyledons (strategy I plants) [234], FeIII
solubilization is usually mediated by rhizosphere acidification (Figure 2.7A), by complexation with
chelating compounds (Figure 2.7B), and by reduction to FeII (Figure 2.7C), which is taken up by
the roots by a transporter for FeII (Figure 2.7C) [235]. The respective FeII transporter genes (IRT1)
have been cloned in Arabidopsis, tomato, and pea [236] and were identified by functional complementation of a yeast mutant defective in Fe uptake [235].
Root responses to Fe limitation are frequently confined to subapical root zones [31,50], and
associated with distinct changes in root morphology, such as proliferation of root hairs, thickening
of the root tips, and formation of rhizodermal transfer cells [237,238] to increase the root surface
available for root-induced chemical changes and Fe uptake (see also Chapter 5).
Rhizosphere acidification in response to Fe deficiency is mediated by activation of the plasmalemma H+-ATPase (Figure 2.7A) [239,240]. The reductive capacity is increased by enhanced
expression of a plasmalemma-bound reductase system with a low pH optimum [241,242], which
is further activated by rhizosphere acidification (Figure 2.7C) [230]. A concomitant release of
phenolic acids [243,244] and of carboxylates has been discussed as possible mechanism for FeIII
complexation [23,245,246], and to some extent also for FeIII reduction in the rhizosphere (Figure 2.7B)
[230]. In some plant species, Fe deficiency also stimulates root excretion of flavins [247] with yet
unknown functions. Phytohormones such as ethylene and indole acetic acid have been implicated
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FIGURE 2.7 Model for iron (Fe)-deficiency-induced changes in root physiology and rhizosphere chemistry
associated with Fe acquisition in strategy I plants. (Modified from Marschner, H., Mineral Nutrition of Higher
Plants, 2nd ed., Academic Press, London, 1995.) (A) Stimulation of proton extrusion by enhanced activity of
the plasmalemma ATPase FeIII solubilization in the rhizosphere. (B) Enhanced exudation of reductants and
chelators (carboxylates, phenolics) mediated by diffusion or anion channels  Fe solubilization by FeIII
complexation and FeIII reduction. (C) Enhanced activity of plasma-membrane (PM)-bound FeIII reductase
further stimulated by rhizosphere acidification (A). Reduction of FeIII chelates, liberation of FeII. (D) Uptake
of FeII by a plasma-membrane-bound FeII transporter.

in the signaling of the coordinated strategy I responses to Fe deficiency in dicotyledonous plants
[248–250]. However, studies with mutants of Arabidopsis and tomato suggest that ethyleneinduced modifications of root morphology and the physiological responses to Fe deficiency, such
as H+ extrusion and enhanced reductive capacity at the root surface, may be regulated separately
(Chapter 5) [251,252].
Release of carboxylates and phenolics under Fe stress may be stimulated by a steeper
electrochemical potential gradient due to enhanced net extrusion of protons and elevated internal
carboxylate concentrations. Similar to the P deficiency response, Fe-deficency-induced accumulation of organic acids in the root tissue (citrate, malate) is associated with increased activity of
PEPC [253] and probably also with other as yet unknown metabolic modifications involved in
enhanced accumulation of carboxylates. However, a reduction in citrate turnover in the TCA
cycle due to inhibition of the Fe-dependent aconitase reaction, which has been discussed in
earlier studies, seems not to be a limiting factor [254]. The biosynthesis of organic acids in the
root tissue in response to Fe limitation does not only provide protons for the H+-ATPase-mediated
rhizosphere acidification but the related metabolism also provides electrons for the Fe deficiencyinduced plasma membrane-bound reductase system. Oxidation of citrate via cytosolic aconitase
and cytosolic NADP-dependent isocitrate dehydrogenase [255,256] has been reported to be a
major direct or indirect electron source for reductase-mediated iron reduction, whereas other
studies suggested an important role of NADH [257] and even of ascorbate [258]. Citrate anions
are also involved in root-to-shoot translocation of Fe via Fe-citrate in the xylem [253,259,260]
and PEPC-mediated increased biosynthesis of carboxylates in the root tissue may contribute to
replenishment of carbon losses due to limited photosynthetic CO2 fixation in leaves affected by
Fe-deficiency chlorosis [253].
Increased root exudation of carboxylates in response to Fe deficiency has been reported for
chickpea [246], but not for sunflower [261], and seems to be very low compared with the rate of
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proton extrusion. Based on model calculations, Jones et al. [245] suggested that even the low
background exudation of citrate in roots of unstressed oil-seed rape might be sufficient for FeIII
solubilization at a rate, which would be high enough to meet the Fe requirements of the plant.
However, in face of rapid microbial turnover of carboxylates in the rhizosphere [43], slow formation
and low stability of Fe-citrate complexes at soil pH levels above 6.8 [245], the significance of such
a mechanism for citrate-mediated Fe mobilization, especially in Fe-deficient calcareous soils with
a high buffering capacity, remains questionable. Moreover, humic substances derived from decomposed organic matter, mostly exceeding the concentrations of root-borne chelators in soil solutions,
may be involved in contact reduction and transport of Fe to the root surface [262–264].
2. Strategy II Plants
In contrast to strategy I plants, grasses are characterized by a different mechanism for Fe acquisition,
with Fe-mobilizing root exudates as main feature. In response to Fe deficiency, graminaceous plants
(strategy II plants) [40] are able to release considerable amounts of nonproteinaceous amino acids
(Figure 2.8B), so-called phytosiderophores (PS), which are highly effective chelators for FeIII
(Figure 2.8) [48,265]. This release takes place predominantly in subapical root zones [31]. Unlike
FeIII citrate, FeIII-PS chelates are stable even at high soil-pH levels >7 [245,266,267]. Because of
the formation of high-affinity FeIII–PS complexes (Figure 2.8C), there is only minimal competition
by chelation with Ca2+, Mg2+, and Al3+, which are usually present in high concentrations in many
soils [233]. However, recent studies indicate that sulfate and, particularly, phosphate applied as
fertilizers at high rates may inhibit PS-promoted FeIII dissolution, mainly by displacement of PS
from the surface of Fe hydroxides [268].
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FIGURE 2.8 Model for root-induced mobilization of iron and other micronutrients (Zn, Mn, Cu) in the
rhizosphere of graminaceous (strategy II) plants. (Modified from Marschner, H., Mineral Nutrition of Higher
Plants, 2nd ed., Academic Press, London, 1995.) Enhanced biosynthesis of mugineic acids (phytosiderophores,
PS) in the root tissue: (A) biosynthesis of PS; (B) exudation of PS anions by vesicle transport or via anion
channels, charge-balanced by concomitant release of K+; (C) PS-induced mobilization of FeIII (MnII, ZnII, CuII)
in the rhizosphere by ligand exchange; (D) uptake of metal–PS complexes by specific transporters in the
plasma membrane; (E) ligand exchange between microbial (M) siderophores (SID) with PS in the rhizosphere;
(F) alternative uptake of microelements mobilized by PS after chelate splitting.
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Unlike strategy I plants, where FeIII reduction is a prerequisite for Fe uptake, strategy II involves
a specific transport system for FeIII-PS complexes, located at the plasma membrane in roots of
graminaceous plants (Figure 2.8D) [269]. The uptake system requires metabolic energy [48],
involves H+ cotransport [270], and is highly specific with respect to FeIII as metal ligand and to PS
as organic chelators as well [233]. Although FeIII, chelated by synthetic or microbial siderophores
is not recognized by this FeIII-PS transporter [40], FeIII complexes with native or partially degraded
microbial siderophores, such as rhizoferrin or dimerum acids [271,272] can improve Fe uptake in
graminaceous plant species via exchange chelation with phytosiderophores (Figure 2.8E). However
there is also evidence that certain microorganisms (e.g., Pseudomonas fluorescens) can profit from
PS-mediated Fe mobilization in the rhizosphere [273].
The YS1 maize mutant, which is defective in FeIII-PS uptake, was recently employed to clone
the ZmYS1 gene by transposon tagging. Heterologous expression of the YS1 protein restored growth
of a yeast mutant defective in Fe uptake after application of FeIII-PS, suggesting that ys1 codes for
the FeIII-PS transporter [87]. ZmYS1 belongs to a ubiquitous superfamily of oligo-peptide transporters (OPT), mediating the transport of various peptides, including glutathione and enkephalines
[274]. YS1 homologues have also been identified in strategy I plants including gymnosperms and
mosses, with possible functions for internal transport of Fe and other metals complexed with
nicotianamine (NA) [275], which acts as an ubiquitous metal chelator in higher plants and as
precursor for biosynthesis of PS in graminaceous plant species.
After entering the cytosol, the behavior of FeIII-PS complexes is still unknown, but the reduction
potential of −102 mV suggests that Fe liberation is possible via reduction by common physiologically available reductants such as NAD(P)H (−320 mV) and glutathione (−230 mV) [233]. Based
on speciation analysis, transfer of FeIII and FeII from PS to nicotinamine has also been discussed
with possible functions in intra-, and intercellular Fe trafficking and protection from oxidative
damage due to FeII oxidation at cytosolic pH levels [276,277].
Tolerance to Fe deficiency in different graminaceous plant species is roughly related to the
amount of PS exuded under Fe-deficient conditions. High release rates of PS are frequently found
in cereals adapted to the calcareous soils of the Fertile Crescent in the Middle East, such as barley,
rye, bread wheat, oats, and their wild ancestors. In contrast, rice, maize, sorghum, or millet as plant
species originating from the humid tropics with widespread abundance of acid soils not limited in
Fe availability, are usually much less efficient in PS release and more susceptible to Fe deficiency
chlorosis. However, considerable genotypic variation in Fe tolerance can exist within cultivars of
single plant species [232,278,279], suggesting that PS exudation is not the only mechanism determining Fe efficiency. From the ecological point of view, strategy II has advantages over strategy
I, especially in well-buffered calcareous soils with high pH, because Fe moblization and Fe uptake
by strategy II is less dependent on the external (soil) pH than strategy I [269].
The ability to accumulate high amounts of PS in the rhizosphere (up to 1 mM in Fe-deficient
barley) [40] seems to be associated also with a distinct diurnal rhythm of exudation, which is
restricted to several hours after onset of the light period [48], and with restriction of PS release to
subapical root zones [31]. Temporal and spatial concentration of PS exudation may be a strategy
to counteract microbial degradation [40,41,280], dilution by diffusion into the bulk soil [281], and
immobilization by sorption of Fe to phospholipids during FePS uptake [282]. In maize and sorghum,
with a comparatively high susceptibility to Fe-deficiency chlorosis, PS is continuously released at
a relatively low rate [272] in the subapical root zones (Neumann, unpublished).
The molecular mechanism of PS exudation is still not completely clear. Biosynthesis of PS
seems to be regulated by the intracellular Fe level [283]. Synthesis in the root tissue increases when
Fe supply is limited even before Fe-deficiency chlorosis appears, and rapidly declines after reapplication of Fe [284–288]. Phytosideophores are derived from nicotianamine, with putative functions
in regulating the physiological availability of Fe or transport of copper and other micronutrients in
the xylem [289, 290]. Nicotianamine is synthesized from L-methionine via trimerization of
S-adenosyl-methionine (Figure 2.8A) in a reaction sequence similar to ethylene biosynthesis
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(Yang cycle) with continuous recycling of L-methionine [291]. In graminaceous plants, PS formation proceeds by transamination and hydroxylation of nicotianamine to deoxymugineic acid (DMA).
DMA is either released as PS into the rhizosphere (e.g., maize) or is converted to higher hydroxylated PS derivatives, such as mugineic acid (MA), hydroxymugineic acid (HMA), epi-hydroxy
mugineic acid (epi-HMA), distichonic acid A, and avenic acid A, which were identified as PS in
barley, rye, and oat [278,285–288]. The hydroxylation pattern seems to be a factor determining the
stability of FeIII-PS complexes [292]. Several genes involved in the biosynthetic pathway have been
cloned recently [287,288,293–295] and heterologous expression of the nicotianamine-aminotransferase (NAAT) gene from barley, which represents the key enzyme for PS biosynthesis, stimulated
PS exudation, and improved Fe acquisition in rice, with a low inherent capacity for PS release [296].
In roots of Fe-deficient barley, PS biosynthesis proceeds throughout the whole day with a
decline of the internal PS levels during the period of release [233,297]. Inhibitory effects of KCN
and DCDD and of low root-zone temperatures suggest that PS biosynthesis and the exudation
process are highly dependent on metabolic energy [73,267,298]. Low root carbohydrate concentrations under low light conditions, and a stimulation of PS release at high light intensities may
indicate the importance of a continuous supply of photosynthates from the shoot to the roots for
the biosynthesis of PS in the roots [299]. Accordingly, increased belowground translocation of
carbohydrates under elevated atmospheric CO2 concentrations was also associated with increased
root exudation of PS in apical root zones of Fe-deficient barley plants [300].
Ultrastructural investigations in Fe-deficient barley roots revealed, particularly in epidermal
cells, the formation of large ER vesicles with attached ribosomes and filled with fibrous materials
prior to the release of PS. When PS exudation was terminated, the large vesicles disappeared [113].
Enzymes involved in biosynthesis of PS such as nicotianaminesynthase (NAS) and nicotianamineaminotransferase (NAAT) are associated with these vesicles [301]. Therefore, a function of
ER vesicles for storage or transport of PS (Figure 2.8) has been implicated in the mechanism of
diurnal PS exudation in barley [113,301,302]. Accordingly, PS release was almost completely
inhibited during the period of root exudate collection by short-term (2-h) application of the vesicle
transport inhibitor brefeldin-A in barley but not in maize (Table 2.5), where diurnal variation in
PS exudation is not detectable [272]. However, in both plant species, PS release was also inhibited
by short-term application of various anion-channel antagonists (Table 2.5) [101]. These findings
may indicate that after biosynthesis and storage of PS in ER vesicles in barley, the exudation process
TABLE 2.5
Effect of Anion-Channel Antagonists (anthracene-9-carboxylic acid, ethacrynic acid;
each 100 µM) and of Brefeldin A (exocytosis inhibitor; 45 µM) on Release
of Phytosiderophores from Roots of Fe-Deficient Barley and Maize
Control (H2O)

Anthracene-9- Carboxylic Acid

Ethacrynic Acid

Brefeldin-A

Barley
EpiHMA
[nmol h−1 g−1 FW]
SE

87.4
12.8

a

6.0
4.9

b

70.9
6.8

a

8.5
6.6

b

Maize
DMA
[nmol h−1 g−1 FW]
SE

30.7
8.2

a

0.3
0.3

b

9.7
4.4

c

52.6
11.9

a

Note: Inhibitors were applied during the 2-h period of exudate collection into distilled water, starting at the
beginning of the light period.
a,b,c

Statistically significant differences.
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is mediated by anion channels, associated with a concomittant equimolar release of K+ as counterion
(Figure 2.8) [101,267]. Mori [298] suggested that biosynthesis and release of PS in barley might
be triggered by diurnal changes in temperature, and not by light signals, but this could not be
confirmed by the findings of Kissel [73]. Studies including mutants such as the ys3 maize line,
which is defective in PS release but not in biosynthesis of PS, could be a powerful tool to elucidate
the mechanisms of PS exudation (Basso and Römheld, unpublished).

D. OTHER MICRONUTRIENTS

AND

HEAVY METALS

Mobilization of micronutrients such as Zn, Mn, Cu, Co, and of heavy metals (Cd, Ni) in soil
extraction experiments with root exudates isolated from various axenically grown plants is well
documented [66, 303–305] and has been related to the presence of complexing agents.
1. Role of PS
Formation of stable chelates with PS occurs with Fe, but also with Zn, Cu, Co, and Mn (Figure 2.8)
[40,306,307] and can mediate the extraction of considerable amounts of Zn, Mn, Cu, and even Cd
and Ni in calcareous soils [303,308]. Iron-deficiency-induced PS release in wheat was associated with
increased plant uptake of Zn, Ni, Cd, and Cu from contaminated soils [309,310]. However, Cd uptake
was rather reduced in wheat and maize grown under Fe-limitation in hydroponics [311,312]. These
findings suggest that PS can increase the bioavailability of heavy metals in soils but they are not
necessarily involved in heavy metal uptake. Also problems of arsenic (As) contamination in rice have
been related with PS-meditated liberation of arsenate from iron plaques at the root surface [313].
There is increasing evidence that PS release in graminaceous plants is also stimulated in
response to Zn deficiency [314–316], but possibly also under Mn and Cu deficiency [317]. Similar
to Fe deficiency, the tolerance of different graminaceous plant species to Zn deficiency was found
to be related to the amount of released PS [315,316], but correlation within cultivars of the same
species seems to be low [318]. It is, however, still a matter of debate as to what extent PS release
is a specific response to deficiencies of the various micronutrients. Gries et al. [317] reported that
exudation of PS in Fe-deficient barley was about 15 to 30 times greater than PS release in response
to Zn, Mn, and Cu deficiency. In contrast, PS exudation in Zn-deficient bread wheat was in a similar
range as PS release under Fe deficiency in barley [304,315]. Walter et al. [319] demonstrated that
Zn-deficiency-induced PS release in bread wheat is probably an indirect response, which is caused
by impaired Fe metabolism, supported also by data of Rengel and Graham [320]. Accordingly,
upregulation of the metal-PS transporter ZmYS1 in maize was induced by Fe deficiency but not by
limiting supply of other micronutrients, such as Zn, Mn, or Cu [270,321]. In contrast, Gries et al.
[322] suggested that there was a specific response to Cu deficiency in Hordelymus europaeus L.
Root uptake rates of PS complexes with Cu, Zn, and Co were found to be much lower than uptake
of FeIII-PS chelates [233], but may still be sufficient because of a lower demand for micronutrients
[322]. Based on studies with the maize ys1 mutant, which is defective in Fe-PS uptake, v. Wirén
[323] proposed two pathways of Zn uptake in grasses including uptake of the free Zn cation and
uptake of the Zn-PS complex via the Fe-PS transport system (Figure 2.8F).
2. Role of Carboxylates, Rhizosphere pH, and Redox State
Mobilization of micronutrients (Mn, Zn, Cu), heavy metals (Cd), and even uranium in the rhizosophere has been also related to rhizosphere acidification and to complexation with organic acids
(e.g., citrate) in root exudates [324–329]. This view is further supported by intense mobilization
of Mn, Zn, Cu, and Cd observed in soil extraction experiments with leachates from rhizosphere
soil or with organic acid mixtures according to the root exudate composition of plant species such
as Lupinus albus, Hakea undulata, and Spinacea oleracea under P-deficient conditions, where
exudation of carboxylates and protons is particularly expressed [28,34,138]. However, only limited
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information exists about the plant availability and uptake of the metal–carboxylate complexes.
Solution culture experiments in the presence of complexing agents revealed that plant uptake is
correlated mainly with the activity of free uncomplexed metal ions in solution [330–334]. This
implies that utilization of chelated metals requires liberation of the metal ligands from the carboxylate complex, which may be mediated by rhizosphere acidification and reduction of metal species
such as Mn and Cu by plant or microbial activity [39,129,332].
a. Manganese, Copper
Similar to Fe acquisition in strategy I plants, Mn mobilization in the rhizosphere of soil-grown plants
is a result of the combined effects of rhizosphere acidification, complexation with organic ligands,
and reduction of Mn oxides [1] (see also Chapter 1). Phenolics, mucilage, and organic acids in root
exudates (especially malate) have been implicated in both complexation and contact reduction of
Mn [335–337]. In cluster-rooted plant species such as Lupinus albus and members of the Proteaceae,
particulary intense exudation of organic acids and phenolics in response to P deficiency is frequently
associated also with enhanced Mn mobilization in the rhizosphere, and accumulation of high or even
toxic Mn levels in the shoot tissue [28,32,338,339]. Similarly, Mn toxicity was indirectly induced
by the Fe deficiency response in flax grown in a calcareous soil high in extractable Mn but low in
Fe [340]. However, only a limited number of reports suggests a direct response of root-induced
chemical changes to limited Mn supply: Kopittke and Menzies [341] found increased rhizosphere
acidification of Rhodes grass (Chloris gayana) grown on an alkaline substrate under Mn limitation,
whereas Mn-deficiency-induced stimulation of carboxylate exudation was reported for a Mn-efficient
genotype of Medicago sativa [342]. Besides mobilizing effects of plant root exudates, Mn availability
in the rhizosphere is also strongly affected by the activity of microorganisms involved in Mn oxidation
and Mn reduction, which, in turn, depend on root exudates as a carbon source [1]. Utilization of Cu
complexes with humic acids and citrate has been reported for red clover especially under P-deficient
conditions [343]. The authors suggested that this is the result of liberation of complexed Cu in the
rhizosphere, mediated by an increased reductive capacity of the roots, which was also identified as
an adaptive mechanism to Cu defciency in Pisum sativum [332].
b. Zinc
Despite increased citrate accumulation in roots of Zn-deficient rice plants, root exudation of citrate
was not enhanced. However, in distinct adapted rice cultivars, enhanced release of citrate could be
observed in the presence of high bicarbonate concentrations in the rooting medium. Bicarbonate
toxicity is a stress factor, which is frequently associated with Fe and Zn deficiency in calcareous
soils [344,345] and with inhibition of root growth, because of direct rhizotoxic effects [346].
Detrimental effects on root growth have been related to excessive intracellular carboxylate accumulation, particularly in the apical root zones. In contrast, root growth of bicarbonate-tolerant plant
species is not affected or even stimulated in response to bicarbonate treatments [344–347]. Bicarbonate-resistant genotypes of rice exhibit stimulation of root growth, lower intracellular concentrations and higher root exudation of carboxylates, associated with higher shoot concentrations of
Zn and Fe than bicarbonate-sensitive cultivars [344,345]. These findings suggest that root exudation
of carboxylates may act as a mechanism for detoxification of bicarbonate-induced overaccumulation
of carboxylates in the root tissue. Moreover, intense carboxylate exudation in response to high
bicarbonate concentrations in the soil solution may contribute to mobilization of sparingly soluble
nutrients, such as P, Fe, Zn, and Mn in calcareous soils (Figure 2.9).
Increased exudation of sugars, amino acids, and phenolic compounds in response to Zn deficiency has been reported for various dicotyledonous and monocotyledonous plant species, and
seems to be related to increased leakiness of membranes [20]. Zinc has essential functions in the
stabilization of membranes [348,349] and in preventing oxidative membrane damage as a metal
component of superoxide dismutase, which is part of the free-radical scavenging system of higher
plants [350]. It is, however, as yet unknown whether this kind of Zn-deficiency-induced root
exudation has any impact on mobilization of Zn or other micronutrients in the rhizosphere.
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FIGURE 2.9 Proposed role of organic acid metabolism (citrate) in genotypical differences of rice in adaptation
to high levels of soil bicarbonate and low Zn availability. (Adapted from Yang, X. et al., Plant Soil, 164, 1, 1994.)

c. Heavy Metals
Comparatively high mobility of Cd in soils, associated with high rates of uptake and accumulation
in some plant species, is an important aspect from the ecotoxicological point of view. Cadmium
mobilization in soils cannot only be mediated by rhizosphere acidification [328] but also to some
extent by complexation with carboxylates [129,326] or PS [308]. A comparison of high and low
Cd accumulating genotypes of durum wheat, revealed higher levels of carboxylates in the rhizosphere soil of the Cd accumulator [327]. From these findings, it was concluded that plant availability
of Cd may be increased by complexation with root-derived carboxylates. Similarly, based on
speciation analysis, Wenzel et al. [351] concluded that Ni accumulation in Thlaspi goesingense
grown on a serpentine soil involved Ni mobilization by complexation with organic ligands in the
rhizosphere. In contrast, Gerke [129] suggested that carboxylate complexation of Cd might decrease
plant availability, because only free Cd2+ seems to be taken up by plant roots [334]. Wallace [330]
demonstrated that in soil–plant systems solubility and transport to the root uptake sites are likely
to be the limiting steps in uptake of cationic microelements by plants. Intense rhizosphere depletion
by expression of specific high-affinity heavy metal uptake systems in roots of accumulator plants,
which stimulates the diffusion-mediated delivery of heavy metals from insoluble fractions [352,353]
is considered as another important mechanism, increasing the bioavailability of heavy metals in
the rhizosphere. Similarly, arsenic hyperaccumulation in ferns (Pteris vittata) has been related with
multiple mechanisms including mobilization by root-borne carboxylates in the rhizosphere and
expression of efficient systems for uptake and translocation to the shoot [354].

V. ALUMINUM TOXICITY
Aluminum toxicity is a major stress factor in many acidic soils. At soil pH levels below 5.0, intense
solubilization of mononuclear Al species strongly limits root growth by multiple cytotoxic effects
particularly in the zone of transition between cell division and cell elongation in root apices
[49,98,355]. There is increasing evidence that Al complexation with carboxylates released in apical
root zones in response to elevated external Al concentrations is a widespread mechanism for Al
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exclusion in many plant species with considerable variation between cultivars (Figure 2.10). Formation of stable Al complexes occurs with citrate, oxalate, tartarate and, to a lesser extent, also
with malate [77,78]. The Al–carboxylate complexes are less toxic than free ionic Al species [356]
and are not taken up by plant roots [77,78,355]. This explains the well-documented alleviatory
effects on root growth in many plant species by carboxylate applications (citric, oxalic, tartaric
acids) to the culture media in presence of toxic Al concentrations [8,355,357]. Trapping of Al by
carboxylate exudation probably occurs in the apoplastic space of the root apex (Figure 2.10),
because Al concentrations and cationic binding sites for carboxylates in the rhizosphere soil would
easily exceed the exudation capacity of plant roots. Citrate, malate, and oxalate are the carboxylate
anions reported so far to be released from Al-stressed plant roots (Figure 2.10), and Al resistance
of species and cultivars seems to be related to the amount of exuded carboxylates [77,78,355,
357,358] but also to the ability to maintain the release of carboxylates over extended periods [359].
In contrast to P-deficency-induced carboxylate exudation, which usually increases after several
days or weeks of the stress treatment [18,94], exudation of carboxylates in response to Al toxicity
is a fast reaction ocurring within minutes to several hours [106,360] and rapidly drops to base-line
levels when Al is removed from treatment solutions [106]. Aluminum-induced carboxylate exudation can reach a level, which is comparable with the extraordinary high exudation of citrate in
P-deficent white lupin [74], even in plant species without increased carboxylate exudation under
P-deficient conditions such as Cassia tora [360], wheat [94], or potato [95]. However, the highly
localized pattern of carboxylate release [49,98], restricted to the Al-sensitive zones of the root apex
(1 mm in maize) prevents excessive losses of carbon.

Cytoplasm

K+

Phenolics
B

Anion channel
Citrate
Malate
Oxalate
Phosphate ?
Exocytosis
Mucilage
Proteins

Plasma
membrane

Apoplasm

Rhizosphere

C
Al-citrate
Al-malate
Al-oxalate
Al-phosphate
Al-phenolics

pH < 5.0

ALn+

ALn+
A

Al-mucilage
Al-protein
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solubilization

Al-oxides
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D

FIGURE 2.10 Model for mechanisms involved in aluminum (Al) exclusion and detoxification at the root apex:
(A) Enhanced solubilization of mononuclear Al species from Al oxides and Al silicates in the soil matrix at
pH < 5.0. (B) Al-induced stimulation of carboxylate exudation via anion channels, charge-balanced by
concomitant release of K+. (C) Formation of Al-carboxylate complexes in the apoplasm; restricted root uptake
and lower toxicity of complexed Al. (D) Al complexation in the mucilage layer (polygalacturonates) and with
Al-binding polypeptides. Increased accumulation of Al-chelating carboxylates in the mucilage layer because
of limited diffusion.
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Patch clamp approaches and inhibitor studies revealed that carboxylate exudation is mediated
by Al-induced activation of anion channels in the plasma membrane of epidermal cells in the Alsensitive zone of the root apex [98–100]. Signaling events leading to channel activation are yet
poorly understood. An Al-induced membrane depolarization, which was not caused by malate
efflux, was observed in roots of Al-tolerant but not in Al-sensitive genotypes of wheat [361]. The
authors suggested that this depolarization together with other yet unknown factors might be involved
in gating of a voltage-dependent malate channel in root tips of Al-tolerant wheat lines. Although
the release of carboxylates in response to Al treatments occurs almost instantaneously, inhibitory
effects of cycloheximide suggest that intact protein synthesis is required for carboxylate exudation
[85]. Also involvement of protein phosphorylation, salicylic acid, ABA, and IAA has been discussed
[98,354,362,363].
During short-term exposure to Al stress (2 to 3 h) the internal concentrations of carboxylates
in root tips of wheat remained at a constant level, and there were no differences in Al-tolerant and
Al-sensitive genotypes [77,106]. In root tips of wheat, also the activities of enzymes involved in
biosynthesis of malate (PEP carboxylase; NAD malate dehydrogenase) were not changed [106]. It
was concluded that the capacity for carboxylate accumulation in the root tissue is not a limiting
factor for Al-induced exudation of carboxylates at least in short-term experiments, and genotypic
variations cannot be explained on basis of differences in the capacity for biosynthesis of carboxylic
acids [106]. However, intense exudation of carboxylates over longer time periods as a prerequisite
for an efficient Al detoxification [359], would probably require also increased rates of biosynthesis.
In contrast to the instantaneous Al-induced malate release in wheat, release of citrate in response
to Al treatments in many other plant species (e.g., soybean, rye, potato) is preceded by a lag phase
of several hours associated with modifications of organic acid metabolism [77,364]. Accordingly,
Al treatments over 16 h enhanced both the exudation and the internal concentration of citrate in
root tips of potato and sunflower (Neumann, unpublished). This is in line with findings of De la
Fuente et al. [178] who reported induction of Al tolerance in transgenic tobacco and papaya by
constitutive cytosolic expression of a bacterial citrate synthase gene from Pseudomonas aeruginosa,
which resulted in higher rates of citrate accumulation in the root tissue and higher rates of citrate
exudation. Similarly, carboxylate exudation and Al-tolerance were increased by overexpression of
citrate synthase in rape [181], of malate dehydrogenase in alfalfa [365], and in aconitase mutants
of yeast [181], but there are also contradictory reports [180]. Genetic analysis of the Al-tolerance
trait and Al-inducible root exudation of malate in hexaploid wheat, revealed a predominant control
by one single gene, which may be involved in the signaling of the exudation process [358]. Using
substractive screening for differential gene expression in near-isogenic Al-tolerant wheat genotypes,
Sasaki et al. [102] recently identified a candidate gene, encoding the anion channel protein responsible for Al-induced root exudation of malate (ALMT1) in wheat.
Aluminum tolerance in different plant species and cultivars is not always correlated with Alinduced carboxylate exudation [366,367], suggesting the presence of additional mechanisms
involved in expression of Al resistance. Apart from the well-documented internal detoxification of
Al by compartmentation and complexation [355], increased rhizosphere pH and constitutive or Alinduced secretion of other Al-binding agents, such as phosphate, phenolics, polypeptides, hydroxamates, root mucilage, and root border cells may play a role in alleviation of Al stress
[27,120,368–370].
There is also increasing evidence that genotypic differences in Al tolerance can be determined
by interactions with other stress factors: limitation of Al-induced carboxylate exudation in response
to P deficiency has been reported for rape, with differential expression in genotypes of cowpea
[371,372]. These findings are particularly important because P limitation frequently occurs simultaneously with Al toxicity on acid mineral soils.
Unlike carboxylic acids, the release and also the production of PS in roots of both Al-sensitive
and Al-tolerant wheat cultivars was rapidly inhibited in response to Al treatments and seems to be
responsible for Al-induced iron chlorosis in wheat [373].
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Increased root exudation of amino acids in response to Cd toxicity has been reported for lettuce
and white lupin grown in a hydroponic culture system under axenic conditions [65]. Under similar
culture conditions, a transient release of organic acids (citric, maleic) was observed after addition
of high Cu concentrations [50 µM] to the culture medium of sunflower [374]. Similarly, Nian
et al. [367] reported increased exudation of citrate and malate in response to toxic levels of Al,
Cu, and Cd in soybean. These findings suggest that stimulation of root exudation may be triggered
by toxic levels of various metal species. It remains to be established whether these responses
represent tolerance mechanisms or must be regarded as a consequence of impaired integrity of the
plasma membrane.

VI. TEMPERATURE
Diffusion-mediated release of root exudates is likely to be affected by root zone temperature because
of temperature dependent changes in the speed of diffusion processes and modifications of membrane permeability [375]. This might explain the stimulation of root exudation in tomato and clover
at high temperatures reported by Rovira [376], and also the increase in exudation of sugars and
amino acids in maize, cucumber, and strawberry exposed to low temperature treatments (5 to 10°C),
which was mainly attributed to a disturbance in membrane permeability [375,376]. A decrease of
exudation rates at low temperatures may be predicted for exudation processes that depend on
metabolic energy. This assumption is supported by the continuous decrease of phytosiderophore
release in Fe-deficient barley by decreasing the temperature from 30 to 5°C [73].

VII. LIGHT INTENSITY
Because a large proportion of the organic carbon released into the rhizosphere is derived from
photosynthesis [11], changes in light intensity are likely to modify the intensity of root exudation.
Early work of Rovira [376] demonstrated changes in quantity and quality of amino acids in exudates
of tomato and clover with decreasing light intensity. High light intensities strongly stimulated the
release of PS in roots of Fe- and Zn-deficient barley and wheat cultivars [299]. In P-deficient white
lupin, citrate release from proteoid roots followed a diurnal rhythm with exudation peaks during
the light period [37]. This behavior might reflect the diurnal variations in carbohydrate (sucrose)
supply by the shoot [377] as precursors for citrate biosynthesis.

VIII. WATER SUPPLY
A. DROUGHT
Drought stress increases the soil mechanical impedance on plant roots, which, in turn, can
stimulate root exudation [1,4,5]. Increased release of mucilage may contribute to the maintainance of Zn uptake in dry soils by facilitating Zn transport to the root surface in mucilageembedded soil particles [378]. This effect might be supported by water transfer from the subsoil
in the roots, which is subsequently released into the dry top soil layer (hydraulic lift) [379].
Formation of so-called rhizosheaths by inclusion of adhering soil particles into mucilage, which
covers the root surface, has been reported particularly for graminaceous plants [121]. Shrinking
of mucilage with declining water potentials leads to a more tight association of soil particles
within the rhizosheaths and could thereby reduce water losses from the root by approximately
30% [380].
Increased root exudation of carbohydrates under conditions of mild or severe drought stress
has been reported for several conifer species [381,382] and was attributed to root damage and
increased internal carbohydrate concentrations.
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B. EXCESS WATER SUPPLY
High soil moisture levels or flooding are limiting factors for oxygen supply to the roots. Hypoxia
causes a shift from aerobic respiration to fermentation of carbohydrates in the root tissue yielding
ethanol, lactic acid, and alanine as the main end products, which can accumulate to phytotoxic
levels [192,383]. At least in some plant species, the release of substantial amounts of lactic acid
[193] and ethanol into the root environment may be involved in detoxification of these metabolites.
Also the exudation of sugars and amino acids is frequently enhanced under hypoxic conditions
[384,385]. Ethanol is a chemoattractant to plant pathogens, and increased exudation in response to
hypoxia may support pathogenic infections especially in presence of other exudate compounds
such as amino acids [384].

IX. ELEVATED CO2
The continuous rise of the atmospheric CO2 concentration during the last decade, mainly as a
consequence of anthropogenic CO2 production, is likely to affect photosynthesis and plant biomass
production [386]. Numerous studies demonstrated a stimulation of shoot and root growth in plants
exposed to elevated CO2 concentrations [386,387], but the putative consequences for rhizodeposition and rhizosphere processes are still not clear. Loss of assimilated carbon from maize roots was
not affected by increased atmospheric CO2 levels [388]. Similarly, 14CO2 pulse-chase labeling
experiments with Plantago lanceolata seedlings revealed that carbon loss from the root system
was not changed at elevated CO2 levels, although the belowground assimilate translocation was
increased [389]. In P-deficient Lupinus albus, elevated CO2 treatments did not affect the amount
of citrate released from individual root clusters, but citrate exudation started in earlier stages of
cluster root development, suggesting CO2-induced modifications of root carbohydrate metabolism,
both in hydroponics [37] and in soil culture [148]. This was associated with a higher number of
root clusters per root system, which may indicate a CO2-induced increase in total release of Pmobilizing root exudates per plant, but had no effect on the respective rhizosphere concentrations.
Accordingly, the functional and structural diversities of rhizosphere bacteria was closely related
with modifications in root exudation during cluster root development but was not affected by CO2
treatments [148]. A completely different situation was reported for CO2 effects on Fe-deficiencyinduced root exudation of PS in barley, with a stimulation of PS release from indiviual root tips,
resulting in increased rhizosphere concentrations [300]. Similarly, phosphatase activity associated
with the root surface of Avena barbata and Bromus hordeaceus was not changed by elevated CO2
levels [390], but increased on a base of root dry weight and root length in aseptically grown wheat
seedlings when the CO2 treatment was associated with P deficiency [391]. These examples demonstrate that the effects of elevated atmospheric CO2 concentrations on root exudation are strongly
dependent on plant species or even genotypes and also on the culture conditions with consequences
for plant-nutrient acquisition, plant microbial interactions and nutrient cycling in the rhizosphere.

X. FUTURE RESEARCH PERSPECTIVES AND PROSPECTS
FOR RHIZOSPHERE MANAGEMENT
During the last decade, the functional characterization of plant root exudates involved in rhizosphere
processes has attracted increased attention. The role of root exudates in plant–microbial interactions,
nutrient acquisition, and plant adaptations to environmental stress or adverse soil–chemical conditions is not only of scientific interest, but also implicates obvious practical aspects associated with
the need for production of healthy crop plants and for sustainable agricultural systems.
From the methodological point of view, a critical reevaluation of the techniques employed for
collection of root exudates and of the experimental results is indicated for many earlier studies. In
the light of more recent findings, spatial variation of exudate release along the roots, effects of
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mechanical impedance, root injury, microbial turnover in the rhizosphere, and sorption at the soil
matrix need to be considered. Further, miniaturization of sampling procedures and analytical
techniques (e.g., use of specific microprobes for specific compounds, reporter bacteria, microsuction
cups, capillary electrophoresis, image analysis, and videodensitometry) should facilitate nondestructive measurements of rhizosphere processes at a high scale of resolution. Robust routine
methods for processing of large sample numbers are necessary to account for heterogenity and
variability under field conditions. However, a major critical factor remains the sampling process
itself, and it must be kept in mind that even culture techniques with minimum disturbance, such
as rhizobox or root window approaches can only approximate the natural growth conditions.
To assess the significance of organic compounds released from plant roots for rhizosphere
processes, much more information is necessary about effects of root exudates at realistic rhizosphere
concentrations, and on mobility and plant availability of nutrients and toxins in rhizosphere soils
under different environmental conditions. This is also a prerequisite for a more precise integration
of rhizosphere processes into modeling approaches. It is important to consider the possibility of
synergistic effects of simultaneous chemical reactions in the rhizosphere, which have been demonstrated, for example, for the Fe-deficiency response in nongraminaceaous plants including
increased redox potential and increased release of reductants and chelating compounds in the apical
root zones, stimulated by increased release of protons [1]. Other examples comprise possible effects
of transient pH changes in the rhizosphere and release of phenolic compounds and proteins with
antimicrobial activity [148–150]; counteracting the microbial degradation of root exudates involved
in nutrient mobilization; increased availability of organic P forms for root secretory phosphatases
and phytases, mediated by a concomitant release of carboxylates [222]; effects of rhizosphere pH
on metal complexation with organic ligands [77,292]; or effects of the P-nutritional status on
expression of mechanisms for Al tolerance [371,372].
Flavonoids and other secondary metabolites released by plant roots have important functions
in plant–pathogenic interactions, feeding deterrence, nematode resistance, allelopathic interactions,
and as signal molecules for the establishment of symbiotic associations [76,231]. However, a
detailed analysis of signaling pathways involved in these interactions is currently available only in
a limited number of cases (see also Chapter 9). Despite the widespread distribution of mycorrhizal
associations in higher plants, the potential impacts of mycorrhizal associations and other
plant–microbial interactions on root exudation have not been widely investigated.
Attempts to manipulate root exudation of higher plants by use of genetic engeneering, breeding
technologies or modification of culture conditions, to increase the efficiency for nutrient acquisition,
the resistance to adverse soil–chemical conditions or designing of plants for phytoremediation and
phytomining strategies [392] requires a detailed knowledge of the physiological mechanisms
involved in the regulation of root exudation and of the rhizosphere processes as well. During the
last decade much progress has been achieved in the characterization of regulatory processes involved
in root exudation at the physiological and molecular level. Potential target genes have been identified, responsible for the synthesis and secretion of root exudates involved in alleviation of various
environmental stresses, such as P deficiency, Fe deficiency, and Al toxicity. The first transgenic
approaches to manipulate root exudation have been tested in the recent past [102,178–181,296,365].
However, there is increasing evidence that simple overexpression strategies are frequently not
sufficient to produce consistent effects on root exudation and improvement of stress tolerance:
various attempts to increase citrate exudation by overexpression of citrate synthase revealed contradictory results [178–181]. It may be difficult to obtain reproducible effects by interventions into
metabolic pathways for central metabolites (e.g., citrate), tightly controlled by multiple internal
and external factors. Moreover, an additional requirement for a successful manipulation of root
exudation seems to be the tissue-specific expression of suitable and selective export systems
[98,189,220].
Promising approaches, now ready for field testing comprise improved Fe acquisition of rice on
calcareous soils by expression of the nicotianamine–aminotransferase (NAAT) gene from barley,
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which represents the key enzyme for biosynthesis of PS [296], and heterologous expression of the
Al-inducible malate channel gene (ALMT1) from Al-tolerant wheat, which conferred Al tolerance
also to Al-sensitive rice, barley, and cell cultures of tobacco [393].
A better understanding of the adaptive functions and the behavior of root exudates in the
rhizosphere and the control of release mechanisms may also enable a more directed selection and
breeding of plant genotypes adapted to adverse soil conditions [358], as well as improvement of
crop rotations and intercropping systems [394,395].
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I. INTRODUCTION
In this chapter, we review the current literature available on the influence of root exudates on
rhizosphere microbial populations; the effects of plant, microbial, and soil factors on the processes
of rhizodeposition; and microbial colonization and activity. We first give a brief overview and
definitions of some of the main concepts relating to the rhizosphere and rhizodeposition.

A. THE RHIZOSPHERE: A DEFINITION
Pioneer German agronomist and plant physiologist Lorenz Hiltner is often quoted as having said,
“If plants have the tendency to attract useful bacteria by their root excretions, it would not be
surprising if they would attract uninvited guests, which like the useful organisms, adapt to specific
root excretions.” In 1904, Hiltner attributed a “tiredness of soil” to the activities of harmful
organisms in the rhizosphere of unthrifty plants and suggested that the healthy plants formed a
protective bacteriorhiza.
From his early pioneering work on the rhizosphere (a term Hiltner used to describe specifically
the interaction between bacteria and legume roots), our knowledge of the subject has greatly
increased, and today perhaps a more appropriate definition of the rhizosphere is “the field of action
or influence of a root” [1]. The rhizosphere is generally considered to be a narrow zone of soil
subject to the influence of living roots, where root exudates stimulate or inhibit microbial populations and their activities. The rhizoplane or root surface also provides a highly favorable nutrient
base for many species of bacteria and fungi. These two zones together are often referred to as the
soil–plant interface. We can further define the endorhizosphere as the cell layers of the root itself,
and the ectorhizosphere as the area surrounding the root (Figure 3.1).
The rhizosphere is thus an environment created by the interactions between root exudates and
microorganisms, which may either utilize the organic materials, released as nutrient sources or be
inhibited by them. The plant–microbe relationship is more often based on the former, where microbes

FIGURE 3.1 Root region.
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take advantage of nutrients provided by the plant. In return, microbes may assist the plant, for example,
by making nutrients available or by producing plant growth-promoting compounds, or may cause
harm to it, for example, by acting as plant pathogens. In general, the microbes that inhabit the
rhizosphere serve as an intermediary between the plant, which requires soluble inorganic nutrients,
and the soil, which contains the necessary nutrients but mostly in complex and inaccessible forms.
Rhizosphere microorganisms thus provide a critical link between plant and soil environments [2].

B. RHIZODEPOSITION

OF

ORGANIC SUBSTANCES: CURRENT OPINION

Materials deposited by roots into the rhizosphere can be divided roughly into two main groups:
(1) water-soluble exudates such as sugars, amino acids, organic acids, hormones, and vitamins, and
(2) water-insoluble materials such as cell walls, sloughed-off materials and other root debris, and
mucilage such as lysates released when cells autolyze [3,4]. In addition, carbon dioxide from root
respiration often accounts for a large proportion of the carbon released from roots. Further, secretions such as polymeric carbohydrates and enzymes, depending on metabolic processes for their
release, may also be regarded as root exudates. Some authors favor categorizing root exudates by
their nature of release; however, as it is usually very difficult to distinguish experimentally between
true exudates and organic compounds from other sources such as secretions and lysates, many
authors use the approach of Uren and Reisenauer [5], and Rovira [6], who consider exudates to be
all organic substances released by healthy and intact roots to the environment. Meharg [7] has
further suggested that categorizing organic carbon compounds according to the nature of their
release tends to oversimplify the interpretation of carbon budgets in the rhizosphere, as this approach
does not reflect substrate availability within the rhizosphere. It was suggested that perhaps a better
categorization is to classify organic carbon compounds lost from plant roots in terms of their
subsequent utilization as a microbial substrate (i.e., as low-molecular-weight compounds readily
assimilated by the microbial biomass; as polymeric and more complex compounds such as polysaccharides, polypeptides, nucleic acids, and pigments, etc., requiring extracellular enzymic activity
to break them down before they can be assimilated; or as structural carbon sources such as cell
wall materials, requiring saprophytic degradation before carbon becomes generally available to the
rest of the soil biomass). This approach would appear to be more relevant to the study of rhizosphere
microbial population dynamics.
Either way, microbial populations in the rhizosphere generally have access to a continuous flow
of organic substrates derived from the root. Newman [8] found that these soluble and insoluble
rhizodeposits ranged from 10 to 250 mg/g root produced for a number of plant species. This
significant rhizodeposition has been shown to enhance microbial growth in the rhizosphere [9,10],
and due to this large availability of substrate in the rhizosphere, microbial biomass and activity are
generally much higher in the rhizosphere than in the bulk soil. Concentrations of microbes in the
rhizosphere can reach between 1010 and 1012 cells per gram of rhizosphere soil [11], and invertebrate
numbers in the rhizosphere have been shown to be at least two orders of magnitude greater than
in the surrounding soil [12]. These increased population densities are largely supported by carbon
input from roots. The nature of rhizodeposition is also discussed in this book (Chapter 1).

C. CARBON RHIZODEPOSITION: CURRENT ESTIMATES
The input of carbon into soil via rhizodeposition and the decay of roots has been quantified in
several studies using either pulse or continuous 14CO2-labeling techniques [4,7,13–15], and estimates of carbon rhizodeposition vary considerably. The proportion of net fixed C released from
roots has been estimated to be as much as 50% in young plants [13] but less in plants grown to
maturity in the field [16,17]. Lynch and Whipps [18] estimated that as much as 40% of the plant’s
primary C production may be lost through rhizodeposition, depending on plant species, plant age,
and environmental conditions. Although many studies have attempted to quantify the amount of
rhizodeposition associated with various plant species, relatively little is known about the exudation
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process itself. Whereas early studies of rhizodeposition assumed that once C compounds were lost
from the root they were irretrievable, it has more recently been ascertained that this is an oversimplification of soil–root C fluxes. Studies by Jones and Darrah [19–21] found, for example, that the
influx or resorption of soluble low-molecular-weight carbon compounds may play an important
role in regulating the amount of C lost by the root. Good reviews of carbon flow in the rhizosphere
and techniques used to quantify the dynamics of carbon flow include those of Meharg [7] and
Grayston et al. [22]. Carbon rhizodeposition is also discussed here by Van Veen et al. (Chapter 13).

D. NITROGEN RHIZODEPOSITION: CURRENT ESTIMATES
In addition to carbon rhizodeposition, N rhizodeposition is also of considerable importance to
nutrient cycling, usually as NH4+ [23], NO3- [24], amino acids [25–27], cell lysates, sloughed roots,
and other root-derived debris. Despite the fact that N deposition has a significant role in N cycling
and rhizosphere N dynamics, studies of N input from the root have been fewer, mainly due to
methodological problems. Janzen and Bruinsma [28] estimated that for wheat, up to 50% of the
assimilated N was present below ground and approximately half of this was apparently released
from the root into the rhizosphere soil. In barley, 32% and 71% of the belowground N was present
in rhizodeposits at sampling after 7 and 14 weeks plant growth. At maturity, the rhizodeposition
of N amounted to 20% of the total plant N [29]. It is also well known that substantial amounts of
N may be released from roots of legumes [23,30,31]. Jensen [29], for example, found that N
deposition constituted 15% and 48% of the belowground N in pea, when determined 7 or 14 weeks
after planting. At maturity, the rhizodeposition of N amounted to 7% total plant N.

E. COEVOLUTION

OF

PLANTS

AND

RHIZOBACTERIA

Whereas rhizobacteria may derive obvious benefit from the significant quantities of root exudates
released into the rhizosphere, the microbes of the rhizosphere, in turn, have a significant influence on
the nutrient supply to the plant by competing for inorganic nutrients and by mediating the turnover and
mineralization of organic compounds. Thus the deposition of organic materials stimulates microbial
growth and activity in the rhizosphere, which subsequently controls the turnover of C, N, and other
nutrients [32–34]. Rhizodeposition is also considered to be of importance for soil organic matter dynamics in terms of nutrient mineralization and improvement of soil structure. These soil microbe-mediated
processes of nutrient mineralization and N immobilization are strongly influenced by the presence of
easily decomposable substrate in the rhizosphere — a topic covered in more detail in Chapter 4.
Whereas rhizodeposition strongly influences the size and activity of microbial populations at
the soil–plant interface, the activity of these microbial populations in turn affect plant health, and
thus influence both the quality and quantity of rhizodeposition. The potential for either an exudation
response to bacteria or a response by bacteria to exudation suggests a certain degree of coevolution
between plants and rhizobacteria [35]. As the composition and extent of exudation is largely
determined genetically [36,37] and may incur a substantial metabolic cost, exudation must provide
a selective advantage to plants. Indeed, Bolton et al. [37] have suggested that root exudation evolved
in plants to stimulate an active rhizosphere. This is feasible if one considers that there exists a high
degree of selectivity for rhizobacteria according to host plant genotype, and that certain microbial
interactions in the rhizosphere have the ability to improve plant growth and plant health. Whereas
components of the stimulated rhizosphere microbial community have the ability to be either
beneficial or harmful to the plant, in terms of plant nutrition and plant health, there is most likely
to be a balance between beneficial and detrimental organisms [38].

F. THE STUDY

OF

SOIL–PLANT–MICROBE INTERACTIONS

The increase in information concerning interactions at the soil–plant interface has resulted mainly
from the development of new techniques to quantify microbial populations in soil, to collect and
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analyze root exudates, and to study microbial interactions at the root surface. The recent application
of electron microscopy has further provided us with a greater understanding of the spatial distribution of microorganisms on root systems. The refinement of analytical techniques has permitted
the elucidation of root exudate composition (see Chapter 1). Radioactive labeling techniques have
not only permitted quantification of root exudation but have also facilitated the identification of
the precise locations of exudation sites along the root. Rovira and Davey [39], for example, found
that the region of meristematic cells behind the root tip is a site of major exudation of sugars and
amino acids.
Besides quantification of root exudation and microbial colonization, knowledge of the growth
of microorganisms in the rhizosphere in relation to the supply of organic nutrients is still an ongoing
research goal. Such knowledge is necessary for evaluating the significance of microbial processes
affecting plants. Several authors have assessed microbial growth in the soil and correlated the
energy input provided by the addition of organic matter with the size of the observed microbial
biomass. Implicit in any such calculation is a factor representing the energy requirement for
maintenance of the existing population, generally expressed as maintenance coefficient (m) or
specific maintenance (a). Barber and Lynch [9] investigated microbial growth in the rhizosphere
of barley plants grown in solution culture either under axenic conditions or in the presence of a
mixed population of microorganisms. It was found that more biomass was produced than could be
accounted for by the utilization of the carbohydrates released by the roots grown in the absence
of microorganisms, supporting the view that microbes stimulate the loss of soluble organic materials.
It was suggested that the kinetics of growth in the rhizosphere and soil approximate most closely
to those in fed batch culture. Pirt [40] had shown that a quasi steady state could be achieved in
such a system, and that, therefore, the same equations could be used to describe microbial growth
in the rhizosphere. Thus:
Overall rate of consumption = consumption for growth + consumption for maintenance

µx µx
=
+ mx
Y
YG
where m is specific growth rate (h−1), x is the biomass (g), Y is the observed growth yield (g
dry wt. g−1 substrate), YG is the true growth yield when no energy is used in maintenance (g dry
wt. g−1 substrate) and m is the maintenance coefficient (g substrate g−1 dry wt. h−1).
Barber and Lynch [9] used this equation to recalculate data from previous studies on microbial
growth in soil, using a constant maintenance coefficient (m). They found no case where energy
input exceeded the requirement for maintenance, and suggested, therefore, that apart from zones
immediately around recently incorporated plant and animal residues, appreciable and continuous
activity in soils can only be expected in the rhizosphere.
As an example of how this is related to microbial processes important to the plant, nitrogen
fixation was considered in light of these results. Postgate [41] had shown that free-living N2-fixing
bacteria produced only 10 to 15 mg N g−1 sugar consumed, so this process was of negligible
significance in the bulk soil because of the limited availability of substrate. In the rhizosphere, on
the other hand, Dobereiner [42], having shown that Azotobacter paspali could form an association
with the roots of the tropical grass Paspalum notatum, proposed that N2-fixing processes could be
of significance to the N economy of the plant. The data of Barber and Lynch [9] was used to
estimate if such an association could ever be of significance to temperate cereals. Assuming the
total exudation of 0.2 mg sugar mg−1 plant dry weight was utilized in N2 fixation with the efficiency
quoted by Postgate [41], only 2 to 3 mg N mg−1 plant dry weight would be fixed, which at most is
about 15% of the total N content of the plant. The actual amount fixed would be less than this, as
even when seeds are inoculated azotobacters account only for approximately 0.3% of the total
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rhizosphere community of the resulting plants [43]. Thus it was argued that this process could
cause an appreciable increase in the N supply to temperate cereals only if larger quantities of
carbohydrates were exuded by roots into the soil than were observed in previous studies [44], or
that the efficiency of N2 fixation greatly exceeded that observed by Postgate [41].
Another microbial process important to the plant is the mineralization of organic matter in soil.
This process is highly dependent on the growth and activity of microbes in the rhizosphere, or
those associated with organic residues present in the soil, to make mineral nitrogen available for
plant uptake. Brimecombe et al. [45] found that inoculation of pea seeds with two Pseudomonas
fluorescens strains led to increased uptake of nitrogen from 15N-labeled organic residues incorporated into soil. In contrast, the mineralization of organic residues in the rhizosphere of wheat
inoculated with the same strains decreased [46]. Further work in our laboratory suggests that plantspecific changes in root exudation patterns mediated by the introduced strains are responsible for
the changes to soil saprophytic activities, which in turn are mediated by effects on the soil
microfauna [47,48].
Stable isotope probes can be useful in studying soil–plant–microbe interactions (see Chapter 13).
For example Treonis et al. [49] combined microbial community phospholipid fatty acid (PLFA)
analyzes with an in situ stable isotope 13CO2-labeling approach. In the early days after label
application, both fungal biomarkers and Gram-negative bacterial biomarkers showed the most 13C
enrichment and rapid turnover.

G. THE INFLUENCE

OF

PLANT

AND

MICROBIAL FACTORS

It has been found that many environmental factors influence the amount and composition of root
exudates and hence the activity of rhizosphere microbial populations. Microbial composition and
species richness at the soil–plant interface are related either directly or indirectly to root exudates and
thus vary according to the same environmental factors that influence exudation. In essence, the rhizosphere can be regarded as the interaction between soil, plants, and microorganisms. Figure 3.2 shows

FIGURE 3.2 Factors influencing rhizosphere interactions.
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some of the factors associated with these interactions, which will be discussed during the course of
the chapter. Here we will mention briefly the influence of some plant and microbial factors on root
exudation and rhizosphere microbial populations, while soil factors will be discussed later.
1. Plant Species
Gross differences have been observed in the amounts of fixed carbon released by annuals and
perennials [50], with annuals releasing much less C than perennials. This effect may be partially
due to perennials having to invest more of their assimilates to survive year-round. Between more
closely related plants, several studies have reported that both the quantity and quality of root
exudates vary between plant species [39,51,52]. In addition, it is also recognized that different
cultivars of the same species may vary in their root exudation patterns. For example, Cieslinski
et al. [53] quantified low-molecular-weight organic acids released from the roots of five cultivars
of durum wheat and four cultivars of flax and found significant variation between cultivars. The
quality of compounds released by plant roots appears to strongly influence the bacterial composition
and activity in the rhizosphere, as shown by the preference of certain bacteria for exudates of
different plant roots [54,55]. Differences in bacterial activity between cultivars of the same plant
species have been shown to be related to differences in exudation spectra (i.e., subtle differences
in compounds released by roots of the different cultivars) [56].
Marschner et al. [57] found that the composition of the bacterial community of rhizosphere of
three plants species (chickpea, rape, and Sudan grass), as determined by PCR-DGGE of 16S rDNA,
depended on the complex interaction between soil type, plant species, and root zone location.
Bacterial diversity was higher in mature root zones than at the root tips in the sand and clay soils
but not in the loamy sand soil. They also showed that N fertilization had no significant effect on
the composition of bacterial community of the rhizosphere soil, whereas both fertilization and soil
type influenced plant growth. In a further study, Marschner et al. [58] found that bacterial composition on the cluster roots and in the rhizosphere soils, determined by denaturing gradient gel
electrophoresis (DGGE), differed among three species of Banksia (B. attenuata R. Brown, B.
ilicifolia R. Brown, and B. menziesii R. Brown) with cluster root age (young or mature to senescing)
and also between sampling times.
This suggests that it may be possible to manipulate the rhizosphere flora through genetic changes
of rhizodeposition in the host plant. Of particular interest is whether different varieties, by exuding
different compounds, can influence the rhizosphere flora in a way which would benefit the plant.
2. Plant Age and Stage of Development
Root exudation and microbial colonization have both been shown to change with plant age and
stage of development. The quantity of both proteins [59] and carbohydrates [60] released by
herbaceous plants has been shown to decrease with increasing plant age. Liljeroth and Bååth [61]
found that bacterial abundance on the rhizoplane of several barley varieties significantly decreased
with increasing plant age. Keith et al. [16] measured relative amounts of carbon translocated to the
roots and rhizosphere during different developmental stages of wheat grown in the field. As the
crop developed, it was found that proportionally less of the total photosynthesized carbon was
transported below ground, with a marked decrease after flowering. Microbial numbers in the
rhizosphere had previously been shown to increase over time, reaching a peak around the time of
flowering and then decreasing [62]. Such changes in microbial colonization could be due to changes
in total amounts of carbon exuded per unit root produced, or related to changes in the quality of
exudates released. Investigating these issues at the molecular level, the rhizosphere effect measured
as enrichment of bacterial population by 16S rRNA genes based on molecular analysis of DNA
directly extracted from soil and rhizosphere samples was more marked for young than old roots
of two maize cultivars [63].
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3. Plant Growth
Prikryl and Vancura [64] found that the release of root exudates from wheat roots was positively
correlated with root growth. The amounts of substances released by the roots were directly associated with root growth, and in plants where almost no root growth was observed, almost no root
exudation occurred even in plants whose shoots were actively growing. This study confirmed results
obtained by Prat and Retovsky [65], who found that live, intact, but nongrowing roots had lower
exudation rates than the roots of plants in the period of rapid growth. A possible explanation for
this may be provided by the results of Frenzel [66], who found that exudation depends considerably
on the physiological state of the superficial root cells. It would appear therefore that root exudation
is likely to be greatest from plants with actively growing root systems, whose superficial root cells
are in an active state. This may also explain why root exudation decreases with plant age, as
metabolic activity of superficial root cells decreases with plant age.
4. Presence of Microorganisms
The presence of microorganisms in the rhizosphere has been shown to increase root exudation
[64,67–71]. This stimulation of exudation has been shown to occur in the presence of free-living
bacteria such as Azospirillum spp. and Azotobacter spp. [72,73], and in the presence of symbiotic
organisms such as mycorrhizae [74,75]. Increased root exudation has also been shown to be species
specific; for example, Meharg and Killham [71] found that metabolites produced by P. aeruginosa
stimulated a 12-fold increase in 14C-labeled exudates by perennial ryegrass. However, under the
same conditions, metabolites from an Arthrobacter species had no effect on root exudation.

II. MICROBIAL INTERACTIONS IN THE RHIZOSPHERE
During seed germination and seedling growth, the developing plant interacts with a range of
microorganisms present in the surrounding soil. Plant–microbe interactions may be considered
beneficial, neutral, or harmful to the plant, depending on the specific microorganisms and plants
involved and on the prevailing environmental conditions.
Plant-beneficial microbial interactions can be roughly divided into three categories. First, there
are those microorganisms that, in association with the plant, are responsible for its nutrition (i.e.,
microorganisms that can increase the supply of mineral nutrients to the plant). This group includes
dinitrogen-fixing bacteria such as those involved in the symbiotic relationships with leguminous plants
(e.g., Rhizobium and Bradyrhizobium species) (see Chapter 9), with monocots (e.g., Azospirillum
brasilense), or free-living nitrogen-fixing bacteria such as Klebsiella pneumoniae. In addition, there
are a number of microbial interactions that increase the supply of phosphorous (e.g., mycorrhizae)
(see Chapter 8) and other mineral nutrients to the plant. Second, there is a group of microorganisms
that stimulate plant growth indirectly by preventing the growth or activity of plant pathogens. Such
organisms are often referred to as biocontrol agents, and they have been well documented. A third
group of plant-beneficial interactions involve those organisms that are responsible for direct growth
promotion, for example, by the production of phytohormones. Plant growth-promoting rhizobacteria
(PGPR) or plant-beneficial microorganisms and their use to increase plant productivity have been the
subject of several reviews [76–81], and examples are discussed in the following text.
Neutral interactions are found extensively in the rhizosphere of all crop plants. Saprophytic microorganisms are responsible for many vital soil processes, such as decomposition of organic residues in
soil and associated soil nutrient mineralization or turnover processes. Whereas these organisms do not
appear to benefit or harm the plant directly (hence the term neutral), their presence is obviously vital
for soil nutrient dynamics, and their absence would clearly influence plant health and productivity.
Detrimental interactions within the rhizosphere include the presence and action of plant pathogens and deleterious rhizobacteria. Root exudates play a key role in determining host-specific
interactions with, and the composition of, their associated rhizobacterial populations. Root exudates
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can attract beneficial organisms such as mycorrhizal fungi and PGPR [13,82], but they can also be
equally attractive to pathogenic populations [83,84]. As mentioned earlier, it is the balance between
beneficial and detrimental microorganisms that ultimately governs plant nutrition and plant health.
Before discussing some of the specific interactions mentioned earlier, consideration is given to the
microbial colonization of the rhizosphere.

A. COLONIZATION

OF THE

RHIZOSPHERE

Studies have shown that rhizobacteria are better adapted to colonization of roots than bacteria
isolated from nonrhizosphere soil [85], and this is further evidence to support the theory of
coevolution of plants and their associated rhizosphere microbial populations. Root colonization can
be considered to involve four stages. The initial stage of root colonization is the movement of
microbes to the plant root surface. Bacterial movement can be passive, via soil water fluxes, or
active, via specific induction of flagellar activity by plant-released compounds (chemotaxis). The
second step in colonization is adsorption to the root. This is a step required before anchoring and
can be defined as nonspecific and based on electrostatic forces, whereas anchoring can be defined
as the firm attachment of a bacterial cell to the root surface. Following adsorption and anchoring,
specific or complex interactions between the bacterium and the host plant may ensue that lead to
induction of bacterial gene expression. Table 3.1 cites examples of root exudate components
involved in these processes.

TABLE 3.1
Root Colonization
Process
1. Movement of microbes to root
surface
A. Passive
B. Active — induction of
flagellar activity (chemotaxis)

2. Adsorption
3. Anchoring
A. Bacterial appendages (pili,
fimbriae)
B. Agglutination
C. Formation of cell aggregates
4. Gene expression
A. Nodulation genes —
production of nod factors
B. Virulence genes — production
of virulence factors

Exudate Component

Microbial Species

Reference

Luteolin/phenolics

Rhizobium meliloti

86

Acetosyringone
Benzoate/aromatics
Sugars
Amino acids, nucleotides, and sugars
Serine
Unidentified
Unidentified
Unidentified

Agrobacterium tumefaciens
Azospirillum spp.
Agrobacterium tumefaciens
Pseudomonas lachrymans
Pseudomonas aeruginosa
Pseudomonas fluorescens
Pseudomonas putida
Azospirrillum brasilense

87
88
89
89
89
89
89
90,91

Pseudomonas fluorescens

92

Lectins

Pseudomonas putida
Enterobacter agglomerans

93,94
95

Flavonoids

Rhizobium spp.

96,97,98

Bradyrhizobium spp.
Agrobacterium tumefaciens

96

Note: Table lists examples of root exudate components involved in chemotaxis, anchoring, and induction of gene expression.
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B. SPECIFIC MICROBIAL INTERACTIONS
1. Beneficial Interactions
a. Dinitrogen Fixation
Species of Rhizobium and Bradyrhizobium have long been known to induce the formation of root
nodules on leguminous plants (see Chapter 9 and Chapter 11). Once formed, a differentiated form
of the bacterium, the bacteroid, converts atmospheric nitrogen into ammonia, which is then used
as a nitrogen source by the plant. In return, the plant provides a carbon source to the bacteroid,
probably in the form of dicarboxylic acid [80]. Nodulation is host-specific, and each (Brady)rhizobium species can nodulate only a restricted number of legume species. Both nodulation and nitrogen
fixation are complex processes, involving interactions between a number of bacterial genes and
their gene products and plant products. Specific compounds released by roots of young legumes
are involved in attracting these symbiotic bacteria to their roots (see Table 3.1). Following infection
of the host root system, flavonoid compounds released by the root hair zone of the plant are believed
to be responsible for the induction of bacterial nodulation (nod) genes in Rhizobium species [97],
which results in the biosynthesis of Nod factors. Nod factors are a group of biologically active
oligosaccharide signals whose effects on the host legume are similar to the early developmental
symptoms of the Rhizobium-legume symbiosis, including root hair deformation and nodule initiation [98]. The role of organic signaling molecules between plants and microorganisms, and the
biochemistry of the association between rhizobia and their host plants are discussed more thoroughly in Chapter 6 and Chapter 9, respectively.
In addition to N2-fixing symbioses with legumes, associations between N2-fixing microorganisms and the roots of monocots such as cereals and forage grasses have been reported [99]. However,
the benefit of nitrogen fixation to nonlegumes was thought to be small, with studies showing that
the contribution of N2 fixation by Azospirillum to plant growth was minimal, with yield increases
ranging from 5 to 18% [91]. It was also found that mutants unable to fix nitrogen (Nif_) were
capable of increasing plant growth, like a wild-type N2 fixer [100]. It was suggested that the observed
beneficial effects (increased yield, increased water, and mineral uptake) of Azospirillum may be
derived from improvements to root development as a result of the action of phytohormones, such
as indoleacetic acid (IAA), gibberellins, and cytokinin-like substances, produced by the strain,
rather than from its nitrogen-fixing abilities [91,100,101]. However, more recent work has initiated
a reappraisal of the theory of N2 fixation as a mechanism of plant growth promotion by Azospirillum
spp. [91]. Most importantly perhaps, results indicate that graminaceous plants are potentially
capable of establishing associations with diazotrophic bacteria in which high ammonium-secreting
Azospirillum mutants provide the host with a source of nitrogen.
b. Mycorrhizae
The biochemistry of the association between mycorrhizae and the plant is extensively discussed in
Chapter 8. Arbuscular mycorrhizal (AM) fungi interact symbiotically with approximately 80% of
all plant species [102]. Mycorrhizal symbioses are present in most natural and agricultural ecosystems, where they are involved in many key processes, including nutrient cycling, maintenance of
soil structure, plant health, and enhancement of nitrogen fixation by rhizobia [103]. Their primary
effect on the plant is the improvement of plant growth by increasing the supply of mineral nutrients
from the soil to roots. AM fungi are known to influence phosphorus uptake and plant growth in Pdeficient soils [104,105]. Several mechanisms have been proposed to account for the increases in
uptake of phosphorus; one of the most important being the acidification of the rhizosphere
[106,107], which may explain how vesicular AM fungi increase the uptake of P as a result of plant
utilization of ammonium (NH4+-N). Higher P uptake as a result of plant utilization of NH4+ occurs
in both neutral and alkaline soils, and is discussed further on. More efficient utilization of ammonium by mycorrhizal than nonmycorrhizal plants has been shown by several authors [108,109] and
may lead to increased H+ secretion into the rhizosphere as a result [110,111]. Rhizosphere pH has
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been reported to be altered by the form of nitrogen added both in the presence and absence of
mycorrhizae [108,112,113]. It has also been reported that infection by ectomycorrhizae significantly
enhanced the capacity of plant roots to release H+ into a medium, which can increase the bioavailability of compounds not readily soluble at higher pH [114]. The efflux of H+ increases the solubility
of Ca phosphates but not that of Al and Fe phosphates. If a mycorrhizal plant induces a decrease
in its rhizosphere pH, this effect may contribute to more P uptake by solubilizing calcium, phosphorus, and iron and aluminum phosphates, and thus increasing P availability to both the root and
hyphae. In general, the addition of nitrogen stimulates the uptake of P by the plant, especially when
NH4+ is applied [115,116]. Ortas et al. [117] found that application of ammonium led to increased
plant dry weight and P content of sorghum as compared to plants treated with nitrate. These
differences were enhanced by inoculation with mycorrhizae. It has also been shown that AM fungi
can take up significant quantities of Cu, Zn, and Cd [118], providing a mechanism by which plants
avoid exposure to toxic quantities of these metals. The improved phosphate, nitrogen, or micronutrient uptake by plants as a result of mycorrhizal associations also has secondary effects on the
uptake of other ions, such as potassium, sulfate, and nitrate. In addition, the increased uptake of
phosphate indirectly stimulates nodulation and nitrogen fixation [80], as rhizobia require substantial
amounts of this element for their activity. The biochemistry of the association between mycorrhizae
and plants is covered in depth in Chapter 8.
c. Biocontrol
Evidence suggests that monoculture of crops eventually leads to decreased yields, as a result of an
increase in plant pathogen numbers in the soil [80]. Crop rotation has previously been employed
as a method to alleviate this problem, by denying pathogens a suitable host for a period of time
so that their numbers in soil decline. However, it has also been noted that in some soil systems
repeated monoculture eventually leads to a decrease in plant disease [80]. In these cases the diseaseconducive soils are converted to disease-suppressive soils. This phenomenon has led to the isolation
of a wide range of microbial biocontrol agents from disease-suppressive soils [119]. Mechanisms
by which these organisms are known to antagonize plant pathogens are varied, and some of these
are discussed in the following text. In some instances, control of a pathogen may result from a
combination of two or more of these mechanisms.
i.

Production of Antibiotics

The production of secondary metabolites with antimicrobial properties has long been recognized
as an important factor in disease suppression (see Chapter 6). Metabolites with biocontrol properties
have been isolated from a large number of rhizosphere microorganisms, including the fluorescent
pseudomonads (Table 3.2). To demonstrate a role for antibiotics in biocontrol, mutants lacking
production of antibiotics or overproducing mutants have been used [128–130]. Furthermore, microbially produced antibiotics, such as 2,4-diacetylphloroglucinol (Phl) and phenazine-1-carboxylic
acid, have been isolated from the rhizosphere of wheat following the introduction of antibiotic
producing Pseudomonas strains into the rhizosphere of wheat [128,131–134], confirming that such
antibiotics are produced in vivo. Furthermore, Phl production in the rhizosphere of wheat was
strongly related to the density of the bacterial population present [133]. Despite the convincing
evidence that antibiotics such as Phl are produced by bacteria in the rhizosphere, the mechanisms
by which they enhance plant health are far from clear. For example, a colony of P. fluorescens
F113, a Phl producing strain, will produce a large zone of inhibition when grown with other
microorganism, as a result of the high concentration of Phl near the colony. Similarly, when
introduced at large inoculum doses (>109 CFU/seed) the bacterium will prevent colonization of the
seeds by fungi, but will also greatly inhibit the germination and seedling growth (De Leij, unpublished data). This suggests that Phl act as a true antibiotic at high concentrations. However, when
seeds were coated with lower bacterial numbers (107 CFU/seed) and planted into soil, results were
quite different. Instead of plant growth inhibition, root growth was increased by more than 50%
and was longer and had more lateral roots [135]. In this situation bacterial numbers were maintained
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TABLE 3.2
Antibiosis as a Mechanism of Biocontrol
Biocontrol
Agent

Antibiotic
Compound

Agrobacterium
radiobacter
Pseudomonas
aerofaciens
Q2-87
Pseudomonas
fluorescens
2-79
Pseudomonas
fluorescens
F113

Agrocin 84

Pseudomonas
fluorescens
CHA0

HCN, 2,4Diacetylphlo
roglucinol,
pyoluteorin
Pyrrolnitrin,
pyoluteorinl

Pseudomonas
fluorescens
Pf-5
Pseudomonas
fluorescens
Pf-5

Phytopathogen

Protected
Host

Disease

References

Stonefruit,
roses
Wheat

Crown gall

120

2,4-Diacetylphlo
roglucinol

Agrobacterium
tumefaciens
Gaeumannomyces
graminis var. tritici

Take-all

121

Phenazine-1carboxylate

Gaeumannomyces
graminis var. tritici

Wheat

Take-all

122

2,4-Diacetylphlo
roglucinol

Pythium ultimum,
Fusarium
oxysporum, Phoma
beta, Rhizopus
stolonifera
Thielviopsis
basicola

Sugar beet

Damping off

123

Tobacco

Black root rot

124

Pythium ultimum,
Rhizoctonia solani

Cotton

Damping off

125,126

Pythium ultimum,
Rhizoctonia solani

Cotton

Damping off

127

2,4-Diacetylphlo
roglucinol

at between 106 and 107 CFU/g root [135]. Not only did inoculation result in enhanced plant growth,
but establishment of Rhizobium was also twofold higher compared with treatments that were
inoculated with a Phl deficient strain. This suggests that Phl acts in vivo as a plant growth promoting
substance rather than a true antibiotic. From an evolutionary point of view, this makes sense as
organisms that can stimulate the plant to produce more root exudates will ensure that they benefit
from a constant nutrient supply. On the other hand, organisms that invest in antibiotics that kill
competitors in a situation where the nutrient source has already been depleted will gain very little.
The role of microbially produced antibiotics has been the topic of some extensive reviews [136,137].
ii.

Production of Siderophores

Many plant growth-promoting bacteria, especially pseudomonads, produce high-affinity Fe3+ binding siderophores under conditions of low-iron concentration [138,139]. This may result in severe
iron limitation in the rhizosphere, which could limit the growth of other rhizosphere bacteria and
fungi. Many authors have demonstrated the importance of siderophores in the inhibition of both
fungal and bacterial pathogens [140–143]. Siderophores which are produced mainly by fluorescent
pseudomonads under iron-limiting conditions have a very high affinity for ferric iron. These
bacterial iron chelators are thought to sequester the limited supply of iron available in the rhizosphere, making it unavailable to pathogens and thus inhibiting their growth [144,145]. Iron competition in fluorescent pseudomonads has been the subject of many studies, and the role of pyoverdine siderophores produced by these bacteria has been shown to play a major role in the control
of Pythium and Fusarium species, either by comparing the effects of purified pyoverdine with
synthetic iron chelators or through the use of pyoverdine minus mutants [146,147]. However,
siderophores are not always implicated in disease control mediated by fluorescent pseudomonads
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as several different types of siderophores are produced by these bacteria that have different properties. For example, some siderophores can only be used by the bacteria that produce them [148],
whereas others can be used by many different bacteria [145]. Besides iron chelating properties,
siderophores such as pyoverdine and salicylate may act as elicitors for inducing systemic resistance
in plants [149,150]. This topic is discussed in more detail in Chapter 7.
iii.

Production of Volatile Compounds

Volatile compounds such as ammonia and hydrogen cyanide are produced by a number of rhizobacteria and are also believed to play a role in biocontrol. For example, P. fluorescens strain CHA0
can produce levels of HCN that in vitro are toxic to pathogenic fungi such as Thielaviopsis basicola,
and it is possible that this is the mechanism responsible for prevention of black root rot of tobacco
in the field [151].
iv.

Parasitism

Lysis by hydrolytic enzymes excreted by microorganisms is a well-known feature of mycoparasitism. Chitinase and β-1,3 glucanase (laminarase) are particularly important enzymes secreted by
fungal mycoparasites capable of degrading the fungal cell wall components, chitin, and β-1,3 glucan
[152–155].
Many rhizobacteria are classified as chitinolytic and, for example, Serratia marsescens, which
excretes chitinase, was found to be an effective biocontrol agent against Sclerotium rolfsii [156].
Similarly, Aeromonas caviae was found to reduce disease caused by Rhizoctonia solani, Fusarium
oxysporum, and S. rolfsii [157]. There is also evidence to support the role of β-1,3 glucanase in
biocontrol of soilborne plant pathogens [158].
v.

Competition for Nutrients

Elad and Chet [159], studying biocontrol of Pythium damping-off by rhizobacteria, suggested that
competition for available carbon and nitrogen sources may account for observed disease reduction.
They found competition for nutrients between germinating oospores of Pythium aphanidermatum
and bacteria (which was unique to isolated biocontrol strains) significantly correlated with suppression of the disease. It appeared that bacteria were competing with germinating oospores for
available C and N and by eliminating these resources, the bacteria effectively reduced oospore
germination.
vi.

Competition for Ecological Niche

An alternative mechanism involved in biocontrol is that of niche exclusion. For PGPR to function
successfully in the field, they must inevitably be able to establish themselves effectively on plant
roots. Pseudomonas strains, for example, are able to establish on roots from inoculated seeds
relatively easily. This is a major factor contributing to the success of these strains as biological
control agents. However, root colonization is not the only criterion for defining a successful PGPR
strain. Most diffusible root exudates are associated with the zone of root elongation, inducing
colonization by PGPR in this zone. However, some studies have indicated establishment of populations along a greater, more undefined area of the root surface, including root tips, zones of
elongation, and zones of lateral root emergence.
As phytopathogenic bacteria occupy particular niches in the rhizosphere, it has been proposed that
the deliberate application of a nonpathogenic mutant of the same species may prevent pathogen
establishment through niche exclusion by the nonpathogenic mutant. An example of this was the
deliberate release of a nonpathogenic Ice− mutant of P. syringae to compete with plant pathogenic Ice+
P. syringae to prevent frost damage [160,161]. The Ice+ (pathogenic) strain of this organism causes
frost damage to plants by making an ice nucleation protein that initiates ice crystallization at temperatures not normally favorable for ice formation. It was envisaged that deliberate release of the Ice−
mutant of P. syringae, from which the ice nucleation protein gene had been deleted, could prevent frost
damage by colonizing niches previously occupied by the Ice+ strain. In the field, it was found that frost
damage was indeed decreased following the application of the genetically modified Ice− strain.
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Induced Disease Resistance

Another mechanism responsible for the biological control of plant disease is induced systemic
resistance (ISR) or induced disease resistance. ISR protects the plant systemically following induction with an inducing agent to a single part of the plant. The action of ISR is based on plant defense
mechanisms that are activated by inducing agents [162]. ISR, once expressed, activates multiple
potential defense mechanisms, which include increases in activity of chitinases, ß-1,3-glucanases,
peroxidases, and other pathogensis-related proteins [163]; accumulation of antimicrobial lowmolecular-weight substances such as phytoalexins [164]; and the formation of protective biopolymers, such as lignin, cellulose, and hydroxyproline-rich glycoproteins [165–167]. A single inducing
agent can control a wide spectrum of pathogens. In cucumber, for example, treatment of the first
leaf with a necrosis-forming organism protects the plant against at least 13 pathogens, including
fungi, bacteria, and viruses [168]. Caruso and Kluc [169] showed systemic protection in cucumber
and watermelon, resulting from induction with Colleototrichum orbiculare against challenge inoculum of the same pathogen. Many other cases have been reported, but widespread application has
not been accomplished, as classical ISR employs pathogenic organisms as inducing agents. More
recent work, however, has demonstrated that some PGPR may act as inducing agents, leading to
systemic protection against pathogens. In response to earlier observations of PGPR-mediated ISR
in the greenhouse, Wei et al. [170] carried out three 2-year field trials to determine the capacity of
PGPR to induce systemic resistance against cucumber diseases. Results indicated that PGPRmediated ISR was operative under field conditions, with consistent effects against challengeinoculated angular leaf spot and naturally occurring anthracnose. Furthermore, ISR induced earlyseason plant growth promotion and increased yield.
In these studies, the pathogen and the resistance-inducing PGPR were applied to separate
locations on the plants, excluding direct antibiosis and competition as mechanisms of disease
suppression [170].
d. Production of Plant Growth-Promoting Compounds
A large number of rhizobacteria, such as strains of Azospirillum, Azotobacter, Pseudomonas, and
Bacillus, have been shown to produce plant growth-promoting compounds such as IAA, gibberellin,
and cytokinin-like substances [99,101,171–173]. The presence of such compounds in the rhizosphere appears to stimulate plant growth directly.
2. Detrimental Microbial Interactions
a. Plant Pathogens
Interactions between microbial pathogens and plants are in general host-specific and consequently
have been considered to be influenced by root exudate components. There are examples where
amino acids, sugars, and other exudate components have been shown to directly stimulate pathogens
[83,174]. Stimulation of chlamydospore germination of Fusarium solani f. phaseoli [175] and
Thielviopsis basicola [176] was found to occur at the surface of bean seeds and roots but not in
soil distant from the host. Phytophora, Pythium, Aphanomyces, and other examples of pathogenic
oomycetes have motile zoospores and consequently tend to accumulate around roots via chemotactic
or electrostatic responses to root exudates [177]. Germ tubes from spores of Phytophora cinnamomi
have also been shown to exhibit chemotropism, becoming oriented toward the region of elongation
of susceptible roots. Exudate-induced interactions unfavorable to propagule germination, growth,
and colonization of roots by plant pathogens are often associated with the activity of other microorganisms in the rhizosphere. Whereas all these organisms occupy the same microhabitat, there is
inevitably direct competition for nutrients and ecological niche. For example, Paulitz [178] found
that hyphal growth from soil-produced sporangia of Pythium ultimum was stimulated by volatiles
from germinating pea seeds, and this stimulation was reduced when seeds were treated with
Pseudomonas fluorescens N1R. It was thus suggested that N1R may reduce damping-off by
competing for and using volatile exudates from germinating pea seeds.
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In addition, plant pathogens may be antagonized by compounds released by plant roots, plant
residues, and other microorganisms present in the rhizosphere. Further, the survival and activity of
specific plant pathogens may be affected by the action of antagonists present in the rhizosphere.
To reiterate, it is the balance between plant pathogenic and antagonistic microorganisms that
determines the effect on plant health.
b. Deleterious Rhizobacteria
Rhizobacteria that inhibit plant growth without causing disease symptoms are frequently referred
to as deleterious rhizobacteria (DRB), or minor pathogens. DRB can inhibit shoot or root growth
without causing any other visual symptoms [179–181], and may be partly responsible for growth
and yield reductions associated with continuous monoculture [181,182]. DRB implicated in yield
decline in a number of crops have been reviewed by Nehl et al. [35]. Several mechanisms for
growth inhibition by DRB have been proposed, the most likely being the production of phytotoxins
such as cyanide [183,184] and other volatile and nonvolatile compounds as yet unidentified
[185,186]. An alternative mechanism by which DRB inhibits plant growth may be through the
production of phytohormones [181]. IAA produced by DRB has been shown to inhibit root growth
in sugar beet [187] and black currant [188]. DRB may also compete with the plant and beneficial
rhizobacteria for nutrients, which may also contribute to decreased plant growth and yields. Further,
DRB may indirectly reduce growth by inhibiting mycorrhizal development [189] or by counteracting the effects of nitrogen-fixing rhizobacteria [35].
The pathogenicity of DRB to crop plants has been shown to be host-specific [35] and thus is
conceivably linked to root exudation. Alstrom [190] found that the pathogenicity of two isolates
of Pseudomonas was determined by the major components of the broth culture in which they were
applied to bean seedlings. Both isolates were pathogenic to bean seedlings when the broth contained
sucrose and peptone or sucrose and yeast extract. When the broth contained sucrose alone, one
isolate was pathogenic and the other was not. Neither isolate was pathogenic when the broth
contained yeast extract or peptone alone [190].

III. MICROBIAL COMPOSITION IN THE RHIZOSPHERE:
METHODOLOGY
Root exudates are believed to have a major influence on the diversity of microorganisms within
the rhizosphere [84,191]. Several approaches have been employed to measure the biodiversity of
rhizosphere microbial communities. Most of the earliest studies relied on dilution plating procedures
with selective culture media as a way to enumerate specific groups of microorganisms. Problems
associated with such methods include the low culturability of soil microorganisms (1 to 10%) [192],
and the difficulty in adequately defining species of different microorganisms. Subsequently, techniques of molecular biology and fatty acid analysis have increased the ease of identifying organisms
without the requirement for isolation in pure culture. Community diversity in soil has been measured
using a number of indices, some of which have been applied to the experimental study of rhizosphere
microbial populations.

A. MICROORGANISMS ASSOCIATED WITH GERMINATING SEEDS AND YOUNG ROOTS
Rhizosphere microorganisms may arise from seed-borne populations that survived seed storage and
germination or from soilborne populations. The microbiological characteristics of the germinating
seed are not often addressed but could be important for establishment of some saprophytic microbes
in the endorhizosphere. It is thought that most recruitment of microorganisms for subsequent
colonization of the plant root and rhizosphere soil takes place after growth stimulation of the
microbes by the advancing root. The root tip may be described as a slowly advancing point source
of substrate, which acts as a stimulus for resumed activity and growth by the dormant microbes in
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FIGURE 3.3 Model of proposed interactions in the rhizosphere and in the bulk soil.

the bulk soil. Figure 3.3 shows a model of proposed interactions within the rhizopshere in terms
of microbial colonization and utilization of root exudates.
Early microbial successions have been studied by Van Vuurde and Schippers [193], who found
the invasion sequence of (in order of appearance) various rhizobacteria, coryneforms, true actinomycetes, and microfungi associated with the onset of epidermal and cortical cell senescence in young
roots (1 to 2 weeks old). Liljeroth et al. [194] washed 1- to 2-day-old root tips and 8- to 9-day-old
root bases of wheat seedlings before maceration and plating onto 10% tryptone soya agar. Early
colonizers were characterized in terms of carbon substrate utilization and clustered into 11 groups
of both Gram-negative and Gram-positive bacteria. Utilization of simple sugars such as lactose,
galactose, mannose, xylose, and mannitol and of organic acids such as citrate and succinate was
found more often in populations from the root tips as compared to those isolated from root bases.
The advancing root tip is considered to be an important site for exudation of simple sugars and
organic acids, which may have stimulated the growth of rhizobacteria utilizing these compounds.
Kleeberger et al. [195] found fluorescent Pseudomonas spp. to be the largest group of Gramnegative bacteria and coryneforms the largest group of Gram-positive bacteria to colonize the
endorhizosphere of wheat and barley when surface-sterilized root segments were plated onto plate
count agar. They also suggested that the coryneforms were primarily located in the internal part of
the endorhizospheres (i.e., the mucilage layer) by comparing surface-sterilized root segments with
untreated roots.

B. MICROORGANISMS ASSOCIATED

WITH

MATURE ROOTS

Several studies have indicated that the species diversity of indigenous soil communities will
influence the species composition of ectorhizosphere populations [196]. On mature roots, seasonal
successions may be observed as the soil microbial activity varies with temperature, water content,
nutrition, and root exudation. Acero et al. [197] found that the composition of alder (Alnus)
rhizosphere populations alternated between one dominated by Bacillus spp. in autumn and winter
and one dominated by Pseudomonas spp. in spring and summer.
Lambert et al. [198,199] investigated the total cellular protein compositions in culturable
bacteria, as a way of comparing microbial diversity in crop rhizospheres. Such protein profiles,
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characterizing the protein composition in each clone of the culturable bacteria, were used to
distinguish specific strain clusters among fast-growing rhizobacteria in the endorhizosphere of
maize and sugar beet in two separate studies [198,199]. In the sugar beet study, protein profiles in
whole-cell digests of organisms grown on 10% tryptone soya agar were compared after sodium
dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) [199], and it was found that P.
fluorescens or Sphingomonas paucimobilis were predominant on the root surface of young sugar
beets until June, after which time Xanthomonas maltophila and Phyllobacterium spp. were found
at increasing densities. These contributions [192,193] could be considered as pioneer work in the
application of proteomics to soil.
During the plant growth season, microorganisms become more dependent on mobilization
of organic matter present in the soil. Gram-positive microorganisms, including coryneforms and
true actinomycetes, become increasingly more abundant in the rhizosphere of maturing plants
[195]. Miller et al. [200] used 10% tryptone soya agar to obtain total bacterial counts in
rhizosphere soil of 1- to 2-month-old wheat cultivars. Using two selective media for the fluorescent Pseudomonas spp., it was found that this group accounted for only a small percentage (~1%)
of the total population. This may possibly reflect that pseudomonads are abundant only among
rhizobacteria during the initial growth phases of wheat. They also found that coryneforms
constituted a significant proportion of the total population. On two different wheat cultivars,
coryneforms accounted for between 4 and 15% of the total populations. Coryneform numbers
in the bulk soil made up to 30% of the total bacterial population, suggesting that these soilborne
coryneforms colonized the rhizosphere as plants aged. In a subsequent study, Miller et al. [201]
estimated the relative abundance of true actinomycetes in the rhizosphere of 3- to 10-week-old
wheat cultivars. Isolation on selective chitin-oatmeal agar gave relatively stable numbers of
actinomycetes over the 3- to 10-week growth period. It was concluded that root exudation did
not control the establishment of true actinomycetes in the rhizosphere soil [201]. It is suggested
that their high capacity for polymer degradation, resistance to desiccation, and relative insensitivity to toxic compounds gives these organisms a selective advantage when root exudates become
sparser in mature plants.
De Leij et al. [202] developed a method for describing microbial community structure based
on the quantification of bacterial colonies in six or seven growth classes on agar media. The idea
of quantifying bacterial populations according to their growth rate is based on the ecological concept
of r- and K-strategy [203]. Typical r-strategists, which do well in uncrowded, nutrient-rich environments, are inefficient in breaking down recalcitrant substrates and are also thought to be sensitive
to toxins in the environment. K-strategists do relatively well in crowded environments that have
reached their carrying capacity, have more efficient cell metabolism than r-strategists, and are able
to utilize recalcitrant substrates. It is also thought that they are less sensitive to toxins than r-strategists.
Under field conditions, it was found that as wheat root matured, the microbial community changed
from one dominated by r-strategists to one distributed more toward K-strategy. De Leij et al. [204]
used this method to assess the impact of field release of genetically modified P. fluorescens on
indigenous microbial communities of wheat. The concept of r-K strategy distribution for risk
assessment purposes is thought to be useful [204], as r-strategists are characteristic of environments
that undergo rapid changes, whereas K-strategists dominate in stable, nonperturbed environments
[203,205]. Populations of r-strategists can markedly increase when conditions are favorable,
whereas, because of their poor competitive abilities and lack of long-term survival mechanisms,
their numbers decline rapidly when conditions deteriorate. In contrast, the population size of typical
K-strategists is more buffered against perturbation because of their slow growth and ability to form
long-term survival structures. Rapidly growing bacteria and yeasts, which might all be regarded as
typical r-strategists, were found to be sensitive indicators of environmental change and responded
with large population decreases in the presence of wild-type and recombinant P. fluorescens SBW25
during early stages of wheat development [204].
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IV. INFLUENCE OF SOIL FACTORS
In addition to the interactions between plants and microorganisms, a third factor, the soil, also plays
a role in determining root exudation and the activity and diversity of rhizosphere microbial populations. In this section, physical and structural aspects of the soil are discussed in relation to their
effects on root exudation and microbial populations. Consideration is also given to the role of
agricultural management practices on rhizosphere processes. In addition, the role of other biotic
factors, such as microfaunal predation, is discussed in relation to nutrient cycling in the rhizosphere.

A. PHYSICAL FACTORS
The effect of physical factors such as temperature, soil moisture content, pH, and oxygen availability
on microbial survival and activity in soil are well documented (for a review see Reference 96). It
is also widely acknowledged that these factors may also influence plant growth and can therefore
be presumed to influence both root exudation and rhizosphere microbial populations.
1. Temperature
Extremes of temperature influence both microbial and plant growth. Cell division and expansion
are temperature-dependent processes that control the rate of both root growth [206] and microbial
proliferation. Any variations above and below the temperature range to which a plant is adapted,
may inhibit or even irreversibly arrest root growth [207]. Similarly, above and below specific
microbial adaptive temperatures, cells may become inactive or decline in number in soil. Many
aspects of cell metabolism are adversely affected by temperatures that depart from the optima,
including cell division, protein synthesis, respiration, and ion transportation [208]. These effects
inevitably apply to both plant [209] and microbial cells. Root exudation is affected both qualitatively
and quantitatively by temperature, with sudden increases or decreases in temperature stimulating
exudation (for a review see Reference 22). For example, Martin and Kemp [210] found that a
reduction in temperature from 15 to 10oC increased carbon loss from roots of 11 different cultivars
of wheat into the rhizosphere. Qualitative differences in exudation patterns were observed when
Zea mays seedlings, grown initially at 19oC, were subsequently grown at 5oC. This led not only to
greater exudation, but also to the exudation of three new oligosaccharides and sucrose; compounds
not previously observed at the higher temperature [211]. Similarly, Rovira [212] found that raising
the temperature increased the amount of root exudate and the relative proportions of amino acids
exuded by Trifolium repens and Lycopersicon esculentum.
Unfavorable temperatures, especially when suddenly imposed, have been shown to cause leakage
of ions and metabolites from the root to the surrounding medium [208]. In addition, sudden changes
of temperature cause a lowering of conductivity to water of roots and inhibition of ion transport [208].
This can indirectly affect the carbon economy of the whole plant by leading to more negative leaf
water potentials, partial stomatal closure, and hence a slowing of net CO2 assimilation.
Some roots, however, display considerable ability to acclimate to suboptimal temperatures. For
example, in rye or barley acclimated by previous exposure to 8oC, net transport of K+, Ca2+, and
H2PO4- into the xylem sap of detached roots was enhanced by factors of two to three as compared
to controls maintained at 20°C [213,214], with a threefold increase in flux of water to the xylem.
These changes almost completely compensated for the smaller root systems that developed at the
lower temperature. In addition, low-temperature acclimated roots contained 9 to 15 times more
soluble carbohydrates than the controls at 20°C [215]. The carbon efflux to the rhizosphere under
such conditions, therefore, might be considerably enhanced if permeability to the carbohydrates
was unaffected by temperature [208].
Freezing injury is another factor to be taken into account when considering the influence of
low temperatures on rhizosphere dynamics. Freezing injury occurs when ice crystals penetrate the
plasma membrane and cause mechanical rupture. This effect is irreversible, and upon thawing,
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leakage of solutes and metabolites from the cytosol is concomitant with cell death. The release of
carbon compounds to the microbial community in the surrounding soil and rhizosphere of surviving
roots is, therefore, likely to be considerable. In general, low temperature tends to slow root extension,
rather than cell maturation; consequently, the endodermis frequently becomes suberized and thickened closer to the tip. This can lead to a block in apoplastic movement of water and solutes. The
effects of suberization on the transport of carbohydrates in roots and leakage of carbon compounds
from the roots to the rhizosphere have as yet received little attention.
2. Water Availability
Another major factor affecting microbial activity in soil is the availability of water, which is variable,
depending on factors such as soil composition, rainfall, drainage, and plant cover. The primary
importance of soil water is to provide the moisture necessary for the metabolic activities of both
soil microorganisms and plants. Under conditions of water deficit, both plants and microbes may
be harmed. When roots extend into dry soil, for example, the apical zone may develop a water
deficit and lose turgor, so that cell expansion rates are slowed [216,217]. Osmotic adjustment takes
place over a period of days during acclimation to water deficits that are gradually imposed, so that
the roots and shoots can maintain low or negative water potentials and thereby maintain the flow
of water from the rhizosphere to the root without the simultaneous loss of turgor [208]. In general,
roots seem less sensitive to water deficit than shoots; however, growing cells in the root tip zone
readily lose water to a drier environment, and — for example, in maize — irreversible damage to
cells occurs when water loss exceeds 70% [218]. Desiccation causes changes to the physical and
chemical properties of plant cell membranes. In mature roots of barley, for example, desiccation
caused degeneration of the epidermis and outer cortex [219], and presumably resulting in the release
of appreciable amounts of carbon compounds to the rhizosphere. In an earlier study, it was suggested
that both C secreted as mucilage and C released by root tissue increased in zones of localized water
stress, even where other parts of the root system had adequate water supply [220]. Soil water stress
in tree species has been shown to both enhance and reduce root exudation [22]. Effects of water
stress on root exudation are more fully discussed in Chapter 2.
3. Oxygen Deficit
Waterlogging can lead to the development of anaerobic conditions and oxygen deficit. In welldrained soils, air penetrates readily and oxygen concentrations are usually relatively high. In
waterlogged soils, however, the only oxygen present is that dissolved in the soil water, and this is
rapidly consumed by microbes or plant roots, leading to the development of anaerobic conditions.
Under these conditions, roots and soil aerobes are in direct competition for oxygen; indeed,
microorganisms have been shown to account for up to 50% of the O2 consumption in soils densely
rooted with arable crops [221]. When this oxygen has disappeared from soil pores, a combination
of chemical and biological transformations takes place, resulting in the release to the soil solution
of a sequence of reduced substances: NO−2, Mn2+, Fe2+, and H2S as well as microbial end products
such as acetic and butyric acid. Some of these can reach at concentrations in the rhizosphere that
are damaging to roots or phytotoxic if accumulated in the leaves [222]. The rate of production of
these compounds depends on the rate of supply of substrates for microbial activity and on the
chemistry of the soil, including the presence of alternative electron acceptors such as NO−3, Fe3+,
Mn4+, and SO42−. However, lack of oxygen around roots alone is sufficient to induce injury [223].
Root cells quickly experience a decline in aerobic respiration if oxygen is not replenished with a
concomitant decline in energy status [224,225]. Other physiological changes associated with oxygen
deficiency include the inhibition of ion uptake and their transport to shoots [223], and low conductivity to water [226,227]. In addition, leakage of solutes to the soil environment can occur as a
result of decreased energy status within the roots.
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Oxygen availability appears to have both qualitative and quantitative effects on root exudation.
Lack of oxygen has been shown to enhance root exudation [228]. Further, it has been reported, for
example, that Pisum sativum exudes more amino nitrogen under low oxygen concentrations [229].
It has also been found that, under anaerobic conditions, Zea mays exudes ethanol at the expense
of plant sugar content [230], and ethanol is a chemoattractant to plant pathogens. Other plant species
(for example, peanut) have been shown to release more sugars under anaerobic conditions [231].
Decreasing oxygen concentrations tend to increase the permeability of the cell membrane, owing
to a reduction in active transport, resulting in increased exudation [22].
4. pH and Availability of Nutrient Ions
Both pH and the availability of nutrient ions in soil play important roles in rhizosphere dynamics
and are often dependent on one another. Nutrient ions move in soil toward plant roots either by
mass flow with the soil water or by diffusion. Mass flow is the result of bulk convective movements
of the soil solution toward roots, whereas diffusion occurs in response to a concentration gradient
for a particular ion, which results from its absorption by the root and depletion from the surrounding
soil. For typical agricultural soils, mass flow supplies Ca2+, Mg2+, Cl−, SO42−, and usually NO3−,
but diffusion predominates for K+ and H2PO4− because of low concentrations of these ions in free
soil solution. Diffusion of K+ and phosphate can also depend on the relative plant uptake rate,
which is very high. As a consequence, their concentration is markedly reduced near the rhizoplane
with formation of a steep concentration gradient, and this favors the diffusion of the two ions
(discussed in Chapter 12). Where mass flow brings in ions at a rate much faster than absorption
by the root surface, ions accumulate in the rhizosphere. For example, concentrations of Na2+ in
saline soil can increase to injurious levels in the rhizosphere.
Pronounced changes in the pH of the rhizosphere by as much as one or two units often occur
under agricultural conditions and especially in neutral soils where buffering capacity is least [232],
due to the presence of both acid and alkaline cations. Such changes occur often because of the major
influence of the form of nitrogen added on the cation or anion balance of plants. It has been
demonstrated that plant uptake of nitrate occurs with the influx of two protons. This influx is also
responsible for the increase of the pH value in the rhizosphere. With NH4+-based fertilizer, there is
a marked solubilization of phosphate in calcareous soil because of the net release of H+ by roots. In
contrast, NO3− fertilizer leads to more alkaline conditions due to an efflux of OH− and tends to release
phosphate from the chemical forms in which it is held in an acid soil. Such differences in pH caused
by nitrate or ammonium nutrition can bring about large changes in the microflora [233,234] and in
the nature of microbial substrates released by the roots [38]. The rhizosphere of legumes fixing N2
also becomes markedly more acidic. The response of root exudation to acidic conditions is important;
for example, it was found that exudation from wheat was higher at pH 5.9 than at 6.4 [235]. It was
postulated that the external pH altered the ionic states of compounds released and that this, in turn,
affected their readsorption. The fact that external pH influences the state of released compounds
(probably by modifying their charge) and affects their readsorption supports the suggestion of Jones
and Darrah [19–21] that exudation is a balance reflecting both release and readsorption. Meharg and
Killham [236] found that the amount of carbon lost from Lolium perenne increased from 12.3 to
30.6% with increasing pH from 4.3 to 6.0. It was suggested here that an increase in the microbial
biomass combined with plant nitrogen limitation could have caused the observed increase in exudation with increasing pH. It has also been noted that there are often large differences in rhizosphere
pH between plant species growing in the same soil. In addition, differences in pH of more than two
units have been found at different points along the root of an individual plant [237]. In general,
dicots tend to favor the uptake of cations over anions so that acidification of the rhizosphere is usually
greater for monocots, which show a cation/anion uptake ratio close to unity.
Nutrient availability also plays a major role in exudation, with deficiencies in N, P, or K often
increasing the rate of exudation [238]. It is believed that nutrient deficiency may trigger the release
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of substances such as organic acids or nonproteinogenic amino acids (phytosiderophores), which
may enhance the acquisition of the limiting nutrient [239,240]. An example here might be the
release of phenolic acids such as caffeic acid in response to iron deficiency, which results in an
increase in uptake of the cation [241] (See also Chapter 2).
5. Light Intensity
Because most of the assimilated carbon in a plant is derived from photosynthesis, it follows that
changes in light intensity may modify root exudation of carbon. However, Rovira [212] found that
exudation of nitrogenous compounds was also affected by light intensity. In Trifolium repens grown
under three different light intensities, the quantities of the amino acids serine, glutamic acid, and
α-alanine released were considerably reduced at the lower light intensities. In Lycopersicon esculentum, quantities of aspartic acid, glutamic acid, phenylalanine, and leucine were significantly
lower at the lower light intensities but increases in the amounts of serine and asparagine exuded
were observed.
6. Carbon Dioxide Concentration
CO2 concentrations have been rising steadily over the last 40 years and are expected to rise further
though the magnitude of the increase is uncertain [242]. This could be expected to have important
consequences for photosynthesis and hence exudation. However, Whipps [13] reported that the
loss of assimilated carbon from Zea mays roots was unaffected by atmospheric CO2 concentrations
up to 1000 ml l−1. In contrast, Norby et al. [243] found that carbon allocation to roots and root
exudation increased in Liriodendron tulipifera grown in the presence of elevated CO2 levels. In
Pinus echinata seedlings, there was increased exudation under elevated CO2 after 34 weeks but
not after 41 weeks [244].
Rillig et al. [245] carried out Biolog® microplate analysis of soil C substrate utilization in
the rhizosphere of Gutierrezia sarothrae grown in elevated atmospheric carbon dioxide. Compared to ambient CO2 levels, they found polymers were more slowly oxidized by the microbial
community, amides showed no change, and all other substrate groups were more rapidly utilized,
although there was no difference in the number of viable bacteria. This change in microbial
function in response to elevated carbon dioxide without any changes in total numbers of viable
bacteria could have important impacts on nutrient cycling and may be due to changes in
rhizodeposition under elevated CO2. Li and Yagi [246] observed that C inputs by rice (Oryza
sativa) grown under elevated CO2 retarded the mineralization of organic matter in the 0 to 5 cm
surface layer of paddy soil.

B. STRUCTURAL FACTORS
Soil type and soil structure also influence the dynamics of rhizosphere microbial populations.
Whether nutrients are available for bacteria in the rhizosphere often depends on the sites in the
soil where nutrients are present. Organic compounds tightly bound to the soil matrix are often less
available for bacteria [247], and those present in smaller pore spaces can be physically protected
against mineralization. However, disturbance of the soil often causes these nutrients to become
more available to soil microbes [248].
Soil textural aspects also influence bacterial survival, possibly by affecting the level of protection
against predation by protozoa [96]. The presence of clay minerals such as montmorillonite or
bentonite has been shown to substantially improve bacterial survival [96,249]. This appears to be
true because some of the pore spaces in soil aggregates serve as protective microhabitats for soil
bacteria against predation by protozoa [96], and it can thus be suggested that the greater the amount
of protective pore space in heavier textured soils, such as clay soils, the greater the amount of
protection against predation [250].
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C. AGRICULTURAL FACTORS
1. Application of Mineral Fertilizers
There has been previous mention of the form of nitrogen fertilization and nutrient availability on
rhizosphere pH and on the cation/anion balances in different plant species that affect both plant
and microbial growth. However, the issue of nitrogen fertilization and its influence on root exudation
and rhizosphere microbial populations is complex. Nitrogen fertilization has been shown to have
variable effects on the ecology of the rhizosphere and may not always lead to predictable effects
on microbial growth and activity in the rhizosphere. For example, Kolb and Martin [251] found
that the application of N fertilizer stimulated root exudation in agricultural plants; and concluded
that this may indirectly affect microbial growth in the rhizosphere. However, Liljeroth et al. [252]
found that in wheat cultivars, stimulation of microbial growth seemed to be due to increased
utilization of the root exudates themselves rather than to increased exudation rates. They also
observed that N application resulted in higher bacterial abundance on seminal roots of young barley
plants. In other cases, it is believed that N fertilizer may sometimes stimulate root growth at the
expense of exudation, and cultivars may respond differently in terms of stimulated exudation or
increased root growth [196]. On the contrary, Marschner et al. [57] found that both soil type and
nitrogen fertilization affected plant growth, whereas N fertilization had no effect on bacterial
community composition as determined by PCR-DGGE of 16S rDNA. In nonfertilized soil however,
lower nutrient availability may limit microbial utilization of root-released carbon compounds. This
is an area which clearly needs further investigation, especially under the current trend to move
toward sustainable agriculture and decreasing chemical fertilizer inputs.
2. Effects of Cropping System
Alternative agricultural practices — including crop rotations, recycling of crop residues, and
increased use of cover crops and green manures — contribute to high soil organic matter levels
and improved soil quality, thus reducing the need for chemical fertilizers and pesticides. Agricultural
management practices may be expected to have an impact on microbial diversity and thus affect
soil health, crop health and yield, and ultimately sustainability. It has been hypothesized that a
more diverse soil microbial community will result in greater yield stability [253].
Several studies have investigated the effects of different cropping systems and agricultural
management practices on microbial biomass, activities, and diversity in soil [254–256]. However,
comparatively few studies have looked at the impact of management practices on rhizosphere
microbial populations and root exudation. Swinnen [257] studied carbon fluxes in the rhizospheres
of barley and wheat under field conditions with conventional and integrated management using
14CO pulse labeling. Compared with conventional management, integrated management leads to
2
reduced transfer of carbon to the roots, reduced root growth, and lower total rhizodeposition.
A 15-year study in which a conventional corn–soybean rotation was compared with two lowinput systems (animal manure or legumes as N-sources) was carried out by Buyer and Kaufman
[258]. The effects of the three cropping systems on diversity of fast-growing aerobic culturable
bacteria and fungi in the rhizosphere were studied. Following extraction and plating onto solid
culture media, approximately 6000 bacteria were identified using fatty acid methyl ester analysis.
Over 18,000 fungi were identified using microscopic examination of spores. However, total counts
and diversity were not significantly different between the three different cropping systems.

D. BIOTIC FACTORS
In relation to nutrient cycling in the rhizosphere, another important factor to consider is the role
of microfauna (protozoa, nematodes, and microarthropods), and specifically their interactions with
bacterial populations. There is increasing evidence that the interactions between microflora and
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microfauna, especially nematodes and protozoa, are responsible for a significant portion of the
mineralization of nitrogen in soil [259–264]. Extensive studies on the relationship between the soil
protozoa and bacteria have revealed that the soil protozoa can feed on a wide range of bacteria,
and that, indeed, bacteria are the most important food source for free-living heterotrophic protozoa
[265]. Because predation by protozoa removes bacteria, it might have been expected that this would
lead to a decrease in bacterial activity and consequently in the decomposition of organic matter
and mineralization of nutrients. However, the opposite has been observed many times. A stimulating
effect of a protozoan grazing on bacterial metabolism was demonstrated for ciliates in marine
habitats and for flagellates in freshwater habitats. Hunt et al. [266] developed a simulation model
for the effect of protozoan predation on bacteria in continuous culture. Results suggested that upon
predation by protozoa, the growth rate of bacteria increased even though the bacterial biomass was
reduced. Bacteria were thought to respond to a higher level of available carbon, nitrogen, and
phosphorus upon predation.
Elliott et al. [267] presented data that suggested a significant role of soil protozoa at the soil–root
interface by accelerating the mineralization of microbially immobilized nutrients. In the presence
of protozoa, more mineral N was found in soil. In addition, plant shoot nitrogen concentration was
higher as compared to plants grown in soils without protozoa. They hypothesised that the effect of
protozoa on the mineralization of N would be greatest under the most N-limiting conditions, i.e.,
without the addition of mineral N fertilizer. However, it was only in the case where mineral N was
added that protozoa accelerated the mineralization of microbially immobilized N.
Data have also been produced which indicate that bacteria can mineralize nitrogen from soil
organic matter and that this process too can be increased by the presence of protozoa [259]. In the
presence of protozoa, more nitrogen was made available to plants, and it was suggested that bacteria
utilized the nitrogen from soil organic matter when supplied with a suitable energy source, i.e.,
root exudates. The immobilized nitrogen would then become available to plants when predators
such as protozoa consumed these microorganisms and excreted excess ammonium [259]. Kuikman
and Van Veen [260] investigated the impact of protozoa on the availability of this bacterially
immobilized nitrogen to plants. They found that protozoa reduced bacterial numbers by a factor
of eight and increased plant uptake of nitrogen by 20% in wheat. Grazing by protozoa was found
to strongly stimulate the mineralization and turnover of bacterial N.
Grazing by bactivorous nematodes may also enhance the rate of N-mineralization in the rhizosphere [262, 263] by excretion of ammonium and other nitrogenous compounds [268] or indirectly
by dissemination of microbial propagules through the soil [269–271] or stimulation of bacterial
activity by release of growth-limiting nutrients and vitamins [272]. Furthermore, the removal of
nonactive cells by microbial grazers may provide new surfaces for microbial colonization.

V. APPLICATION
Despite the fact that rhizosphere exudation patterns are governed by a large variety of factors (plant,
microbial, and soil factors), it is clear that there is ample scope to modify root exudation patterns
either by using agricultural practices or through plant-breeding programs. Both plant-breeding
programs and agricultural practices have concentrated on reducing the negative impact of plant
pathogens directly. Examples include breeding programs that render plants resistant to pathogen
attack, rotation schemes that prevent excessive buildup of pathogens, or application of pesticides
that protect susceptible plants against pathogenic organisms. In relation to plant nutrition, plantbreeding programs have concentrated on the development of plant varieties that give inherited high
yields, provided that sufficient nutrients are available. The latter conditions are satisfied using
chemical fertilizers that are directly available to plants. Even though these practices have resulted
in a dramatic increase in food production during the past half century, it is questionable whether
these approaches on their own are sustainable in the long term. Resistant plant varieties have limited
usefulness, as plant resistance will be broken by the pathogen in the absence of measures that
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reduce pathogen populations. Similarly, excessive use of pesticides will inevitably lead to development of resistance in the pathogen population. Furthermore, lack of organic inputs will lead to
a reduction of saprophytic biological activity in soil and, consequently, to a decline in the physical
and chemical soil quality. This, in turn, leads to an increasing dependency on chemical inputs in
the form of fertilizers and pesticides.
The realization that increased yield and reduced incidence of plant damage resulting from
pathogens can also be achieved indirectly by programs aimed at encouraging beneficial organisms
in soil and the rhizosphere opens new possibilities for plant breeding and soil management programs. Root exudates released by the plant create a rhizosphere effect, resulting in intense microbial
activity in the vicinity of the roots. The influence of this microbial activity on plant health and
plant nutrition depends on the net biological effect of the interactions between the rhizosphere
populations, the plant, and the soil environment. With increasing knowledge of which factors
influence this exudation process and their influence on rhizosphere microbial populations, it has
become possible to manipulate these processes in favor of organisms that benefit the plant directly
by providing biological control activity, growth stimulation, induction of resistance, or by mineralization of organic residues. Indirectly, the activity of soil microorganisms will result in improved
soil quality (greater aggregate stability, improved soil structure, and better water-holding capacity),
all of which benefit plant growth.
Examples of the successful stimulation of microbial populations antagonistic to pathogens such
as take-all®, fusarium wilt, and cereal cyst nematodes (using continuous cropping regimes, green
manures, and farmyard manures) have been well documented [273–275]. However, manipulation
of rhizosphere populations using plant-breeding programs is at present not seriously pursued. The
latter approach, when integrated with appropriate soil management strategies, might open new
possibilities to release the full potential of microorganisms that benefit plants in a variety of ways.
A further application of the manipulation of microbial activity in the rhizosphere is their
potential to remediate contaminated land. Bioremediation involves the use of microorganisms that
break down contaminants. Radwan et al. [276] found that the soil associated with the roots of
plants grown in soil heavily contaminated with oil in Kuwait was free of oil residues, presumably
as a result of the ability of the resident rhizosphere microflora to degrade hydrocarbons. The use
of plants as a means to either accumulate pollutants such as heavy metals [277] to degrade
hydrocarbons and pesticides [276,278] is already widely implemented and has proven to be successful. In some cases, there is no doubt that it is the plant itself that is responsible for the removal
of the contaminants. However, in most cases, it will be the interactions that take place between
plant roots, the soil biota, and the soil environment that result in the desired effect. Again, more
insights into the interactive processes associated with pollutant degradation will open opportunities
to decontaminate land more effectively. For example, mycorrizal fungi seem to play a role in either
protecting the plant against heavy metals or stimulating their uptake, but the mechanisms by which
mycorrhizae affect metal uptake are far from clear, and the results are often contradictory [279].
The contribution of the rhizomicrobial population to the degradation of organic pollutants is better
understood and is termed rhizoremediation [280,281]. Rhizoremediation can be seen as a solar
driven biological pump and treatment system, where water is attracted to the root, accumulating
water-soluble pollutants in the rhizosphere, where they are subsequently degraded by microoorganisms [282]. Although the importance of the rhizosphere community for degradation of pollutants
has been recognized, little is known on how effective rhizosphere communities are in degrading
organic pollutants, and what contribution plant exudation plays in stimulating pollutant degradation.
For example, Rentz et al. [283] found that phenanthrene degrading activity of P. putida ATCC
17484 was repressed after incubation with plant root extracts of a variety of plants. Catabolic
repression as a result of the availability of alternative carbon sources, such as organic acids,
carbohydrates, and amino acids, was held responsible for the apparent repression of phenantrene
degradation by the bacterium. Despite this finding, many studies have shown that polycylic aromatic
hydrocarbons (PAHs) are degraded more readily in vegetated soils compared to nonvegetated soils
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[284–286]. The enhanced degradation of PAHs in rhizosphere soil [287] might be simply the result
of the selective enrichment of PAH degrading populations in the rhizosphere [288,286] rather than
induction of pollutant catabolic activity. The latter explanation was suggested by Hsu and Bartha
[289], who proposed that specific root exudates could act as cometabolites for bacteria involved in
the degradation of PAHs. For example, bacterial degradation of PAHs is initiated by monooxygenase
or dioxygenase enzymes, which often exhibit broad substrate specificity [290]. Some aromatic root
components are structural analogues of PAHs and are thought to induce the production of oxygenases involved in PAH degradation. Such exudates include l-carvone, which is produced by spearmint [291], salicylatyes that are associated with willow [292], flavones, xanthones, and other
phenolic compounds associated with osage orange [293], and hydroxycinnamic acids that are
produced by poplar trees [294]. The importance of such components in rhizoremediation was
demonstrated by Gilbert and Crowley [291], who showed that l-carvole could induce polychlorinated biphenyl (PCB) degradation in Arthrobacter strain B1B. Interestingly, l-carvol is not used as
a growth substrate by Arthrobacter.
Besides growth stimulation and induction of specific metabolic activity, some root exudates
could play an important role in making PAHs more bioavailable by acting as surfactants or
transporters. Crowley et al. [295] showed that degradation of PAHs was significantly enhanced in
the rhizosphere of celery, and it was suggested that the production of linoleic acids by the roots
led to enhanced bioavailability and subsequent degradation of PAHs in the rhizosphere. Therefore,
rhizoremediation is likely to be strongly dependant on plants species, which might explain why
some studies fail to show enhanced degradation of PAHs in the rhizosphere of plants [296,297].
In order to select a suitable plant for rhizoremediation a number of factors need, therefore, to
be taken into account regarding root exudation. First, the exudates released into the rhizosphere
should support a large microbial population [298]. Second, the exudates should contain substances
that induce the production of catabolic enzymes [299]. Third, the rhizosphere should contain
substrates that lead to the cometabolism of high-molecular-weight PAHs [298]. Finally, components
in the exudates should improve bioavailability of pollutants such as PAHs [299]. Whereas conceptually these prerequisites for effective rhizoremediation seem sensible, we are still a long way off
in proving the validity of these concepts in complex natural systems.
A critical aspect of rhizoremediation is that microorganisms need to form a very close relationship with the root (rhizosphere competence) if they are to be effective. An illustration is the
use of some Trichoderma strains, which are very good rhizosphere competitors, in part by producing
antibiotics and lytic enzymes to suppress other organisms. They can then act in concert with a wide
range of plants, including trees, to catabolize a range of organics and cyanides and promote the
uptake of nitrates and toxic metals [300]. This type of process has been termed phytobial remediation, which would appear to offer very good prospects for brownfield land remediation [301].

VI. FUTURE DIRECTIONS
There are many triggers that have driven rhizodeposition studies. Initial concerns were focused on
plant nutrition. This was followed by crop protection aspects, and most recently the use of the
rhizosphere in facilitating remediation of soils. However, perhaps the major environmental issue
of today is climate change and the future of carbon in the environment. Rhizodeposition is the
product of carbon sequestration, a key in some degree of mitigation of carbon emissions. Some of
that sequestered into the asymbiotic and symbiotic root associations can make a major contribution
to the soil carbon pool. Analysis of the quantities and function of this pool, such as described in
Section IV.A.6 of this chapter, has never been more critical. There will be surprises in store! For
example a recent report in Nature [302] indicates that tree roots produce the greenhouse gas methane
by an abiotic process that has yet to be chemically and biochemically described. Such reports, of
course, need to be thoroughly investigated but it seems very likely that rhizodeposition studies in
relation to climate change will be a major research area for the future. This will need fully
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interdisciplinary approaches but from the soil biology angle, molecular techniques [303] will be
increasingly useful.
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I. INTRODUCTION
Soil processes at rhizosphere level, including nutrient transformations, are generally thought to be
spatially narrow and restricted if compared to those occurring in the whole bulk soil. Coleman
et al. [1] assessed that rhizosphere soil constitutes only 2 to 3% of the total soil volume. However,
in spite of this low percentage of soil volume, rhizosphere processes are much more important than
bulk soil processes either from qualitative and quantitative points of view. Indeed, any soil volume
can be explored, sooner or later, by some roots, and be enriched by the plant rhizodeposition. Of
course, the volume of soil explored by roots will be greater for plants of grasslands, which have
both — the shortest life cycles and the highest root density per volume unit of soil.
It is universally recognized that one of the major problems in studying the rhizosphere is the
accurate sampling of rhizosphere soil due to the difficulty of reaching inaccessible zones and to
separate rhizosphere from nonrhizosphere (bulk) soil. Badalucco and Kuikman [2] reviewed
soil–plant systems used to simulate the rhizosphere soil and procedures used for sampling rhizosphere soil. Usually, the soil removed by manual shaking of soil/root cores is considered the bulk
soil, whereas the soil remaining attached to the roots represents the rhizosphere soil. This procedure

111

3855_C004.fm Page 112 Monday, April 9, 2007 3:56 PM

112

The Rhizosphere: Biochemistry and Organic Substances at the Soil–Plant Interface

cannot be standardized because of the root system architecture and the handling of the operator.
Moreover, Badalucco and Kuikman [2] discussed that pot experiments do not allow us to assess
the “rhizosphere effect” at measurable distances from the soil–root interface. On the other hand,
soil of unplanted pots cannot be considered as bulk soil because it presents different chemical (ions,
organic substrates, pH, etc.) and physical (redox and water potential) properties than those of the
bulk soil taken from planted soils. These differences depend on the effects of processes induced
by plant, such as root respiration and plant water uptake, which can affect chemical and physical
properties of soil located beyond the physical boundaries of the rhizosphere effect. Consequently,
both redox and water potential of soil of unplanted pots are different with respect to bulk soil of
planted pots and, thus, soil microbial activity and diversity of unplanted pots may be not comparable
with those of bulk soil of planted pots. In addition, different pot experiments are hardly comparable
among themselves if the pot sizes are diverse, because root activity, and thus exudation, may change
depending on the volume of soil to be exploited [2]. In spite of these problems, the literature on
rhizosphere studies based on pot experiments is still extensive. Indeed, a literature search by Web
of Science® with both the terms “rhizosphere” and “pot experiments” as requests in the title, the
abstract, or simply as keywords has generated about 200 responses.
A more reliable experimental approach (than pot experiments) for studying rhizosphere effects
is to use mesocosms with physical separation of the rhizosphere from bulk soil using nylon meshes
for the free diffusion of gases and soluble root exudates from the rooted to the root-free soil and
vice versa. This approach permits the study of the rhizosphere effect at measurable distances from
the soil–root interface and, more importantly, without the need of using an unplanted soil as a
control [3–5].
As mentioned in other chapters of this book, rhizodeposition supports microbial communities
that are more active and abundant in soil around roots than in nonrhizosphere soil. Such microbial
communities are chiefly crucial to the functioning of the terrestrial ecosystem, not only for their
direct effects on plant growth through, for example, the release of plant promoting growth factors,
but also because they affect the C-flow from plant roots to soil, thus mediating the heterotrophically
driven nutrient processes in soil by rhizodeposition (Chapter 1). As such, changes in their activity
or composition are likely to be reflected in the sensitivity of the overall soil functioning.
The aim of this chapter is to discuss only some aspects of some nutrient (C, N, and P) cycling
occurring in the rhizosphere, because the complexity and vastness of the treated matter exceeds
the limits of a single chapter. The subject is complex because it involves a series of chemical,
physical, and biological interactions. An example of the latter case is the so-called “microbial loop”
[6]. In the rhizosphere, the bacterial energy circulation follows a loop trajectory. Nutrients become
only temporarily locked up in bacterial biomass surrounding the roots and are later released by
microfaunal grazing over bacteria. Rhizodepositions trigger the microbial growth in the rhizosphere
with the consequent sequestration of available plant nutrients, which would remain locked up into
microbial biomass, if consumption by protozoa and nematodes would not constantly remobilize
them for plant uptake [7–10]. We shall also discuss enzyme activities in the rhizosphere soil because
all nutrient transformations are mediated by enzymes. Among plant nutrients we shall discuss some
aspects of C, N, and P processes, because C is the major element of rhizodeposition whereas N
and P availabilities are those mostly limiting both plant and microbial growth.

II. CARBON DYNAMICS IN THE RHIZOSPHERE
A. DIFFERENT COMPONENTS
OF RHIZODEPOSITIONS

OF

SOIL RESPIRATION

AND

QUANTIFICATION

Soils contain the largest active terrestrial carbon pool on Earth, and through soil respiration, their
annual contribution to the flux of CO2 to the atmosphere is 10 times greater than that from fossil
fuel combustion [11]. Soil respiration is derived from both rhizosphere respiration and the microbial
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oxidation of stable soil organic matter by heterotrophs. Rhizosphere respiration represents the sum
of root respiration and microbial respiration of labile carbon derived from live roots (rhizodeposits).
Increases in rhizosphere respiration may indicate increased carbon inputs to the soil through greater
photosynthesis, greater root activity or root biomass [12,13]. Increases in respiration of stable
organic matter, in contrast, reduce the potential for carbon storage in the soil. If we want to predict
feedbacks between global change and soil processes, we must first understand the relative contributions of rhizosphere respiration and degradation of stable organic matter to total soil respiration.
Both 14C and 13C tracing techniques have been used to estimate C flow in soil–plant systems,
and thus also rhizosphere respiration, with a minimum of soil and root disturbance [2].
Continuous labeling with 14CO2 involves exposure of plants to an atmosphere containing a
constant specific activity of 14CO2 throughout the growth of the plant. This approach allows uniform
labeling of all plant C pools, that is, soluble metabolic pools, which are composed primarily of
compounds derived from recently assimilated C, biochemically older C such as structural compounds, and both chemically simple and complex rhizodeposits (Chapter 13). Therefore, continuous
labeling approach facilitates the quantification of total C input to soil throughout the plant growth
and is potentially a powerful technique to estimate gross changes in rhizodeposition in response
to increased CO2 concentrations [14]. However, although continuous labeling under field conditions
is possible [15], it has been generally used in controlled growth chambers, due to its high cost and
problems in setting up the complex apparatus in the field.
Using continuous labeling under laboratory conditions, Liljeroth et al. [16] demonstrated that
decomposition of native organic matter (evolution of nonlabeled CO2) was increased from a planted
soil under low nutrient conditions. They suggested that this was a consequence of the rhizosphere
microbial biomass being nutrient-limited and that mineralization of native organic matter was
required to support assimilation of rhizodeposition, which is typically comprised of low C-to-N
ratio compounds. It is likely that this scenario will be particularly evident for ecosystems under
elevated CO2, where C inputs are increased, and competition for available nutrients are expected
to be intensified. Therefore, at least in the short term, as soils become more depleted of plant
nutrients under elevated CO2 and high C-to-N inputs are released from plant (rhizodeposition, root
turnover, and litterfall), net mineralization of nutrients held in organic matter may increase to sustain
microbial utilization of plant inputs, thus resulting in positive feedback of CO2 to the atmosphere
[17]. Uniform 14C labeling of soil organic matter pool is not experimentally possible, as chemically
or physically protected organic materials usually have mean residence times of hundreds to thousands of years. Therefore, altered fluxes between labile and recalcitrant organic matter pools cannot
be directly assessed by continuous labeling but must rely on existing soil organic matter models
and use data from short-term experiments.
On the other hand, pulse chase labeling methodologies are simpler and cheaper than continuous
labeling, and are readily applicable to field experiments. The partitioning of 14C following pulse
labeling is strongly related to the duration of the chase period prior to harvesting. Immediately
following exposure to 14CO2, 14C within the plant will be predominantly distributed as labile C
pools (metabolic and transport fractions), and with longer chase durations, it will be increasingly
present as less labile pools (structural and storage). However, due to the lack of the uniform labeling
of all plant C pools, the rhizosphere respiration using the pulse chase 14CO2 labeling can be
underestimated (see also Chapter 13). In addition to the advantages for field use, pulse labeling
can be applied to determine the dynamics of transfer of photoassimilate through the plant, to soil
and to microbial biomass [18]. Following labeling, the 14C is restricted to a discrete packet of
assimilated C, which can be traced through the system without interference from biochemically
older C.
The use of 13C analyses of organic components of terrestrial ecosystems can be useful to quantify
C fluxes from either C3 or C4 plants to soil and the mineralization of native organic matter [19].
The basis of this approach is that 13C-to-12C ratios of C3 and C4 vegetation are distinct; C3 plants
have an average δ13C of −27‰ and C4 plants an average of −12‰, compared to atmospheric CO2,
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which has a δ13C value of −7.5‰. These differences in plant 13C concentrations are a consequence
of differential 13C discrimination of the C3 and C4 photosynthetic pathways. Similarly, variations
in soil organic matter δ13C can be attributed to residue inputs by C3 or C4 plants (among plant
polymers generally lignin is relatively depleted in 13C), but also to the substrate-dependent discrimination during microbial mineralization of organic matter [20,21]. However, the sensitivity of natural
abundance δ13C techniques is lower than the sensitivity of radioisotope techniques, due to the
resolution of analytical procedures.
As already mentioned, in the presence of plants, the interpretation of measurements of total
soil respiration (Rt) is complicated by the CO2 produced by rhizosphere respiration, which includes
the respiration of living roots and of the microorganisms feeding on root-derived C. Only few
approaches have been developed to separate Rt into its rhizosphere (Rrh) and soil components (Rs)
under field conditions. They consist of estimating either Rrh or Rs and calculating the contribution
of the other component by difference with Rt. The root-exclusion method (root removal, trenching,
or gap formation), which is mainly used in forest ecosystems, calculates Rrh as the difference
between CO2 emissions rates from soil volumes in which roots are either present or excluded [22].
This technique is relatively simple and has provided realistic estimates of Rrh and Rs. However, soil
disturbance, absence of soil–root interactions, and differences in temperature and moisture between
bare soil and soil with vegetation cover may influence this determination of Rs.
The continuous 13C labeling enables the calculation of respiration deriving from three distinct
pools: (1) soil organic matter; (2) roots; (3) rhizosphere microorganisms [23]. This calculation is
based on two assumptions: (1) the δ13C value of CO2 released as root respiration and of rhizodeposits
C is the same as the δ13C value of the roots [24] and (2) the δ13C value of CO2 respired by
microorganisms is the δ13C value of microbial biomass [25]; thus, it is only based on the determination
of the δ13C values of soil organic matter, roots, soil microbial biomass, and the CO2 efflux from soil.
The flow of photosynthate into and through the soil microbial biomass has received much less
attention than the partitioning of photosynthate within plants and bulk soil [26]. Because microorganisms of rhizosphere and bulk soil act as both source and sink of nutrients [27], the cycling of
rhizodeposition through the microbial biomass can affect soil functioning. To assess the temporal
dynamics of rhizosphere C flow through the microbial biomass, greenhouse-grown annual ryegrass
plants (Lolium multiflorum Lam.) were labeled with 13CO2 either during the transition between active
root growth and rapid shoot growth (period 1), or 9 d later during the rapid shoot growth stage
(period 2) [28]. The distribution of 13C in the soil–plant system was similar between the two labeling
periods, whereas microbial cycling of rhizodeposition differed between the two labeling periods.
Within 24 h of labeling, approximately 12% of the total 13C retained in the soil–plant system resided
in the soil, most of which had already been immobilized into the microbial biomass. Average rate
constants (k) and associated turnover times (the inverse of k) for the rhizosphere soils were 0.32 ±
0.07 d−1, with a turnover time of 3.2 d for labeling period 1, and 0.24 ± 0.05 d−1 for labeling period
2, with a turnover time of 4.2 d. Bulk values were: 0.18 ± 0.02 d−1 with a turnover time of 5.5 d in
labeling period 1, and 0.14 ± 0.07 d−1 and a turnover time of 7.1 d in labeling period 2. Thus turnover
times were nearly twice as fast in the rhizosphere compared to the bulk soil in both labeling periods.
This suggests that the microorganisms in the rhizosphere were more active than in the bulk soil, as
expected. The slower turnover times observed in both the rhizosphere and bulk soils at the labeling
period 2 suggest that the microbial biomass was more stable at later stage of plant growth [28].
Ostle et al. [29] suggest a 7-d turnover for soil RNA in a 13CO2 pulse-chase experiment with
grass turf. Thus, recently assimilated C moves through the soil–plant system at a very rapid pace
and the use of 13C pulse-chase labeling constitutes an effective approach for exploring the microbial
dynamics associated with rhizosphere C cycling. Application of this methodology to a range of
plant species, developmental growth stages, and environmental conditions has the potential to
greatly enhance our knowledge of the dynamics of rhizosphere processes.
The measurement of C availability in the rhizosphere can be important to understand nutrient
flows because it is increased by plant roots through rhizodepositions. The proportion of glucose
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added to soil and mineralized was shown to be increased with the rate of glucose addition whereas
the proportion of substrate recovered in the chloroform-labile (microbial biomass) fraction
decreased, because, at low rates of addition, the glucose was stored in the microbial biomass pool
rather than used for growth [30]. These results were confirmed later by Nguyen and Guckert [31]
who studied the short-term assimilation of 14C-[U]glucose by soil microorganisms to assess any
difference in C availability between unplanted and maize-planted soils. In unplanted soils, the
kinetics of glucose uptake showed a multicomponent carrier-mediated transport; the mineralization
of the substrate represented 7.8% of the 14C unrecovered by 0.5-M K2SO4 extraction, probably
because it was absorbed by soil microorganisms (97% of the added 14C) after 1 h since its addition
to soil at a rate of 0.07 mg C-glucose g−1 soil. Three days after 14C-glucose addition, 14CO2 increased
to 28% of the absorbed glucose, whereas the microbial biomass 14C remained constant (about 25%
of the added 14C). By contrast, in maize-planted soils, microorganisms mineralized a significantly
higher proportion of the absorbed glucose (32%), whereas the 14C activity in the chloroform-labile
fraction was lower (22%).

B. DEGRADATION OF ROOT EXUDATES
OF MICROBIAL COMMUNITIES

AND

CHANGE

IN THE

COMPOSITION

As discussed within Chapter 1, rhizodepositions may not occur aspecifically when they are plant
responses to “sensing” the soil environment by the root system. For example, aluminum-resistant
genotypes must be able to sense too-high concentrations of soluble Al3+ and thus to respond with
the release of Al3+ complexing carboxylates [32]. When roots release either malate or citrate,
depending on soil pH, they must be sensing directly the soil pH or a factor closely related to it
[33]. Consequently, sensing soil environmental conditions is crucial to plant performance; however,
any plant response by rhizodeposition can affect the rhizosphere functioning, including the effects
due to signaling between the host plant and the symbiotic microorganism (see Chapter 8 and
Chapter 9). The preceding considerations may support the hypothesis that plant survival mechanisms
and rhizosphere microbial communities coevolve (see also Chapter 3).
Studies on the effects of root exudates on microbial activity and nutrient availability are
complicated by the fact that they include a complex mixture of organic compounds [34], and it is
difficult to sample soil at distinct and known distances from the soil–root interface [2]. Falchini et al.
[35] tried to overcome the former problem by adding to soil model organic substrates, that is,
glucose, oxalic, and glutamic acids, which are quantitatively the most representative of carbohydrates, organic acids, and amino acids, respectively, of root exudates [36], and faced the second
problem by using a simple system that allows the formation of a concentration gradient with the
possibility of soil sampling at various distances from a simulated rhizoplane [4]. The concentration
gradient was formed in soil inside a rigid PVC cylinder by putting a cellulose disk paper wetted
with the model organic substrate solution on the top of the soil core; the model organic substrate
concentration decreased by increasing the distance from the cellulose paper. The oxidation of the
three 14C-labeled substrates to both 14C- and 12C-CO2 was monitored during their diffusion throughout a sandy loam soil. The diffusion rates of the three substrates were expected to be different
because of their different charge at a given soil pH, which resulted in different interactions with
soil colloids, and to their different sizes and solubilities in soil solution [37,38]. After 3 and 7 d,
soil was sampled from four distinct and contiguous soil layers at increasing distances from the
hypothetical rhizoplane (0 to 2, 2 to 4, 4 to 6, and 6 to 14 mm) to determine residual 14C in each
layer [35]. The mineralization pattern of oxalic acid showed a 3-d lag phase likely due to the presence,
at the early stages of exposure, of a few microorganisms able to mineralize this substrate [39].
Moreover, the diffusion of oxalic acid was limited, probably because most of the compound precipitated as Ca-oxalate, because of the presence of calcium carbonate in the soil, and remained localized
in the top 0- to 2-mm soil layer. The mineralization rate of glutamate during the first 3 d was higher
than that of glucose, and may indicate a preference by the soil microflora for this compound
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containing both C and N [35]. Composition of bacterial communities, as determined by denaturing
gradient gel electrophoresis after DNA amplification by universal primers, was changed in the 0to 2-mm layer of both oxalic and glutamic acid treated soils [35].
A full understanding of the factors affecting the composition of rhizosphere microbial community requires experimental separation of each factor (i.e., amount and composition of exudates,
soil moisture, and soil nutrient status). An experimental system for the precise control of both the
composition and loading rates of simulated root exudates to soil, held at constant water potential,
was devised by Griffiths et al. [40]. Fructose, glucose, sucrose, succinate, malate, arginine, serine,
and cysteine (compounds usually released by roots as root exudates) were continuously added at
a range of concentrations (0, 188, 375, 938, 1875, 9375, and 18750 mg C d−1). After 14 d, a central
portion of soil, known to be influenced by the added substrate, was removed and monitored to
determine changes in the overall microbial community structure by techniques such as DNA
hybridization, %G + C profiling, and phospholipids–fatty acid analysis (PLFA). The trend was that
microbial community structure changed consistently as the substrate loading increased, and that
fungi dominated over bacteria at high substrate loading rates. Fungi might have been favored at
the high substrate loadings because they are less sensitive than bacteria to high osmotic stress [41].

C. EFFECTS OF ELEVATED CO2 ATMOSPHERIC CONCENTRATION
PROCESSES OF RHIZOSPHERE SOIL

ON

MICROBIAL

Ice core data provide evidence that atmospheric CO2 is at its highest concentration since at least
160,000 years ago. Concentrations rose from 270 ppm in the late 1800s to about 365 ppm in 1997
and may double preindustrial levels by the middle of the 21st century. Currently, atmospheric CO2
concentration is rising 1.5 ppm/year on average [42].
Direct effects of elevated CO2 on soil organisms are unlikely because CO2 concentrations in
soil are already 10 to 50 times higher than in the atmosphere, but increased atmospheric CO2 can
have a strong impact on terrestrial ecosystems, leading to higher C assimilation rates in plants and,
hence, to greater biomass production. There are, in principle, two plant-mediated mechanisms by
which increased CO2 concentration might affect rhizosphere soil microbial communities:
1. Elevated CO2 stimulates plant photosynthesis and, consequently, net primary production
as well. The extra C fixed will be partly allocated below the ground, thus resulting in
increased root biomass, root-to-shoot ratio, fine-root biomass and fine-root turnover
[43,44].
2. Elevated CO2 reduces stomatal conductance of plants, which results in higher water-use
efficiency by plant with consequent decreased stand evapotranspiration and higher soil
water content [45]. Matrix potential of rhizosphere soil is an important control of microbial activity, either directly through osmosis or indirectly by altering the supply of
nutrients.
The increased CO2 concentration in the atmosphere can increase photosynthetic capacity of
plants, and this should be reflected in higher C turnover in the rhizosphere over extended periods,
only if sink activity also increases so as to utilize the greater source pool of C [46]. Root 14C-loss
from pulse labeled plants has generally been found to increase at elevated CO2 due to greater
partitioning of assimilate to fine-root biomass [47].
The free air carbon dioxide enrichment (FACE) technology has been developed to study the
effects of high CO2 on intact ecosystems without the use of enclosures [48]. When the CO2 used
to fumigate during these experiments is derived from the combustion of natural gas, it contains a
unique 13C signature that can be followed through the experimental plots. This carbon is strongly
depleted in 13C and, for example, can function as a continuous stable isotopic label in an entire
undisturbed forest plot.

3855_C004.fm Page 117 Monday, April 9, 2007 3:56 PM

Nutrient Transformations in the Rhizosphere

117

Plants grown under elevated CO2 conditions often exhibit increased growth, a more-thanproportional increase in C allocation to roots, and increases in other processes, such as total
rhizosphere respiration and rhizodeposition [12,13]. Plant responses to elevated CO2 may influence
processes in rhizosphere soil, both as a result of changes in plant biomass allocation and by
alterations in the quantity and quality of rhizodepositions [49,50]. Particularly, root growth is
stimulated under elevated atmospheric CO2. This has been attributed to nutrient limitation inducing
plants to invest more carbohydrates into belowground growth and to release root exudates to utilize
soil resources more effectively [51]. On the other hand, the response of soil microorganisms to
elevated CO2 seems highly variable, no matter whether activity, biomass, or effects on the N cycle
were studied [51]. This variability cannot be explained by plant life forms. Studies reporting changes
of soil microbial properties at elevated CO2 often deal with soil–plant systems characterized by
high belowground C inputs by plants in combination with low C content of the soil [51]. Most
information on soil microbial response to elevated CO2 originates from short-term experiments or
experiments with disturbed soils. Extrapolation of these results to mature ecosystems and to longer
timescales is limited [52].
Soil microorganisms hold a key position in terrestrial ecosystems as they mineralize organic
matter. Therefore, any effect of elevated CO2 on soil microorganisms may, in turn, feed back on
the response of plant communities to rising CO2 and, thus, the sequestration of extra carbon. All
earlier findings confirm that rhizosphere processes play a fundamental role in C sequestration and
nutrient cycling in terrestrial ecosystems [53]. The rhizosphere has been identified as one of the
key fine-scale components in the overall global C cycle [54].
Assessment of denitrification rate (N2O flux) from soil, under elevated CO2, is of crucial
importance due to the possible feedback on global warming [55]. Nitrous oxide may originate
from denitrifier or nitrifier activity in soil. During denitrification, increased N2O production
may occur where labile C and available N are present under soil anoxic conditions, although
whether such losses will be in the form of N2 or N2O requires consideration. Increased microbial
activity in the rhizosphere due to the input of extra C may lead to a reduction in oxygen
availability, providing an opportunity for denitrifiers to utilize rhizosphere C as matter and
energy source, and soil nitrate as final acceptor of electrons [56]. The interactions between plant
growth, denitrifier activity, and N2O flux under elevated CO2 concentrations are complex. For
example, in soil microcosms planted with ryegrass at three different values of soil pH and at
either ambient (450 ppm) or elevated (720 ppm) CO2 concentration, potential denitrification
rates within the rhizosphere followed a similar pattern to plant growth, suggesting that the plant
growth and the size of denitrifier population within the rhizosphere are coupled [57]. On the
other hand, in a 4-year old spruce–beech forest ecosystem, field-measured N2O fluxes were not
affected by atmospheric CO2 concentration, regardless of the level of N deposition and the soil
type [58]. Further work is required to elucidate the importance of soil variables (soil pH,
moisture content, nutrient status, quality of rhizodeposit, etc.) on the proportion of N2 to N2O
evolved under elevated CO2.
The loss of N2O from soils during the nitrification of fertilizer-derived ammonium [59] may
contribute further to the accumulation of N2O in the atmosphere. Therefore, if under elevated
CO2 concentrations, an increase in N fertilizer application occurs to sustain greater primary crop
productivity, then a positive feedback effect may occur where greater quantities of N2O released
may lead to increased global warming and, in turn, to enhanced soil native organic matter
mineralization.
Autotrophic nitrifiers cannot be directly affected by increased C flow under elevated CO2
because they utilize inorganic C (CO2-C) instead of fixed organic C as a C source even though
they may be indirectly influenced, because the main source of CO2 from soils derives from
heterotrophic microbial activity, which, under elevated CO2, is certainly stimulated by enhanced
rhizodepositions. Moreover, in forest ecosystems where heterotrophic nitrification is important in
supplying plant available N [60], elevated CO2 may have an even greater impact.
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III. NITROGEN DYNAMICS IN THE RHIZOSPHERE
A. NITROGEN UPTAKE

BY

PLANTS

Many studies on plant physiology, including those on N uptake, are based on hydroponically grown
plants. However, caution is required to extrapolate results from these studies to soil–plant interactions
so as to get better insights into mechanisms and processes occurring in the rhizosphere. Indeed, there
are a number of ecologically crucial differences between a real soil and a nutrient solution: (1) water
potential; (2) nutrient-patched vs. uniform distribution in the solution; (3) gas composition and
concentration; (4) type, amount, and half-life of rhizodepositions; (5) abundance, activity, and diversity
of microbial communities inhabiting the rhizosphere; and (6) symbiosis with fungi and bacteria.
Studies on plants grown in solution culture, or upon excised roots, have shown that uptake of
organic N can occur at levels comparable to, or in excess of, N uptake from inorganic N sources
[61]. Clearly, in solution culture, the plant uptake of organic N sources, such as amino acids may
be maximized because, unlike in soil, these amino acids are readily assimilable rather than being
physically or chemically bound. Moreover, competition with microorganisms for these N sources
can occur in the rhizosphere soil; in addition, by using excised roots excavated from soil, uptake
of, and conversion to, ammonium by rhizoplane microorganisms cannot be differentiated from
those of root cells leading to large errors [62]. Significant glucosamine depletion was observed
from a wheat root bathing solution (10 mM in glucosamine) in nonsterile conditions, whereas no
glucosamine concentration decrease occurred at axenic conditions, thus suggesting the microbial
uptake rather than root uptake occurred [63]. On the other hand, when studying the possible uptake
by roots of positively charged solutes such as ammonium and some amino acids, the presence of
15N in the roots does not always imply uptake because these cations can be held by the negative
charges of the root cell wall without entry into the root metabolic pool. This phenomenon is well
established for micronutrients and toxic metals (Al, Zn, Cd) in plants [64].
Nutrient acquisition by nonmychorrhizal roots necessitates that all ions must pass through the
rhizosphere prior to uptake at the root surface, and in the rhizosphere soil, there is an intense microbial
activity fuelled by the release of organic C from the root, as discussed before. This release is thought
to be largely a passive flux over which the plant exerts little direct control [65], is driven by the large
concentration gradient that exists between the root cytosol and the soil solution, and it is dominated
by the low-molecular-weight solutes of greatest abundance in the cytoplasm, and of high membrane
permeability (amino acids, sugars, organic acids) (see Chapter 12). As most of rhizosphere microorganisms possess amino acid transporters, the competition for amino N either released by root or by
the mineralization of soil organic matter will be intense. However, plant root may be favored in the
recapture of root exudates, such as sugars and amino acids, due to a range of H+-ATPase-driven proton
cotransporters and due to the spatial availability of these released amino acids on the rhizoplane [66].
Different is the case when a root cell dies and it is lyzed, because the competitive advantage of the
root H+-ATPase-driven proton cotransporters is eliminated; microbial activity is then stimulated
because the root cell content is released into the soil immediately surrounding the root (i.e., 1-mm
rhizosphere), and amino acid concentration in the soil solution can be expected to increase by three
orders of magnitude from that in the bulk soil [66]. On the other hand, under circumstances such as
freezing–thawing or drying–rewetting, leading to the lysis of microbial cells [67,68], but not affecting
root cell metabolism, root cells may take advantage of amino acid released from microbial cells.
Most of the crop varieties grown in the developed world have been bred under conditions of
high fertilizer input, approaching N soil saturation [69]. Breeding improved crop genotypes capable
of more efficient N uptake and fertilizer N utilization has become an essential research topic due
to either environmental and economical problems caused by the excessive application of N fertilizers
in modern agriculture. The developed world has today the opportunity to use the more sustainable
agriculture systems of the developing world as their cultivars have been naturally selected under
low, if any, N fertilizer input [70]. The relative topic should also be considered when discussing
N processes in the rhizophere environment.
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As amino acids typically build 10 to 30% of the plant dry matter, in most ecosystems they
constitute the biggest input of organic N into the soil. The physiological status of the plant regulates
the relative contribution of proteinic and free (monomeric) amino acids in plant tissues (usually
this ratio ranges from 100:1 to 800:1) [71]. Most soil microorganisms are likely well adapted to
using amino acids as C and N sources because of their ubiquity in plant residues entering the soil.
Analysis of the concentration-dependent amino acid uptake kinetics indicates that microbial uptake
is rapid across a wide range of soil concentrations and temperatures but remains highly dependent
upon soil type [72]. Because of the similarity in amino acid transport system between plants and
microorganisms, the latter have the potential to outcompete plant roots for free amino acids in the
soil solution, especially in the rhizosphere, where microbial activity can be an order of magnitude
higher than in the bulk soil, and the competition for labile organic N may be intense [73].
All microorganisms inhabiting either bulk and rhizosphere soil secrete substantial amounts of
proteases into the extracellular soil environment in order to catalyze the hydrolysis of proteins and
peptides into their component amino acids [4,74]. As discussed, dissolved organic nitrogen (DON)
in the amino acid form may represent a readily available source of C and N to plant roots and soil
microflora. Indeed, by using a GC–MS to measure 15N-13C-double labeled amino acid uptake, it
was found that 31 plant species from boreal ecosystems, representing a wide variety of plant types,
had the ability to take up amino acids from a mixed solution containing 15 amino acids [75].
Experiments were designed to test whether wheat roots could outcompete the rhizosphere
microflora for a pulse addition of organic N in the form of three chemically contrasting amino
acids (lysine, glycine, and glutamate). Amino acids were added at 100 mM, that is, a concentration
typical of soil solution solutes. Both uptake and respiration of amino acids by plant and microflora
were measured over a 24-h chase period [76]. The plants roots could only capture, on average, 6%
of the added amino acids with the remainder captured by soil microflora, thus confirming that
organic N may be of only limited importance in high-input agricultural systems, which use inorganic
fertilizers. In addition to the poor competitive ability of plant roots to capture amino acids from
the soil solution, the greater nitrate concentrations in agricultural soil solutions, the concentration
of the various N solutes in soil solution, the exchangeable inorganic N pool, the slow movement
of amino acids in soil relative to nitrate, and the rapid turnover of amino acids by soil microorganisms — all these factors concur to make amino acid N only a secondary N source for plants [76].
It is important to underline that most DON in soil solution shows a high-molecular-weight recalcitrant nature, whereas roots only have the capacity to take up low-molecular-weight DON (e.g.,
urea, amino acids, polyamines, small peptides) [77].
Uptake of amino acids by root is an energy-driven process whereby the outwardly directed
plasma membrane H+-ATPase generates the proton-motive gradient to drive inwardly directed amino
acid H+-cotransport [78]. Once the uptake is complete, into the root cytoplasm, amino acids are
assimilated both for the production of new cell biomass and to generate energy through deamination
and introduction of the keto acids into the TCA cycle. Following uptake, amino acids can also be
translocated to the shoot via the xylem whereas some amino acids may also return to the root via
the phloem [79].
The methodology adopted for estimating soil solution N concentrations, particularly at the low
solute concentrations typical of N-poor environments, is easily liable to error [80]. As an example,
significant interferences between ammonium and low-molecular-weight DON are common during
analysis [81]. The major problem to be faced when assessing soil DON quantities likely concerns
the extraction of the soil solution phase from soil without disrupting roots and fungal hyphae (e.g.,
during suctions or helped drainage). The preceding risks are more probable in forest soils, because
they are usually dominated by ectomychorrhizas, and in grassland soils, because of the high density
of fine roots and root hairs. Indeed, it is virtually impossible to remove roots from soil without
causing the release of substantial amounts of DON, as mechanical breakage will readily facilitate
cell lysis or large exudation burst leading to an overestimation of this pool size [82]. Moreover,
the quick biodegradation of labile DON during the extraction procedure cannot be excluded, with
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a significant underestimation of the pool size. Also, the use of nondisruptive in situ suction samplers
is prone to significant error and operational problems [83]. There is, therefore, a need to develop
and validate noninvasive techniques to enable accurate measurement of DON in the field and in
soil–plant mesocosms.
If we assign the value 1 to the relative soil diffusion coefficient of nitrate, the respective
coefficients of ammonium, lysine, glycine, and glutamine are, respectively, 8.2 × 10−3, 3.4 × 10−3,
2.8 × 10−2, 3.7 × 10−2 [76]. Because of the high diffusion, nitrate in soil is not only readily available
to plant roots, but it is also easily lost from the root zone by leaching. The low diffusion coefficients
of amino acids strongly limit their diffusion rate in soil (less than 1 mm d−1), making their consumption by microbes more likely than their uptake by roots. Indeed, the half-life of amino acids in soil
is about 4 h [70]. Thus, as discussed before, most plants may be unable to take up organic N
compounds in competition with microorganisms. However, there is still a relevant controversy over
the degree to which organic N is accessed by plants vs. microbes. To some extent, this may be the
result of both the large microbial diversity among different soils and different experimental conditions
used among different experiments. For example, environmental factors, such as soil temperature and
moisture, can markedly affect microbial activity, and this makes it unrealistic to extrapolate results
obtained from controlled pot experiments in growth chambers to field conditions.
Although ammonium can be taken up by plants, and in many cases it is the preferred N source,
in many natural and agricultural circumstances, it may also be toxic. Cruz et al. [84] showed that
ammonium inhibited the growth of 55% of a wide range of species in relation to equimolar
concentration of nitrate. Although many crop plants are differently sensitive to ammonium toxicity
depending on its concentration, the crucial factor seems to be the relative concentration of nitrate
and ammonium [85]. Indeed plants benefit from a mixture of both nitrate and ammonium but the
optimal ratio in the mixture depends on several factors, such as plant species and age, and soil pH.
A continuum of plant species exist, ranging from those that prefer exclusively nitrate to those that
prefer exclusively ammonium. Because urea and ammonium-based N fertilizers are commonly
used, the toxicity of ammonium can have important implications in the agricultural practice. Visual
symptoms of ammonium toxicity include chlorosis, growth inhibition, increased root-to-shoot ratios,
and wilting (water stress). These changes are concurrent with the tissue accumulation of amino
acids, lower concentrations of cations (apart from ammonium), and higher concentrations of
inorganic (chloride, sulfate, and phosphate) and organic (carboxylates) anions [86]. The cation/anion
imbalance, which results from switching N sources from nitrate to ammonium, is believed to be a
major factor in generating toxicity and is known as “ammoniacal syndrome” [87]. Wild plants
generally grow in N-limited environments and thus have been selected for optimization of N
interception and assimilation. When these plants are placed in enriched N environments, an imbalance between influx, growth, and capacity storage may occur and the result can be an N efflux.
Britto et al. [88] suggested that ammonium is not toxic per se but rather for its consequences on
plant metabolism due to the high energetic costs of ammonium efflux or assimilation.
Root uptake of ammonium results in rhizosphere acidification, possibly as a means of maintaining charge balance within the plant to compensate for ammonium uptake. It has been suggested
that this acidification may be a primary cause of ammonium toxicity. However, toxicity has also
been observed with pH being controlled [70].
Because toxic concentrations of ammonium in most situations could be the consequence of
overfertilization, it may be possible that the toxicity of ammonium depends on the fact that most
plants evolved in natural environments with low ammonium concentrations. In addition, it is likely
that in many plant species, efficient mechanisms for ammonium exclusion are still evolving [70].

B. THE ROLE

OF

MICROFAUNA

IN THE

N MINERALIZATION PROCESS

Populations of soil protozoa largely fluctuate through time [89], and during the decline in protozoan
numbers, the respective easily degradable tissues may enter the detrital food-web. In most soils,
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protozoan biomass equals or exceeds that of all other soil animals taken together — with the
exclusion of earthworms [90].
Many experiments using planted microcosms have shown the beneficial effects of protozoan
grazing in the rhizosphere for plant growth [91]. Microfaunal stimulation of mineralization of soil
organic N via the microbial loop was suggested as the main underlying mechanism [92], and this
indirect stimulation by protozoa and bacterivorous nematodes may be even more important than
their direct effects. Indeed, in winter wheat fields, the contribution of amoebae and nematodes to
overall N mineralization was assessed as much as 18 and 5% [93], whereas their deletion from the
food-web model caused reductions of 28 and 12% in N mineralization for amoebae and nematodes,
respectively.
Twenty years ago, when the microbial loop concept was first proposed [6], nutrient-based
models sufficiently explained the gross consequences of plant–microbes–microfauna interactions,
including the C and N secretions by roots. For example, rhizodepositions can provide a very
substantial N input in the legume-based grassland systems, and the amount of atmospheric-derived
N in the rhizodeposits may exceed that removed by the harvested shoots [94]. Models of N
transformations in the rhizosphere show that plant-derived C can support recycling of the N lost
from the roots by exudation rather than the N mineralization from native soil organic N [95].
Later, further studies showed discrepancies in the microbial loop model, probably due to
additional nutrient-independent effects of protozoa on plant growth [96]. Both mycorrhizal and
nonmycorrhizal Norway spruce seedlings were grown in a sand culture and inoculated with naked
amoebae and flagellates extracted from native forest soil, or with agar-cultured protozoa. A soil
suspension after protozoa elimination was used as a control [96]. Seedlings were grown for 19 weeks
in a climate chamber at 20 to 22°C. Protozoa effectively grazed bacteria extracted from the
rhizoplane of both nonmycorrhizal and mycorrhizal seedlings and significantly increased seedling
growth. However, concentrations of mineral nutrients did not increase in seedlings in the presence
of protozoa. Thus the increased growth of seedlings was not caused by nutrients released during
amoebal grazing on rhizosphere microorganisms. The protozoa presumably affected plant physiological processes and growth, either directly (via production of phytohormones), or indirectly (via
modification of the structure and activity of the rhizosphere microflora) [97]. Recently, mycorrhizal
colonization significantly increased the abundance of naked amoebae at the rhizoplane [96].
The exploitation of native soil organic matter by active root growth is known as “root foraging
activity” [98]. To separate microfauna-mediated effects on nutrient mineralization from those due
to the root foraging activity, a factorial mesocosm experiment with ryegrass grown in the presence
of bacterivorous protozoa or nematodes was set up [99]. Moreover, 15N-labeled plant residues were
added to create hotspots of microbial activity. In the presence of protozoa the ryegrass biomass
doubled, and plant N uptake and microbial incorporation of residue N increased two- and threefold,
respectively. Microbial–faunal interactions were a major determinant of plant growth, because root
foraging and microfauna presence accounted for 34 and 47% of plant biomass increase, respectively.
It was likely that although root foraging in organic hotspots enhanced the spatial coupling of
mineralization and plant uptake, microfaunal grazing increased the temporal coupling of nutrient
release and plant uptake.
Protozoan grazing often stimulates nitrifying bacteria, presumably through predation on their
faster-growing bacterial competitors and through the release of NH4+ during bacterial ingestion,
resulting in high concentrations of nitrate leachate of rhizosphere soil [100]. If the increase in
nitrate concentration is matched by a corresponding increase in root uptake rates, the production
of significantly more roots in the presence of protozoa may enable plants to benefit from the
liberated N pool [10].
The three-dimensional structure of the soil habitat favors the complex trophic interactions in
the rhizosphere. Bacterial biofilms on roots and on the outer zones of soil particles may experience
greater grazing pressure than bacteria hardly reachable because they are protected inside tiny crevices
or because they are present in different and not communicating water films. The heterogeneity of the

3855_C004.fm Page 122 Monday, April 9, 2007 3:56 PM

122

The Rhizosphere: Biochemistry and Organic Substances at the Soil–Plant Interface

rhizosphere in space and time should be considered for better understanding the contribution of
predator–prey interactions to the dynamics of rhizosphere processes [101,102].
Protozoan effects in the rhizosphere are likely more complex than previously assumed [103] and,
recently, the first microbial loop concept has been integrated via hormonal and root growth effects
[97]. Indeed, protozoa do not feed randomly but selectively, thereby stimulating nitrifiers — which
take advantage from the ammonium derived from bacteria digestion — or certain bacterial strains
capable of promoting plant growth by the release of hormonal substances such as indole-3-acetic acid
(IAA+). Both effects may result in a greater and more branched root system, which, in turn, releases
more substrates with a positive feedback on rhizosphere bacterial protozoan interactions.

IV. PHOSPHORUS DYNAMICS AND UPTAKE
Plants acquire P as phosphate (Pi) anions from the soil solution; P is likely one of the least available
plant nutrients in the rhizosphere because it can be fixed by inorganic colloids, precipitates as
insoluble phosphates at both acid and alkaline pH values, and is complexed by organic matter
[104]. In this context, P deficiency is considered to be one of the major limitations for crop
production, particularly in the tropics. Interestingly the ability of plants to acquire P increases
significantly under Pi deficiency [105].
Generally, there is a great disparity in distribution of Pi between plant cells (mM) and soil
solution (mM) in unmanaged agroecosystems. Extremely low levels of available P in the rhizosphere,
even further reduced by the microbial competition, makes P one of the major growth-limiting
factors in many natural ecosystems. The intensive agriculture has increased the total P content of
soil steadily since the early 1950s due to the continued inputs of both inorganic and organic P,
often in excess of crop requirements [106]; but this increased P input is mostly unavailable to plants
because most of the applied P is precipitated or fixed, as discussed earlier [104,107].
Many plants species, especially those adapted to low-phosphate conditions, have developed
elegant biochemical mechanisms to solubilize inorganic Pi complexes, phosphate rocks included.
As discussed in Chapter 2, plants produce and secrete into the rhizosphere organic acids that, by
the exchange ligand mechanism, induce the solubilization of Pi [108].
Organic P is an important source of available P if it is mineralized by phosphatases; phytates
may contribute to significant portions (20 to 80%) of total organic P in soil. Phosphatases are a
class of enzymes produced by both microorganisms and plants, especially those Pi-starved, as
discussed in the next section. Indeed, induction of phosphatases during Pi deficiency, and their
release into the rhizosphere (extracellular) or into the apoplast (intercellular) is a universal response
in higher plants [109] and microorganisms [110]. Purple acid phosphatases are among the commonly
observed phosphatases secreted into the rhizosphere during Pi deficiency, and they represent a
distinct class of nonspecific acid phosphatases consisting of binuclear transition metal centers (Fe3+Fe2+, Fe3+-Mn2+, Fe3+-Zn2+) [111].
RNases are another group of enzymes that may be involved in mobilization of Pi from organic
sources during Pi deficiency [112]. Tomato cells produce extracellular cyclic nucleotide phosphodiesterases that are thought to function in concert with RNases in releasing Pi from nucleotides
[113]. Diphosphohydrolases such as apyrases, capable of releasing Pi from extracellular ATP, are
also induced during Pi deficiency [114].

V. ENZYME ACTIVITIES IN THE RHIZOSPHERE
A. CONCEPTS, MEANING

OF

MEASUREMENTS,

AND

ROLE

OF

PHOSPHATASES

As a consequence of the rhizosphere effect, the number of rhizosphere microorganisms and microbial activities, that is, essentially enzyme activities, are higher than those of the bulk soil because
both are sustained by root exudates; the release of enzymes from roots is also possible [115].
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Unfortunately, it is not possible to evaluate which of the enzymes differently located are responsible
for the increase of the measured enzyme activity in the rhizosphere soil. Indeed, the current enzyme
assays determine an overall enzyme activity, which depends on enzymes localized in root cells,
root remains, microbial cells, microbial cell debris, microfaunal cells, and the relative cell debris,
free in the soil solution extracellular enzymes or enzymes adsorbed or inglobed in soil organomineral particles [115]. Ultracytochemical techniques have been coupled with electron microscopy
to localize enzymes in electron-transparent materials of soil such as microbial and root extracellular
polysaccharides, fragments of cells walls and microbial membranes, but they cannot be applied in
regions of soil with naturally electron-dense particles such as minerals [116]. Acid phosphatase
has been detected in roots, mycorrhizae, soil microbial cells, and fragments of microbial membranes
as small as 7 × 20 nm.
Plants are known to release extracellular enzymes so as to mineralize organic compounds to
minerals N, P, and S [117]. The same reactions are carried out by extracellular enzymes released
by soil microorganisms [115]. In addition, extracellular enzymes released from soil microorganisms
initiate the degradation of high-molecular-weight substrates such as cellulose, chitin, lignin, etc. It
is important to underline that enzymes attached to the outer surface of microbial cells, the ectoenzymes, can also carry out the hydrolysis of high-molecular-weight substrates [115,116]. Among
the extracellular enzymes involved in the mineralization of organic to inorganic nutrients forms,
the phosphatases are those more studied. As discussed earlier, acid phosphatase can be secreted,
in response to P-deficiency stress, by epidermal cells of the main tip roots of white lupin and in
the cell walls and intercellular spaces of lateral roots [117]. Such apoplastic phosphatase is protected
against microbial degradation and cannot be adsorbed by soil colloids, but it can only be effective
when soluble organophosphates, normally present in the soil solution, diffuse into the apoplastic
space [117]. Both acid and alkaline phosphatase activities increased from the bulk soil to the
rhizosplane of either 10-d-old clover (Trifolium alexandrinum) or 15-d-old wheat (Triticum aestivum) [118]. These increases paralleled the increase in both fungal and bacteria counts, suggesting
a probable microbial origin of both enzymes in the rhizosphere soil. Both total P and organic P
contents decreased in the rhizosphere soil whereas the inorganic P content increased approaching
to the rhizoplane; probably, these changes in the concentrations of P forms depended on the increase
in both acid and alkaline phosphatase activities of the rhizosphere soil. In addition, both phosphatase
activities increased with plant age, probably as the result of the increase in microbial biomass or
the increase in total root surface. It has been speculated that plants do not need to secrete phosphatase
because the phosphatase activity (mostly of microbial origin) in the rhizosphere soil is generally
sufficient to ensure sufficient available P [118,119]. This hypothesis seems to be confirmed by the
finding that Bacillus amyloliquefaciens FZB45, a plant-growth-promoting rhizobacterium, stimulated growth of maize seedlings under phosphate limitation and in the presence of phytate, whereas
a phytase-negative mutant strain FZB45/M2 did not stimulate plant growth [120]. Release of
enzymes by plant roots has been also observed in transgenic Nicotiana tabacum (tobacco) or in
Arabidopsis thaliana, modified with β-propeller phytase from Bacillus subtilis (168phyA) constitutively expressed [121] and in transgenic Arabidopsis thaliana modified with phytase gene (phyA)
from Aspergillus niger [122]. However, transgenic Trifolium subterraneum L. constitutively expressing a phytase gene (phyA) from Aspergillus niger was capable of exuding phytase and taking up
more P than wild-type plant when grown in agar added with phytate-P but it was not successful
when growing in soil [123], probably because plant-extruded phytase was adsorbed by soil colloids
or degraded by soil protease [124].
The main problems in interpreting the meaning of enzyme activities in soil are: (1) the current
enzyme assays give the potential rather than the actual enzyme activity, because the conditions of
incubation assays are much more ideal with respect to those in situ, being based on optimal pH
and temperature, optimal substrate concentrations, presence of buffers, and shaking of soil slurries;
and (2) as already mentioned, the present enzyme assays do not distinguish among many enzyme
activities contributing to the measured enzyme activity [115,125]. It would be important to determine
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the intracellular enzyme activity of active microbial cells so as to get meaningful information on
the microbial functional diversity [115]. Several methods have been proposed to discriminate the
extracellular stabilized enzyme activity (activity due to enzyme adsorbed or inglobed in soil
colloids) from intracellular enzyme activity but the methods proposed so far show several drawbacks
[115,125]. The situation is made even more complex in the rhizosphere in comparison with the
bulk soil by the presence of active and still intact root cells detached from the roots, mycorrhizal
cells strictly linked to roots, and active bacterial, fungal, and microfaunal cells. All these cells
possess a broad array of active enzymes.

B. OTHER RHIZOSPHERE ENZYME ACTIVITIES AND RELATIONSHIPS WITH THE EFFECT
OF GENETICALLY MODIFIED MICROORGANISMS AND PLANTS
Bacterial and protozoan cell numbers and histidinase and casein hydrolyzing activities were monitored after 21 and 33 d of plant growth in a soil–plant (wheat) microcosm [4] as also reviewed by
Badalucco and Kuikman [2] in the first edition of the book. The closer to the soil–root interface,
the higher the microbial number and enzyme activities. It was hypothesized that bacteria were the
main source of histidinase whereas protease activity was suggested to be indiscriminately produced
by bacteria, protozoa, and root hairs.
The effect of low-molecular-weight root exudates on enzyme activities has been studied in a
model rhizosphere system in which a cellulose paper wet by the solution of the root exudate
simulated the rhizoplane [126]. Different root exudates were mineralized to different extents and
had different stimulatory effects on microbial growth and on hydrolase activities, mostly localized
in the rhizosphere zone. In particular, the rapid increase in the alkaline phosphatase activity could
be considered as an indirect evidence of the important role of rhizobacteria in the synthesis of this
enzyme in the rhizosphere [127].
Enzyme activities of the rhizosphere soil have been determined to study the effect due to the
introduction of genetically modified microorganisms in the ecosystem [127–130]. Urease and chitobiosidase activities of the rhizosphere soil sampled at 0 to 20 cm depth from wheat, whose seeds had
been inoculated with genetically modified (SBW 25 EeZY, which has the marker genes lacZY, kanr,
and xylE) Pseudomonas fluorescence, increased, whereas alkaline phosphatase activity was decreased
[127]. If plant growth occurred in the presence of a substrate mixture composed by urea, chitin, and
glycerophosphate, opposite changes in enzyme activities were observed. Arylsulfatase, phosphodiesterase, and alkaline phosphatase activities increased in the rhizosphere soil of pea inoculated with
P. fluorescens strain F113, a wild type producing the antifungal 2,4-diacetylphloroglucinol (DAPG)
and marked with lacZY gene cassette, with respect to the control without bacterial inoculation or to
samples taken from the rhizosphere of plants inoculated with other bacteria [128]. It was hypothesized
that the antifungal decreased somehow the amounts of available P and available S, which repress the
synthesis of phosphatases and arylsulfatase activities, respectively.
Enzyme activities have also been measured to study the effect of transgenic plants on soil
metabolism. Both dehydrogenase and alkaline phosphatase activities of soil sampled from transgenic alfalfa, regardless of association with recombinant nitrogen-fixing soil Sinorhizobium meliloti,
were significantly lower than those of soil sampled from parental alfalfa [131].

C. LINKING ENZYME ACTIVITY

TO

GENE EXPRESSION

AND

PROTEOMICS APPROACH

Measurements of enzyme activity represent the classical biochemical determinations for bulk and
rhizosphere soil [115] and only a few studies have been carried out to link these measurements with
measurements of expression of genes encoding the proteins molecules with the target enzyme activity.
The maximum level of transcripts of three manganese peroxidase (mnP) genes during the degradation
of PAHs from a culture of Phanerochaete chrysosporium grown in presterilized soil preceeded by 1 to
2 d the highest manganese peroxidase extracted from soil by the method of Bollag et al. [132], and
both peaks occurred during the maximum rate of two PAHs, fluorene and chrysene, degradation [133].
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However, the best attempt to cover the whole sequence of events starting from gene expression
to detection of target enzyme in soil was carried by Metcalfe et al. [134]. Chitinase activity was
measured by loss of chitin in buried litter-bags and by a luminescence assay by using as a substrate,
4-methylambelliferyl-(GlcNAc)2, whereas the composition of community was evaluated by DNA
extraction, cloning, and sequencing of PCR products by using primers for family 18 group A
chitinases. The addition of sludge to the pasture soil increased the chitinase activity and the number
of actinobacteria but decreased the diversity of chitinase enzymes. Unfortunately, extraction of
transcripts was unsuccessful, probably due to the adsorption of mRNA by soil colloids. In addition,
it would be important to extract the target enzyme proteins to complete the sequence of events.
It is well established that more protein isoforms can be synthesized by a single gene because
mRNA molecules can be subjected to posttranscriptional control such as alternative splicing,
polyadenylation, and mRNA editing [135–137]. The proteomics approach, thus, should complete
a study on gene expression in the rhizosphere soil. However, soil proteomics is still in its infancy
— mainly because it is difficult to extract the intracellular proteins from soil because there is a
large background of extracellular protein N, and microbial N only accounts for 4% of the total
organic N in soil [136].

VI. SOME NEW APPROACHES AND TECHNIQUES
FOR STUDYING RHIZOSPHERE PROCESSES
The bulk nature of low-molecular-weight exudates is better known at present by chemically profiling
the composition of root solutions in hydroponic cultures [138]. Clearly, the extrapolation of such
experiments to in situ conditions is distorted by the absence of the soil environment, in which the
physical, nutritional, chemical, and microbial factors have a determinant impact on both the amount
and quality of rhizodepositions [139]. However, the tight coupling of release of C-compounds from
roots to their rapid utilization by the soil microbial biomass, or their adsorption on soil surfaces, has
the consequence that direct characterization of rhizodeposits from natural soils is constitutively difficult.
Recently, an attempt has been made to investigate in situ the nature and dynamic fluxes of rootderived neutral sugars, which are cited as the most abundant family of exudates [140] released by
plant in the rhizosphere; pulse-chase isotope labeling of photoassimilated 13CO2 has been coupled
with quantitative analysis of labeled molecules by capillary gas chromatography/combustion/isotope ratio mass spectrometry (GC/C/IRMS) [141]. Seven monosaccharides were identified and
quantified in the rhizosphere: glucose (37%), mannose (17%), galactose (15%), arabinose (12%),
xylose (9%), rhamnose (7%), and fucose (3%) with no significant differences among sampling
dates. The amount of organic 13C in the rhizosphere soil, expressed as a percentage of the total
photosynthetically fixed 13C at the end of the labeling period, reached 16% after 1 d since the
labeling and stabilized at 9% after 1 week. Glucose as moiety of polymers was the most abundant
sugar in the rhizodeposits, whereas it disappeared as soluble form after 2 d. Forty percent of the
root-derived C was in the form of neutral sugars, with prevalence of vegetal sugars. However, by
prolonging the incubation time, the importance of microbial sugars increased, and the signature
tended toward that of bulk soil organic matter [141].
The analysis of neutral sugars by GC requires a derivatization of the polar groups, thus involving
the addition of several unlabeled C atoms per sugar. Different techniques have been applied to
GC/C/IRMS for various monosaccharides in biogeochemistry. Macko et al. [142] used alditol
acetate derivatization, whereas van Dongen [143] has adapted the methylboronic derivatization,
which reduces the number of added atoms.
Models of C flows through the soil–plant system have been developed following isotope labeling
of specific plant cultivars [144], but neglecting any assessment of C transfer into specific microbial
taxa. Clearly, uncertainty over the role of microbial diversity in soil functioning highlights the need
to assess community structure from both a taxonomic and functional perspective [145]. Traditionally, this has not been feasible due to the lack of suitable methods to identify the dominant taxa
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and determine functional roles, because more than 90% of soil microorganisms are unculturable
[146]. Advances in molecular techniques, based on the extraction of total nucleic acids and phylogenetic analyses of amplified genes, such as 16S rRNA now allow a more accurate measure of
in situ microbial diversity [147,148].
A major advance in linking functional activity to community structure came with the development of stable isotope probing (SIP) [149], which involves tracking of a stable isotope atom from
a particular substrate into components of microbial cells that provide phylogenetic and functional
information, such as lipid, DNA, or RNA. Indeed, the major advantage of the SIP technique is that
13C-enriched DNA will contain the entire genome of each functionally active microbe of the
community. Detailed methodology, potential, and future improvements needed for the SIP technique
have been already reviewed [150–152]. Successful applications of this technique are restricted to
reactions of microbial anabolism, because SIP is based on assimilatory processes [152]. Thus,
nonassimilatory chemical transformations, which also occur in soil, fall outside the applicability
of SIP. Even if the SIP technique can theoretically be applied to trace the assimilation of any
element of biological importance that has a stable isotope, it has almost exclusively been restricted
to the use of 13C.
Radajewski et al. [149,153] were the first to use the 13C-labeled substrates (methane and
methanol) to label nucleic acids of soil. The labeled nucleic acids were separated from ‘natural’
(unlabeled) DNA by equilibrium density centrifugation in CsCl gradients. By amplifying functional
genes involved in the oxidation of one carbon compound, it was found that not only methanol
dehydrogenase and methane monooxygenase genes were involved in methanol and methane assimilation, but also species encoding ammonia monooxygenase had assimilated 13C as 13CO2 generated
by the methylotrophs [153]. Indeed, a serious drawback of the SIP approach is the possibility of
secondary feeding on breakdown products of the primary substrate. Another drawback of this
technique is the presence of unlabeled substrates native to the system that will compete for
assimilation. This has led researchers to apply artificially high concentrations of labeled substrates
into soil microcosms for extended periods of time [152] but the relevance of this approach at the
real situation in situ has been questioned and the use of pulse 13C-labeled compounds has been
suggested [154,155]. Another important issue of any SIP methodology concerns the degree of
labeling, which depends on number of organisms using the established substrate [152]. When the
substrate is consumed by a broad diversity of organisms, the degree of labeling in any substrateusing taxa will be low, making separation by density problematic, whereas if the substrate is
consumed by a small number of taxa, then the degree of labeling in the specific taxa will be high,
facilitating isolation by density [152].
There are differences in using fatty acids or nucleic acids as biomarkers in the SIP technique;
PLFAs are more rapidly labeled and give more quantitative information when analyzed with IRMS
than nucleic acids [152]. However, extraction of PLFAs from soil is more laborious than nucleic
acid extraction. In addition, the PLFA-based SIP gives an inferior phylogenetic resolution than that
offered by nucleic-acid-based biomarkers and signature PLFAs have to be identified from close
culturable relatives [152].
Accurate results can be obtained by applying SIP to soil if the delivery of a pulse is carefully
planned by considering the ability of soil colloids to adsorb biological molecules and the solubility
and volatility of the used substrates. In addition, because cell replication in soil is slow, there are
limitations to the isotopic enrichment of DNA with pulse labeling, unless the duration of a pulse
is extended. To solve this problem, 16S rRNA based SIP methodologies have been developed for
studying microbial assimilation process in soil because rates of RNA synthesis are always higher
than those of DNA due to the fact that RNA is turned over in bacteria independently of replication
[152]. In spite of the fact that the use of RNA as a biomarker and the precise quantitative examination
of gradient profiles has enhanced the sensitivity of SIP, the application of the technique to rhizosphere and bulk soil still presents some drawbacks such as the ability to extract clean and intact
DNA or RNA from the soil or to sufficiently label nucleic acids of microorganisms involved in the
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metabolism of plant root exudates [152]. Grassland monoliths (400 mm diameter × 200 mm depth)
were pulsed with 13CO2 to promote the release of 13C labeled root exudates into soil [29] but the
analysis of 16S rRNA from root-associated soil by IRMS and equilibrium density centrifugation
showed that the degree of labeling was too low to get meaningful results [152,156]. On the other
hand, the PLFA–SIP analysis of soil samples derived from a 13CO2 plant pulse showed the assimilation of root exudates by Gram-negative bacteria and fungi, but the phylogenetic resolution was
low [157]. Therefore, it is problematic to use 13CO2 to label soil microbes via root exudates because
a broad range of labeled organic compounds are released as root exudates and several microbial
species can use the labeled root exudates. According to Manefield et al. [152], it can be more
rewarding to pulse directly, soil with labeled root exudate compounds, and monitoring microorganisms of rhizosphere soil involved in the assimilation of the target compound by the use of any
SIP technique. This can be done in experimental systems simulating the delivery of root exudates
into soil [2,35].

VII. CONCLUDING REMARKS
Nutrient transformations in rhizosphere are of critical economic and social importance, being central
to nutrient and pest-control management strategies in agriculture and forestry, the function and
maintenance of terrestrial ecosystems, the mitigation of climate, and the cleaning up of contaminated
sites. Among these processes, those due to plant microorganisms and fauna interactions are the
most intense and the most varied. The interplay between protozoa, bacteria, and plant roots is more
complex than that previously hypothesized by the “microbial loop” [2,6] because effects of rhizobacteria on root architecture seem to be driven mainly by protozoan grazers [97]. Because the
regulation of root architecture is a key determinant of nutrient- and water-use efficiency in plants,
it is crucial to include soil protozoan grazers to advance our understanding of the mechanisms
underlying plant–microbial interactions. Thus more research is needed to understand better the
complex trophic interactions in the rhizosphere; research systems should mimic the real conditions
occurring in soil because, for example, the presence of soil particles can adsorb and make ineffective
molecular signals regulating the trophic interactions. Thus, plant–microorganism interactions have
been extensively studied, but major questions remain still unclear because of an excessive reliance
on cultivation-based techniques, and a frequent inability to clearly determine the origin and fate of
mediating organic compounds from plants to microorganisms and vice versa. It is not always clear
which microbial species carry out the investigated microbial nutrient transformations in the rhizosphere. The use of modern techniques has allowed understanding better nutrient transformation in
the rhizosphere. A simultaneous measurement of C, N, and P in the rhizosphere soil solution has
been conducted by Standing et al. [158] by using a tripartite reporter gene system.
The SIP methodology can allow determining the microbial species involved in the degradation
of organic compounds released from roots. According to Manefield et al. [152], this should be done
by pulsing directly, soil with labeled root exudate compounds, and monitoring microorganisms of
rhizosphere soil involved in the assimilation of the target compound by the use of any SIP technique.
Experimental systems can mimic the delivery of root exudates into soil and allow sampling soil
layers at different distances from the simulated rhizoplane [2,35].

REFERENCES
1. Coleman, D.C. et al., Trophic interactions in soil as they affect energy and nutrient dynamics. I.
Introduction, Microb. Ecol., 4, 345, 1978.
2. Badalucco, L. and Kuikman, P.J., Mineralization and immobilization in the rhizosphere, in The
Rhizosphere — Biochemistry and Organic Substances at the Soil-Plant Interface, Pinton, R., Varanini,
Z., and Nannipieri, P., Eds., Marcel Dekker, New York, 2001, chap. 6.

3855_C004.fm Page 128 Monday, April 9, 2007 3:56 PM

128

The Rhizosphere: Biochemistry and Organic Substances at the Soil–Plant Interface

3. Gahoonia, T.S. and Nielsen, N.E., A method to study rhizosphere processes in thin soil layers of
different proximity to roots, Plant Soil, 135, 143, 1991.
4. Badalucco, L., Kuikman, P.J., and Nannipieri, P., Protease and deaminase activities in wheat rhizosphere and their relation to bacterial and protozoan populations, Biol. Fertil. Soils, 23, 99, 1996.
5. Yevdokimov, I. et al., Microbial immobilisation of 13C rhizodeposits in rhizosphere and root-free soil
under continuous 13C labelling of oats, Soil Biol. Biochem., 38, 1202, 2006.
6. Clarholm, M., The microbial loop in soil, in Beyond the Biomass, Ritz, K., Dighton, J., and Giller,
K.E., Eds., Wiley-Sayce, Chichester, U.K., 1994, chap. 22.
7. Kuikman, P.J. et al., Protozoan predation and the turnover of soil organic carbon and nitrogen in the
presence of plants, Biol. Fertil. Soils, 10, 22, 1990.
8. Griffiths, B.S. et al., Protozoa and nematodes on decomposing barley roots, Soil Biol. Biochem., 25,
1293, 1993.
9. Kaye, J.P. and Hart, S.C., Competition for nitrogen between plants and soil microorganisms, Trends
Ecol. Evol., 12, 139, 1997.
10. Bonkowski, M. et al., Microbial-faunal interactions in the rhizosphere and effects on plant growth,
Eur. J. Soil Biol., 36, 135, 2000.
11. Matamala, R. et al., Impacts of fine root turnover on forest NPP and soil C sequestration potential,
Science, 302, 1385, 2003.
12. Hungate, B.A. et al., The fate of carbon in grasslands under carbon dioxide enrichment, Nature, 388,
576, 1997.
13. Niklaus, P.A., Effects of six years atmospheric CO2 enrichment on plant soil, and soil microbial C of
a calcareous grassland, Plant Soil, 233, 189, 2001.
14. Meharg, A.A., A critical review of labelling techniques used to quantify rhizosphere carbon flow,
Plant Soil, 122, 225, 1994.
15. Horwath, W.R., Pregitzer, K.S., and Paul, E.A., 14C allocation in tree-soil systems, Tree Physiol., 14,
1163, 1994.
16. Liljeroth, E., Kuikman, P.J., and Van Veen, J.A., Carbon translocation to the rhizosphere of maize and
wheat and influence on the turnover of native soil organic matter at different soil nitrogen levels,
Plant Soil, 161, 233, 1994.
17. Paterson, E., Rattray E.A.S., and Killham, K., Effect of elevated CO2 concentration on C-partitioning
and rhizosphere C-flow for tree plant species, Soil Biol. Biochem., 28, 195, 1996.
18. Killham, K. and Yeomans, C., Rhizosphere carbon flow measurement and implications: from isotopes
to reporter genes, Plant Soil, 232, 91, 2001.
19. Balesdent, J. and Balabane, M., Major contribution of roots to soil carbon storage inferred from maize
cultivated soils, Soil Biol. Biochem., 28, 1261, 1996.
20. Mary, B., Mariotti, A., and Morrel, J.L., Use of 13C variations at natural abundance for studying the
biodegradation of root mucilage, roots and glucose in soil, Soil Biol. Biochem., 24, 1065, 1992.
21. Andreux, F., Humus in world soils, in Humic Substances in Terrestrial Ecosystems, Piccolo, A., Ed.,
Elsevier, Amsterdam, 1996, pp. 45–100.
22. Hanson, P.J. et al., Separating root and soil microbial contributions to soil respiration: a review of
methods and observations, Biogeochemistry, 48, 115, 2000.
23. Rochette, P., Flanagan, L.B., and Gregorich, E.G., Separating soil respiration into plant and soil
components using analyses of the natural abundance of carbon-13, Soil Sci. Soc. Am. J., 63, 1207, 1999.
24. Cheng, W., Measurement of rhizosphere respiration and organic matter decomposition using natural
13C, Plant Soil, 183, 263, 1996.
25. Santruckova, H., Bird, M.I., and Lloyd, J., Microbial processes and carbon-isotope fractionation in
tropical and grassland temperate soils, Funct. Ecol., 14, 108, 2000.
26. Kuziakov, Y., Ehrensberger, H., and Stahr, K., Carbon partitioning and below-ground translocation by
Lolium perenne, Soil Biol. Biochem., 33, 61, 2001.
27. de Neergaard, A. and Magid, J., Influence of the rhizosphere on microbial biomass and recently formed
organic matter, Eur. J. Soil Sci., 52, 377, 2001.
28. Butler, J.L. et al., Distribution and turnover of recently fixed photosynthate in ryegrass rhizospheres,
Soil Biol. Biochem., 36, 371, 2004.
29. Ostle, N. et al., Active microbial RNA turnover in a grassland soil estimated using a 13CO2 spike, Soil
Biol. Biochem., 35, 887, 2003.

3855_C004.fm Page 129 Monday, April 9, 2007 3:56 PM

Nutrient Transformations in the Rhizosphere

129

30. Bremer, E. and Kuikman, P.J., Microbial utilization of 14C(U)glucose in soil is affected by the amount
and timing of glucose additions, Soil Biol. Biochem., 26, 511, 1994.
31. Nguyen, C. and Guckert, A., Short-term utilisation of 14C-[U]glucose by soil microorganisms in
relation to carbon availability, Soil Biol. Biochem., 33, 53, 2001.
32. Kochian, L.V., Piñeros, M.A., and Owen Hoekenga, O.A., The physiology, genetics and molecular
biology of plant aluminium tolerance and toxicity, Plant Soil, 274, 175, 2005.
33. Veneklaas, E.J. et al., Chickpea and white lupin rhizosphere carboxilates vary with soil properties and
enhance phosphorus uptake, Plant Soil, 248, 187, 2003.
34. Grayston, S.J., Vaughan, D., and Jones, D., Rhizosphere carbon flow in trees, in comparison with
annual plants: the importance of root exudation and its impact on microbial activity and nutrient
availability, Appl. Soil Ecol., 5, 29, 1996.
35. Falchini, L. et al., CO2 evolution and denaturing gradient gel electrophoresis profiles of bacterial
communities in soil following addition of low molecular weight substrates to simulate root exudation,
Soil Biol. Biochem., 36, 775, 2003.
36. Grayston, S.J. et al., Selective influence of plant species on microbial diversity in the rhizosphere,
Soil Biol. Biochem., 30, 369, 1998.
37. Darrah, P.R., Measuring the diffusion coefficient of rhizosphere exudates in soil. I. The diffusion of
non-sorbing compounds, J. Soil Sci., 42, 413, 1991.
38. Darrah, P.R., Measuring the diffusion coefficient of rhizosphere exudates in soil. II. The diffusion of
sorbing compounds, J. Soil Sci., 42, 421, 1991.
39. Morris, S.J. and Allen, M.F., Oxalate-metabolizing microorganisms in sagebrush steppe soil, Biol.
Fertil. Soils, 18, 255, 1994.
40. Griffiths, B.S. et al., Soil microbial community structure: effects of substrate loading rates, Soil Biol.
Biochem., 31, 145, 1999.
41. Morton, J.B., Fungi, in Principles and Applications of Soil Microbiology, Sylvia, D.M., Fuhrmann,
J.J., Hartel, P.G., and Zuberer, D.A., Eds., Prentice Hall, Upper Saddle River, NJ, 1999, p. 72.
42. IPCC Third Assessment Report-Climate Change, The Scientific Basis Technical Summary, Geneva,
2001.
43. Fitter, A.H. et al., Root production and turnover and carbon budgets of two contrasting grasslands
under ambient and elevated atmospheric carbon dioxide concentrations, New Phytologist, 137, 247,
1997.
44. Allard, V. et al., Increased quantity and quality of coarse soil organic matter fractions at elevated CO2
in a grazed grassland are a consequence of enhanced root growth rate and turnover, Plant Soil, 276,
49, 2005.
45. Körner, C., Biosphere responses to CO2 enrichment, Ecol. Appl., 10, 1590, 2001.
46. Poorter, H. and Navas, M.-L., Plant growth and competition at elevated CO2: on winners, losers and
functional groups, New Phytologist, 157, 175, 2003.
47. Rattray, E.A.S., Paterson, E., and Killham, K., Characterisation of the dynamics of C-partitioning
within Lolium perenne and to the rhizosphere microbial biomass using 14C pulse chase, Biol. Fertil.
Soils, 19, 280, 1995.
48. Hendrey, G.R. et al., A free-air enrichment system for exposing tall forest vegetation to elevated
atmospheric CO2, Glob. Change Biol., 5, 293, 1999.
49. Gorissen, A. and Cotrufo, M.F., Elevated carbon dioxide effects on nitrogen dynamics in grasses, with
emphasis on rhizosphere processes, Soil Sci. Soc. Am. J., 63, 1695, 1999.
50. Hodge, A. et al., Characterisation and microbial utilisation of exudates material from the rhizosphere
of Lolium perenne grown under CO2 enrichment, Soil Biol. Biochem., 30, 1033, 1998.
51. Zak, D.R. et al., Elevated atmospheric CO2, fine roots and the response of soil microorganisms: a
review and hypothesis, New Phytologist, 147, 201, 2000.
52. Hu, S., Firestone, M.K., and Chapin, F.S., III, Soil microbial feedbacks to atmospheric CO2 enrichment,
Trends Ecol. Evol., 14, 433, 1999.
53. Cardon, Z.G. et al., Contrasting effects of elevated CO2 on old and new soil carbon pools, Soil Biol.
Biochem., 33, 365, 2001.
54. Cheng, W.X., Rhizosphere feedbacks in elevated CO2, Tree Physiol., 19, 313, 1999.
55. Baggs, E.M. and Blum, H., CH4 oxidation and emissions of CH4 and N2O from Lolium perenne
swards under elevated atmospheric CO2, Soil Biol. Biochem., 36, 713, 2004.

3855_C004.fm Page 130 Monday, April 9, 2007 3:56 PM

130

The Rhizosphere: Biochemistry and Organic Substances at the Soil–Plant Interface

56. Nannipieri, P. and Badalucco, L., Biological processes, in Handbook of Processes and Modeling in
the Soil-Plant System, Benbi, D.K. and Nieder, R., Eds., The Haworth Press, New York, 2003, chap. 3.
57. Hall, J.M., Paterson, E., and Killham, K., The effect of elevated CO2 concentration and soil pH on
the relationship between plant growth and rhizosphere denitrification potential, Glob. Change Biol.,
4, 209, 1998.
58. Hagedorn, F. et al., Responses of N fluxes and pools to elevated atmospheric CO2 in model forest
ecosystems with acidic and calcareous soils, Plant Soil, 224, 273, 2000.
59. Merino, P. et al., Nitrification and denitrification derived N2O production from a grassland soil under
application of DCD and Actilith F2, Nutr. Cycl. Agroecosyst., 60, 9, 2001.
60. Pedersen, H., Dunkin, K.A., and Firestone, M.K., The relative importance of autotrophic and heterotrophic nitrification in a conifer forest soil as measured by 15N tracer and pool dilution techniques,
Biogeochemistry, 44, 135, 1999.
61. Raab, T.K., Lipson, D.A., and Monson, R.K., Soil amino acid utilisation among the Cyperaceee: plant
and soil processes, Ecology, 80, 2408, 1999.
62. Neumann, G. and Römheld, V., The release of root exudates as affected by the plant’s physiological
status, in The Rhizosphere — Biochemistry and Organic Substances at the Soil-Plant Interface, Pinton,
R., Varanini, Z., and Nannipieri, P., Eds., Marcel Dekker, New York, 2001, chap. 3.
63. Jones, D.L. and Darrah, P.R., Amino-acid influx at the soil-root interface of Zea mays L. and its
implications in the rhizosphere, Plant Soil, 163, 1, 1994.
64. Hart, J.J. et al., Characterization of cadmium binding, uptake, and translocation in intact seedlings of
bread and durum wheat cultivars, Plant Physiol., 116, 1413, 1998.
65. Farrar, J.F. et al., How roots control the flux of carbon to the rhizosphere, Ecology, 84, 827, 2003.
66. Jones, D.L. et al., Dissolved organic nitrogen uptake by plants-an important N uptake pathway?, Soil
Biol. Biochem., 37, 413, 2005.
67. Fierer, N. and Schimel, J.P., Effects of drying-rewetting frequency on soil carbon and nitrogen
transformations, Soil Biol. Biochem., 34, 777, 2002.
68. Herrmann, A. and Witter, E., Sources of C and N contributing to the flush in mineralization upon
freeze-thaw cycles in soils, Soil Biol. Biochem., 34, 1495, 2002.
69. Gastal, F. and Lemaire, G., N uptake and distribution in crops: an agronomical and ecophysiological
perspective, J. Exp. Bot., 53, 789, 2002.
70. Miller, A.J. and Cramer, M.D., Root nitrogen acquisition and assimilation, Plant Soil, 274, 1, 2005.
71. Näsholm, T. et al., Accumulation of amino acids in some boreal forest plants in response to increased
nitrogen availability, New Phytologist, 126, 137, 1994.
72. Jones, D.L. and Hodge, A., Biodegradation kinetics and sorption reactions of three differently charged
amino acids in soil and their effects on plant organic nitrogen availability, Soil Biol. Biochem., 31, 1331, 1999.
73. Bardgett, R.D., Streeter, T.C., and Bol, R., Soil microbes compete effectively with plants for organicnitrogen inputs to temperate grasslands, Ecology, 84, 1277, 2003.
74. Kandeler, E. et al., Xylanase, invertase and protease at the soil-litter interface of a loamy sand, Soil
Biol. Biochem., 31, 1171, 1999.
75. Persson, J. and Näsholm, T., Amino acid uptake: a widespread ability among boreal forest plants,
Ecol. Lett., 4, 434, 2001.
76. Owen, A.G. and Jones, D.L., Competition for amino acids between wheat roots and rhizosphere
microorganisms and the role of amino acids in plant N acquisition, Soil Biol. Biochem., 33, 651, 2001.
77. Yu, Z., Contribution of amino compounds to dissolved organic nitrogen in forest soils, Biogeochemistry, 61, 173, 2002.
78. Fischer, W.N. et al., Amino acid transport in plants, Trends Plant Sci., 3, 188, 1998.
79. Schenk, M.K., Regulation of nitrogen uptake on the whole plant level, Plant Soil, 181, 131, 1996.
80. Smethurst, P.J., Soil solution and other soil analyses as indicators of nutrient supply: a review, For.
Ecol. Manage., 138, 397, 2000.
81. Tiensing, T. et al., Soil solution extraction techniques for microbial ecotoxicity testing: a comparative
evaluation, J. Environ. Monit., 3, 91, 2001.
82. Lorenz, S.E., Hamon, R.E., and McGrath, R.P., Differences between soil solution obtained from
rhizozphere and non-rhizosphere soils by water displacement and soil centrifugation, Eur. J. Soil Sci.,
45, 431, 1994.
83. Wolt, J.D., Soil Solution Chemistry: Applications to Environmental Science and Agriculture, John Wiley
and Sons, New York, 1994.

3855_C004.fm Page 131 Monday, April 9, 2007 3:56 PM

Nutrient Transformations in the Rhizosphere

131

84. Cruz, C., Lips, S.H., and Martins-Loução, M.A., Interactions between nitrate and ammonium during
uptake by carob seedlings and the effect and the form of earlier nitrogen nutrition, Physiol. Plant.,
89, 544, 1993.
85. Britto, D.T. and Kronzucker, H.J., NH4+ toxicity in higher plants: a critical review, J. Plant Physiol.,
159, 567, 2002.
86. Cramer, M.D. and Lewis, O.A.M., The influence of NO3- and NH4+ nutrition on the growth of wheat
(Triticum aestivum) and maize (Zea mays) plants, Ann. Bot., 72, 359, 1993.
87. Chaillou, S. and Lamaze, T., Ammoniacal nutrition of plants, in Nitrogen Assimilation by Plants,
Morot-Gaudry, J.-F., Ed., Science Publishers, New Hampshire, 2001, p. 53.
88. Britto, D.T. et al., Futile transmembrane NH4+ cycling: a cellular hypothesis to explain ammonium
toxicity in plants, Proc. Natl. Acad. Sci. USA, 98, 4255, 2001.
89. Janssen, M.P.M. and Heijmans, G.J.S.M., Dynamics and stratification of protozoa in the organic layer
of a Scots pine forest, Biol. Fertil. Soils, 26, 285, 1998.
90. Schröter, D., Wolters, V., and De Ruiter, P.C., C and N mineralization in the decomposer food webs
of a European forest transect, Oikos, 102, 294, 2003.
91. Ekelund, F. and Rønn, R., Notes on protozoa in agricultural soil with emphasis on heterotrophic
flagellates and naked amoebae and their ecology, FEMS Microbiol. Rev., 15, 321, 1994.
92. Zwart, K.B., Kuikman, P.J., and van Veen, A.J., Rhizosphere protozoa: their significance in nutrient
dynamics, in Soil Protozoa, Darbyshire, J.F., Ed., CAB International, Wallingford, U.K., 1994, p. 93.
93. De Ruiter, P.C. et al., Simulation of nitrogen mineralization in the below-ground food webs of two
winter wheat fields, J. Appl. Ecol., 30, 95, 1993.
94. Høgh-Jensen, H. and Schjoerring, J.K., Rhizodeposition of nitrogen by red clover, white clover and
ryegrass leys, Soil Biol. Biochem., 33, 439, 2001.
95. Griffiths, B.S. and Robinson, D., Root-induced nitrogen mineralization: a nitrogen balance model,
Plant Soil, 139, 253, 1992.
96. Jentschke, G. et al., Soil protozoa and forest tree growth: non-nutritional effects and interaction with
mycorrhizas, Biol. Fertil. Soils, 20, 263, 1995.
97. Bonkowski, M. and Brandt, F., Do soil protozoa enhance plant growth by hormonal effects?, Soil
Biol. Biochem., 34, 1709, 2002.
98. Robinson, D., The response of plants to nonuniform supplies of nutrients, New Phytologist, 127, 635, 1994.
99. Bonkowski, M., Griffiths, B.S., and Scrimgeour, C., Substrate heterogeneity and microfauna in soil
organic “hotspots” as determinants of nitrogen capture and growth of rye-grass, Appl. Soil Ecol., 14,
37, 2000.
100. Verhagen, F.J.M. et al., Competition for ammonium between nitrifying bacteria and plant roots in soil
in pots; effects of grazing by flagellates and fertilization, Soil Biol. Biochem., 26, 89, 1994.
101. Semenov, A.M., van Bruggen, A.H.C., and Zelenev, V.V., Moving waves of bacterial populations and
total organic carbon along roots of wheat, Microb. Ecol., 37, 116, 1999.
102. Young, I.M. and Ritz, K., Can there be a contemporary ecological dimension to soil biology without
a habitat? Soil Biol. Biochem., 30, 1229, 1998.
103. Clarholm, M., Interactions of bacteria, protozoa an plants leading to mineralization of soil nitrogen,
Soil Biol. Biochem., 17, 181, 1985.
104. Brady, N.C. and Weil, R.R., The Nature and Properties of Soils, 13th ed., Prentice Hall, Upper Saddle
River, NJ, 2002.
105. Schactman, D.P., Reid, R.J., and Ayling, S.M., Phosphorus uptake by plants: from soil to cell, Plant
Physiol., 116, 447, 1998.
106. Condron, L.M., Phosphorus — Surplus and deficiency, in Managing Soil Quality — Challenges in
Modern Agriculture, Schjønning, P., Elmholt, S., and Christensen, B.T., Eds., CAB International,
Wallingford, Oxon, U.K., 2004, chap. 5.
107. Holford, J.C.R., Soil phosphorus: its measurement, and its uptake by plants, Aust. J. Soil Res., 35,
227, 1997.
108. Hinsinger, P., Bioavailability of soil organic P in the rhizosphere as affected by root–induced chemical
changes: a review, Plant Soil, 237, 173, 2001.
109. Duff, S.M.G., Sarath, G., and Plaxton, W.C., The role of acid phosphatase in plant phosphorus
metabolism, Physiol. Plant., 90, 791, 1994.
110. Bosse, D. and Kock, M., Influence of phosphate starvation on phosphohydrolases during development
of tomato seedlings, Plant Cell Environ., 21, 325, 1998.

3855_C004.fm Page 132 Monday, April 9, 2007 3:56 PM

132

The Rhizosphere: Biochemistry and Organic Substances at the Soil–Plant Interface

111. Li, D. et al., Purple acid phosphatases of Arabidopsis thaliana, J. Biol. Chem., 277, 27772, 2002.
112. Green, P.J., The ribonucleases of higher plants, Annu. Rev. Plant Physiol. Plant Mol. Biol., 45, 421,
1994.
113. Abel, S., Ticconi, C.A., and Delatorre, D.A., Phosphate sensing in higher plants, Physiol. Plant., 115,
1, 2002.
114. Thomas, C. et al., Apyrase functions in plant phosphate nutrition and mobilizes phosphate from
extracellular ATP, Plant Physiol., 119, 543, 1999.
115. Nannipieri, P., Kandeler, E., and Ruggiero, P., Enzyme activities and microbiological and biochemical
processes in soil, in Enzymes in the Environment: Activity, Ecology and Applications, Burns, R.G.
and Dick, R.P., Eds., Marcel Dekker, New York, 2001, p. 1.
116. Ladd, J.N. et al., Soil structure and biological activity, in Soil Biochemistry, Vol. 9, Stotzky, G. and
Bollag, J.-M., Eds., Marcel Dekker, New York, 1996, p. 23.
117. Wasaki, J. et al., Properties of secretory acid phosphatase from lupin roots under phosphorus-deficient
conditions, in Plant Nutrition for Sustainable Food production and Environment, Ando, T. et al., Eds.,
Kluwer Academic Publisher, Dordrecht, 1997, pp. 295–300.
118. Tarafdar, C. and Jungk, A., Phosphatase activity of rhizosphere soil and its relation to the depletion
of soil organic phosphorus, Soil Biol. Biochem., 3, 199, 1987.
119. Tarafdar, J.C. and Marschner, H., Phosphatase activity in the rhizosphere and hyphosphere of VA
mycorrhizal wheat supplied with inorganic and organic phosphorus, Soil Biol. Biochem., 26, 387, 1994.
120. Idriss, E.I. et al., Extracellular phytase activity of Bacillus amyloliquefaciens FZB45 contributes to
its plant-growth-promoting effect, Microbiology, 148, 2097, 2002.
121. Lung, S.-C. et al., Secretion of beta-propeller phytase from tobacco and Arabidopsis roots enhances
phosphorus utilization, Plant Sci., 169, 341, 2005.
122. Richardson, A.E., Hadobas, P.A., and Hayes, J.E., Extracellular secretion of Aspergillus phytase from
Arabidopsis root enables plants to obtain phosphorus from phytate, Plant J., 25, 641, 2001.
123. George, T.S. et al., Characterization of transgenic Trifolium subterraneum L which expresses phyA
and release extracellular phytase: growth and P nutrition in laboratory media and soil, Plant Cell
Environ., 27, 1351, 2004.
124. George, T.S, Richardson, A.E., and Simpson, R.J., Behaviour of plant-derived extracellular phytase
upon addition to soil, Soil Biol. Biochem., 37, 977, 2005.
125. Gianfreda, L. and Ruggiero, P., Enzyme activities in soil, in Nucleic Acids and Proteins, Nannipieri,
P. and Smalla, K., Eds., Springer, Heidelberg, 2006, p. 257.
126. Renella, G. et al., Microbial activity and hydrolase activities during decomposition of model root
exudates released by a model root surface in Cd-contaminated soil, Soil Biol. Biochem., 37, 133, 2005.
127. Naseby, D.C. and Lynch, J.M., Rhizosphere soil enzymes as indicators of perturbations caused by
enzyme substrate addition and inoculation of a genetically modified strain of Pseudomonas fluorescens
on wheat seed, Soil Biol. Biochem., 29, 1353, 1997.
128. Naseby, D.C. and Lynch, J.M., Impact of wild-type and genetically modified Pseudomonas fluorescens
on soil enzyme activities and microbial population structure in the rhizosphere of pea, Mol. Ecol., 7,
617, 1998.
129. Naseby, D.C. and Lynch, J.M., Enzymes and microorganisms in the rhizosphere, in Enzymes in the
Environment: Activity, Ecology and Applications, Burns, R.G. and Dick, R.P., Eds., Marcel Dekker,
New York, 2002, p. 109.
130. Naseby, D.C. et al., Soil enzyme activities in the rhizosphere of field-grown sugar beet inoculated
with the biocontrol agent Pseudomonas fluorescens F113, Biol. Fertil. Soils, 27, 39, 1998.
131. Donegan, K.K. et al., A field study with genetically engineered alfalfa inoculated with recombinant
Sinorhizobium meliloti: effects on the soil ecosystem, J. Appl. Ecol., 36, 920, 1999.
132. Bollag, J.-M. et al., Extraction and purification of a peroxidase from soil, Soil Biol. Biochem., 19, 61,
1987.
133. Bogan, B.W. et al., Manganese peroxidase mRNA and enzyme activity levels during bioremediation
of polycyclic hydrocarbon-contaminated soil with Phanerochaete chrysosporium, Appl. Environ.
Microbiol., 62, 2381, 1996.
134. Metcalfe, A.C. et al., Molecular analysis of a bacterial chitinolytic community in an upland pasture,
Appl Environ. Microbiol., 68, 504, 2002.
135. Graves, P.R. and Haystead, T.A.J., Molecular biologist’s guide to proteomics, Microbiol. Mol. Biol.
Rev., 66, 39, 2002.

3855_C004.fm Page 133 Monday, April 9, 2007 3:56 PM

Nutrient Transformations in the Rhizosphere

133

136. Nannipieri, P., Role of stabilised enzymes in microbial ecology and enzyme extraction from soil with
potential applications in soil proteomics, in Nucleic Acids and Proteins, Nannipieri, P. and Smalla,
K., Eds., Springer, Heidelberg, 2006, p. 75.
137. Ogunseitan, O.A., Soil proteomics: extraction and analysis of proteins from soil, in Nucleic Acids
and Proteins, Nannipieri, P. and Smalla, K., Eds., Springer, Heidelberg, 2006, p. 95.
138. Fan, T.W. et al., Comprehensive chemical profiling of gramineous plant root exudates using highresolution NMR and MS, Phytochemistry, 57, 209, 2001.
139. Toal, M.E. et al., A review of rhizosphere carbon flow modelling, Plant Soil, 222, 263, 2000.
140. Schulze, J. and Pöschel, G., Bacteria inoculation of maize affects carbon allocation to roots and carbon
turnover in the rhizosphere, Plant Soil, 267, 235, 2004.
141. Derrien, D., Marol, C., and Balesdent, J., The dynamics of neutral sugars in the rhizosphere of wheat.
An approach by 13C pulse-labelling and GC/C/IRMS, Plant Soil, 267, 243, 2004.
142. Macko, S.A., Ryan, M., and Engel, M.H., Stable isotopic analysis of individual carbohydrates by gas
chromatographic/combustion/isotope ratio mass spectrometry, Chem. Geol., 152, 205, 1998.
143. van Dongen, B.E., Schouten, S., and Sinnoghe Damsté, J.S., Gas chromatography/combustion/isotoperatio-monitoring mass spectrometric analysis of methylboronic derivatives of monosaccharides: a new
method for determining natural 13C abundance of carbohydrates, Rapid Commun. Mass Spectrom.,
15, 496, 2001.
144. Kuzyakov, Y., Separating microbial respiration of root exudates from root respiration in non-sterile
soils: a comparison of four methods, Soil Biol. Biochem., 34, 1621, 2002.
145. Griffiths, B.S. et al., An examination of the biodiversity-ecosystem function relationship in arable soil
microbial communities, Soil Biol. Biochem., 33, 1713, 2001.
146. Gray, N.D. and Head, I.M., Linking genetic identity and functioning communities of uncultured
bacteria, Environ. Microbiol., 3, 481, 2001.
147. Akkermans, A.D.L., Van Elsas, J.D., and De Bruijn, F.J., Molecular Microbial Ecology Manual —
Supplement 5, Sec. 1, Kluwer Academic Publishers, Dordrecht, 2001.
148. Schmalenberger, A. and Tebbe, C.C., Bacterial diversity in maize rhizospheres: conclusions on the
use of genetic profiles based on PCR-amplified partial small subunit rRNA genes in ecological studies,
Mol. Ecol., 12, 251, 2003.
149. Radajewski, S. et al., Stable-isotope probing as a tool in microbial ecology, Nature, 403, 646, 2000.
150. Wellington, E.M.H., Berry, A., and Krsek, M., Resolving functional diversity in relation to microbial
community structure in soil: exploiting genomics and stable isotope probing, Curr. Opin. Microbiol.,
6, 295, 2003.
151. Radajewski, S., McDonald, I.R, and Murrell, J.C., Stable-isotope probing of nucleic acids: a window
to the function of uncultured microorganisms, Curr. Opin. Biotechnol., 14, 296, 2003.
152. Manefield, M. et al., Stable isotope probing: a critique of its role in linking phylogeny and function,
in Nucleic Acids and Proteins, Nannipieri, P. and Smalla, K., Eds., Springer, Heidelberg, 2006, p. 205.
153. Radajewski, S. et al., Identification of active methylotroph populations in an acidic forest soil by
stable-isotope probing, Microbiology, 148, 2331, 2002.
154. Jeon, C.O. et al., Discovery of a bacterium, with distinctive dioxygenase, that is responsible for in
situ biodegradation in contaminated sediment, Proc. Natl. Acad. Sci. USA, 100,13591, 2003.
155. Padmanabhan, P. et al., Respiration of 13C-labeled substrates added to soil in the field and subsequent
16S rRNA gene analysis of 13C-labeled soil DNA, Appl. Environ. Microbiol., 69, 1614, 2003.
156. Griffiths, R.I. et al., 13CO2 pulse labelling of plants in tandem with stable isotope probing: methodological considerations for examining microbial function in the rhizosphere, J. Microbiol. Methods,
58, 119, 2004.
157. Treonis, A.M. et al., Identification of groups of metabolically-active rhizosphere microorganisms by
stable isotope probing of PLFAs, Soil Biol. Biochem., 36, 533, 2004.
158. Standing, D., Meharg, A.A., and Killham, K., A tripartite microbial reporter gene system for realtime assays of soil nutrient status, FEMS Microbiol. Lett., 220, 35, 2003.

3855_C004.fm Page 134 Monday, April 9, 2007 3:56 PM

3855_C005.fm Page 135 Monday, April 9, 2007 4:00 PM

as Regulators
5 Nutrients
of Root Morphology
and Architecture
Wolfgang Schmidt and Bettina Linke
CONTENTS
I. Introduction .............................................................................................................................135
II. Signals and Growth Responses...............................................................................................136
A. Signals...............................................................................................................................136
B. Growth Responses ............................................................................................................137
1. Lateral Roots ...............................................................................................................137
2. Root Hairs ...................................................................................................................138
3. Transfer Cells ..............................................................................................................140
III. Sensing ....................................................................................................................................140
IV. Signaling..................................................................................................................................141
A. Auxin.................................................................................................................................141
B. Cytokinins .........................................................................................................................142
C. Ethylene, Abcisic Acid, and Brassinosteroids..................................................................143
V. Regulation ...............................................................................................................................143
A. Transcription Factors ........................................................................................................143
B. MicroRNAs .......................................................................................................................144
C. Chromatin Remodeling and Protein–Protein Interactions ...............................................144
D. Interorgan Communication ...............................................................................................145
VI. Conclusions .............................................................................................................................146
References ......................................................................................................................................146

I. INTRODUCTION
Plants are sessile organisms that have to cope with and adapt to a permanently changing environment. Due to their open morphogenesis, i.e., reiterative enlargement of their body plan by new
elements, developmental plasticity can be maintained during their entire life. Postembryonic development is affected by environmental cues, overriding endogenous developmental programs to
anticipate forthcoming conditions. Such a plastic behavior avoids metabolic and nutritional misbalances and compensates for the restricted possibilities of plants to escape from unfavorable
conditions.
Roots provide the plant with physical support and are the site of nutrient uptake, the supply of
which is unevenly distributed in soils and varies greatly in time. Hence, phenotypic plasticity of
roots is essential for effective soil exploration. During growth, changes in root architecture and cell
fate acquisition occur according to the prevailing trophic conditions. Cells can be redifferentiated
according to the plant’s need. For example, the formation of root hairs is highly responsive to
135
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environmental conditions. In addition to local adjustments, nutrient acquisition is integrated with
the demands of distant plant parts, a process that requires remote control of uptake systems and
growth patterns by long-range signals. Responses to nutrient shortage are typical of the respective
mineral. This implies that plants have evolved different sensing systems and at least partly separated
signal pathways for coordinated uptake of essential nutrients. In addition, even apparently similar
responses may be the result of different signals and may activate discrete downstream targets. For
example, an increase in root surface area is induced by both iron and phosphate shortage, but the
signals are translated by separate pathways [1].
Interspecies differences in root development are controlled by genetically inheritable traits.
Ecotypic variation may cause habitat-specific responses to certain stimuli. Basic root growth
parameters, such as root elongation rates and cell cycle gene activity, as well as environmental
responses, may differ largely among Arabidopsis accessions, mirrored by even partly contrasting
responses to nutrient deficiency [2,3]. Thus, it is not an easy task to describe a default state of the
developmental changes associated with a certain environmental signal. However, despite the high
variability in growth responses, some general patterns can be inferred from the available data. These
general patterns, mainly studied in model plants, represent a condensation point in understanding
the molecular events that underlie adaptive changes in root growth. A number of excellent recent
reviews covering different aspects of root responses to the environment have been published during
the last few years [4–10]. Here, we focus on the recent progress concerning signaling pathways
and some of the participating regulatory cues in trophomorphogenesis. This term has been introduced by Forde and Lorenzo [11] to describe root growth changes induced by variations in the
special or temporal bioavailability of nutrients. General aspects of root development cannot be
completely covered in this review and will only be considered to understand the mechanistic or
molecular basis of environmentally induced changes.

II. SIGNALS AND GROWTH RESPONSES
A. SIGNALS
Plant roots are able to respond to nutrient-rich site by enhanced growth [12]. Experimental evidence
suggests that nutrients act directly as signals and not by a metabolic mechanism to induce such
growth changes. A decrease in the shoot-to-root ratio, a characteristic response to nitrate shortage,
was observed in the wild type and also in transgenic plants with low nitrate reductase activity [13].
Furthermore, localized lateral root proliferation in response to spots with high nitrate availability
was increased both in wild-type plants and in mutants defective in the assimilation of nitrate [14].
Similarly, the phosphate analog phosphite is not metabolized in plants but is able to suppress
phosphate deficiency responses [15 and references therein]. Rapid induction of regulatory genes
in response to phosphorus, potassium, and iron deficiency further underlines the assumption that
nutrients can be sensed directly and do not act indirectly by improving the metabolic state of the
plants [16].
In addition to cell-autonomous responses, nutrient homeostasis is controlled systemically at
the whole-plant level [17–20]. Thus, formally a remote, shoot-borne signal has to be assumed that
communicates the shoot’s nutrient status to the roots. This information is transmitted from its arrival
in the stele of the roots to the peripheral cells in which nutrient uptake takes place. It can therefore
be proposed that two signals approach peripheral root cells: a systemic one communicating the
overall nutrient status of the plant and a local signal that monitors nutrient availability either
apoplasmatically in the immediate surroundings of the rhizodermal cells or symplasmatically in a
locally restricted cell population. The two incoming signals are then integrated and uptake rates
and cell differentiation are adjusted accordingly.
Mineral nutrients are dissolved in water, and their bioavailability is dependent on the presence
of water in the rhizosphere. Recently it has been demonstrated that osmotic potential can affect
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root architecture [21]. Lack of water availability reversibly reduces root proliferation, but lateral
root primordia are maintained to allow a fast response when water becomes more available.

B. GROWTH RESPONSES
1. Lateral Roots
Lateral roots are initiated from pericycle cells adjacent to the protoxylem poles in the differentiation
zone of the parent root in an acropetal sequence. Depending on their position behind the root tip,
pericycle cells primed for the formation of lateral roots either remain meristematic after displacement from the root apical meristem and continue to cycle or may dedifferentiate and reenter the
cell cycle at the G2 phase [22,23]. Mutants defective in the production of the nuclear-localized
protein ALF4 show a premature loss of meristem-like properties of the xylem-adjacent pericycle
and a reduced formation of lateral roots. It is suggested that ALF4 participate in maintenance of
pericycle cells in the mitotically competent state [24]. The first events in lateral root primordia
initiation are asymmetric transverse cell divisions of pericycle founder cells adjacent to the protoxylem poles. Sequential periclinal divisions led to the formation of a domelike four-layered
structure. Emergence of the primordium from the parent root is mainly driven by cell expansion
rather than cell division (Figure 5.1). Continued growth is achieved by activation of the lateral root
meristem [25].
In a series of classical experiments, Drew [12] showed that length and number of lateral roots
are stimulated when plants are exposed to local patches of high phosphate, nitrate, or ammonium
concentrations. Nutrient-induced changes in root architecture have been studied in detail in response
to the presence or absence of either phosphate or nitrate. Limited P availability generally favors
lateral root development and decreases primary root growth by reduced cell division and elongation
[26–29], allowing the plant to acquire phosphate from horizons with higher phosphate levels. This
response has been referred to as topsoil foraging [26]. For example, the number of lateral roots
was found to be fivefold higher in low-phosphate medium compared to plants grown with optimal
levels of phosphate [28]. Inhibition of primary root growth is caused by induction of a determinate
developmental program that causes a reduction of cell elongation followed by cessation of cell
proliferation and premature cell differentiation processes in former meristematic cells [30]. Lower
mitotic activity under low-phosphate conditions, evidenced by kinetic analysis of expression patters
of the cell cycle marker CycB, was not restricted to primary roots and was also observed in mature
laterals leading to a more branched root system.

FIGURE 5.1 Development of lateral roots. Primordia of lateral roots reveal a dome-shaped structure developing from the inner pericycle layer. Left: initial stage; right: outgrowth of lateral root meristem.
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An extreme case of determinate growth is represented by the development of cluster (proteoid)
roots (see Chapter 2). Cluster roots are closely spaced laterals that emerge synchronously on the
same plant, leading to a bottlebrush-like appearance of the root. The number of cluster roots is
greatly enhanced in response to phosphate shortage. In some species, a similar response is induced
by suboptimal iron concentrations [31,32]. This coincidence suggests that phosphate and iron trigger
similar developmental programs that aid in the acquisition of sparingly soluble nutrients. Whether
similar downstream components are involved in transducing the signals or whether separate courses
lead to the formation of clusters under phosphate- and iron-deficient conditions has not yet been
determined.
Unlike what happens upon exposure to phosphate shortage, a decreasing nitrate concentration
results in enhanced primary root growth [14]. Lateral root elongation is repressed by a uniform
supply of high nitrate levels. In contrast, local zones of high nitrate availability have a stimulatory
effect if the overall nitrate status of the plant is low, suggesting that integration of both local
(promotive) and systemic (repressive) signals defines the fate of lateral root primordia and allows
for efficient nitrogen foraging [14]. The differences in the responses to phosphate and nitrate
availability may be related to the contrasting solubility or distribution of these two nutrients in
soils. Enhanced growth of the primary root may confer a competitive advantage by exploring
nitrogen resources in lower soil horizons that are not available to competing neighbors, whereas
phosphate levels are generally higher in upper soil layers because the relative immobility of
phosphate restricts its movement to lower soil profiles.
2. Root Hairs
The root epidermis of arabidopsis provides a simple model for studying both intrinsic developmental
programs and environmentally induced response pathways. Epidermal cells consist of only two
cell types: hair cells and nonhair cells that adopt their fate by a combination of apoplastic and
symplastic signals. Epidermal cells that are in contact with two of the eight underlying cortical
cells develop into hair cell and those that touch only one cortical cell develop into a nonhair cell.
Laser ablation experiments that cause invading of an epidermal cell in a new position result in a
change in cell fate [34], indicating that the epidermal pattern is biased by positional information.
The molecular nature of the positional signal has not yet been determined.
Differentiation of epidermal cells in both leaves and roots is controlled by a network of
interacting factors, the core of which is a complex of MYB and bHLH transcription factors
associated with a WD40 repeat protein [35–37]. In roots, association of the R-like bHLH proteins
GL3 and EGL3 with the MYB-type transcription factor WER and the WD40 protein TTG in nonhair
cells promotes the expression of the single-repeat MYB protein CPC and of the homeodomaine
leucine zipper protein GL2 (Figure 5.2). GL2 acts as a positive regulator of the nonhair cell fate.
The WER/GL3/EGL3/TTG complex further inhibits expression of the GL3 and EGL3 genes. In
cells that develop into hairs, CPC (and possibly other related small MYB proteins such as TRY
and ETC1) suppress the expression of WER, and a complex composed of CPC/GL3/EGL3 and
TTG is formed. This complex blocks the expression of CPC and GL2 in future hair cells. WER
controls the transcription of CPC and GL2 directly by binding to their promoter regions [38].
Specification of the epidermal cell types is achieved by a bidirectional signaling mechanism, in
which CPC moves from nonhair cells into hair cells, suppressing the binding of WER to the
GL3/TTG complex, and GL3/EGL3 moves from hair cells to nonhair cells to form the
WER/GL3/EGL3/TTG complex. Negative autoregulation of GL3 and EGL3 is dependent on bidirectional signaling between H and N cells [39]. Upstream of this transcription factor cascade,
SCRAMBLED (SCM), a newly identified gene encoding a putative plasma-membrane-bound, leucine-rich, receptor-like protein kinase (LRR-RLK), transduces the (unknown) positional signal and
controls expression of the GL2, CPC, WER, and EGL3 genes [40].
In aging roots, patterning of epidermal cells becomes susceptible to environmental cues. The
regular pattern of seedlings, in which all cells in the permissive position develop into root hairs,
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FIGURE 5.2 Model of epidermal cell specification (adapted from Bernhardt, C. et al., Development, 130,
6431, 2003; Bernhardt, C. et al., Development, 132, 291, 2005). In nonhair cells (N), a high abundance of
WER induces the formation of a complex consisting of WER, GL3/EGL3, and TTG to activate expression
of GL2, which specifies the nonhair fate (by repressing hair formation). Additionally, the
WER/GL3/EGL3/TTG complex stimulates expression of CPC and limits the expression of GL3/EGL3 by an
autoregulatory feedback loop. In future hair (H) cells, a high level of CPC contributes to the formation of an
inactive CPC/EGL3/GL3/TTG complex that prevents activation of GL2 or CPC, resulting in the positive
progression of root hair specification. The presence of CPC in H cells further activates expression of
GL3/EGL3. Protein movement from N to H cells (CPC) and vice versa (Gl3/EGL3) links the regulatory
network between the two cell types. Low protein abundance is indicated by white-colored symbols, broken
lines demonstrate protein movement, unbroken lines show transcriptional regulation, and dotted lines mark a
minor regulatory activity on gene expression (further information in the text).

is markedly reduced in adult plants [41]. The pattern of GL2 expression, however, remains
unchanged. Root hair length and frequency is further dependent on the composition of the growth
medium [42] and is particularly affected by the availability of sparingly soluble nutrients such as
phosphate and iron [43,44]. Root hairs of phosphate-deficient plants are longer and denser compared
to plants treated with sufficient phosphate concentrations. The increased surface area confers a
competitive advantage; Arabidopsis accessions with more and longer root hairs have high-phosphate
acquisition efficiency [45]. The higher frequency of root hairs in phosphate-deficient plants is due
to an increased number of epidermal cells developing into hairs both in the normal location and
in positions normally occupied by nonhair cells [1,43]. Under iron deficiency, Arabidopsis uses a
strategy different from that observed under phosphate-deficient conditions to increase the root
surface area. The number of root hairs per unit root length is not significantly enhanced, but a high
percentage of hairs with bifurcated tips is formed [41,44]. Similar to the aging root, under control
conditions, the spatial expression of GL2 is unchanged by Fe deficiency (Figure 5.3).
Although the molecular nature of nutrient-induced changes in epidermal patterning has not yet
been elucidated, experiments with mutants harboring defects in cell specification genes strongly
suggest that hairs produced in each growth type are dependent on a distinct set of genes that differ
from these resulting in hairs formed in normal or ectopic positions . In a survey of mutants defective
at various stages of root hair development, divergence in root hair patterning was most pronounced
in mutants with defects in genes that affect the first stages of differentiation, suggesting that
nutritional signals affect cell specification genes [41].
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FIGURE 5.3 In situ hybridization of Fe-sufficient and Fe-deficient Arabidopsis roots (Fe+/Fe−) with GLABRA2
(GL2). GL2 transcripts reveal comparable expression patterns (B. Linke, unpublished).

3. Transfer Cells
Besides developing into root hairs, root epidermal cells can undergo ultrastructural changes that
are presumably important for nutrient acquisition. Rhizodermal cells in the zone of metaxylem
differentiation may form polarized wall ingrowths, which are primarily located on outer tangential
walls. In the root epidermis, these transfer cell-like structures are formed in response to various
nutrient stresses such as salt, exposure to cadmium, or shortage in phosphate and iron, and are not
observed under control conditions (see Offler et al., 46, for a review). Both hair and nonhair cells
can differentiate into transfer cells. Transfer cells are associated with high proton fluxes; the density
of P-type H+-ATPase molecules was found to be significantly higher in cells that have adopted the
transfer cell fate [47].
Transfer cells are not formed in the rhizodermis of Arabidopsis [44], although this cell type is
found elsewhere in this species [48]. An interesting parallel is the induction of transfer cells by
invasion of symbiotic or parasitic organisms [49], and nematode attack [50]. In both the cases of
cyst nematode infection and iron deficiency, structures such as plasmalemmasomes and paramural
bodies were found in addition to the general features of transfer cells, suggesting that abiotic and
biotic stress can induce similar developmental programs [50,51]. In roots affected by cyst or rootknot nematodes, wall ingrowth formation is independent of the formation of giant cells or syncytia,
the feeding structures induced by the nematodes [52].

III. SENSING
Sensors involved in nutrient homeostasis may be located either in the plasma membrane, monitoring
the external concentration of mineral ions, or may measure their intracellular level after absorption
from the soil solution. Most of the nutrients that affect root development appear to trigger both
cell-autonomous decisions and systemic signals, ultimately leading to adaptive changes of developmental programs. This dual regulation has been well described for phosphate and nitrate [53,54];
the molecular nature of the sensors is, however, still unknown. Local sensors of nutrient concentrations may be located in the quiescent center (QC), a mitotically less active spot behind the root
tip. Phosphate deficiency is associated with a high frequency of periclinal divisions of QC cells,
reflected by an increased number of cells expressing a QC marker [30]. These changes preceded
other morphological responses to phosphate deficiency such as premature cell differentiation.
Forward genetic approaches have revealed promising candidates for the interpretation of local
nutritional signals. The phosphate deficiency response (pdr) mutation causes an increase in sensitivity and amplitude of phosphate starvation responses [55]. The prd2 mutant can be rescued by the
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nonmetabolizable phosphate analog phosphite, suggesting that local rather than systemic signaling
is affected. PDR2 may be involved in surveillance of phosphate availability and in transmitting this
information to meristematic cells. Interestingly, pdr2 mutants show a biphasic dose–response curve
when primary root extension is plotted vs. phosphate concentration, indicating that different sensing
systems are active at different phosphate concentrations [55].
In yeast, sensing of external phosphate is achieved by low-affinity orthophosphate transporters,
all of which carry an SPX domain (named after the proteins SYG1 and PHO81 of yeast and the
human XPR1 protein) that has suggested to be involved in G-protein-associated signaling [56]. An
SPX domain has recently been reported for the Arabidopsis protein PHO1, initially identified as a
transporter involved in xylem loading [57]. Although neither the function of the PHO1 gene family
nor of the SPX domain has been precisely defined, this coincidence suggests that PHO1-like proteins
are possibly involved in phosphate sensing [58].
A plausible candidate for sensing nitrogen levels is the high-affinity nitrate transporter NRT2.1.
NRT2.1 is allelic to LIN1 and has been isolated by a screen for mutants that can initiate lateral
roots under high sucrose to nitrogen ratios; conditions that almost completely inhibit the formation
of lateral roots in the wild type [59,60]. Reduced nitrate uptake rates that are expected to decrease
rather than increase the number of lateral roots are displayed by lin1 mutants. This may be
interpreted as an involvement of the NRT2.1 transporter in nitrate surveillance. Interestingly, NRT2.1
is strongly expressed by phosphate starvation.
His–Asp phosphorelay systems (two-component systems) are implicated in a wide variety of
cellular responses to environmental stimuli and are involved in nutrient sensing in yeast. They
consist of a sensor histidine kinase and a cognate response regulator whose activity is modulated
by the sensor. Similar systems have been described in plants. Some response regulators are upregulated by nitrate-starvation in Arabidopsis and may play a role in nitrate sensing. However, the
proposed mechanisms involve an indirect sensing of nitrate mediated by cytokinin, leaving the
question of the upstream components open [61,62].
In mammalian cells, the stability or translatability of mRNAs of iron-responsive genes is
affected by iron regulatory proteins (IRPs) that bind to a specific stem–loop sequence in the
untranslated region of the mRNAs that is known as the iron-responsive element (IRE) [63]. One
of two IRPs in mammals is cytosolic aconitase, which can be converted from aconitase function
to a posttranscriptional regulator with RNA binding properties. Aconitase function is dependent on
the presence of a [4Fe–4S] cluster. Oxidation of the cluster by NO leads to cluster disassembly
and to the loss of aconitase activity. In plants, regulation of ferritin via a NO-mediated pathway
has recently been demonstrated [64]. Repression of ferritin synthesis under low iron supply occurs
at the level of transcription and thus differs from the animal IRE/IRP system. Three out of four
ferritin genes in arabidopsis, AtFer1, AtFer3, and AtFer4, are responsive to both iron [65] and NO
[66]. It is thus tempting to speculate that a similar system is active in plants.

IV. SIGNALING
A. AUXIN
The plant hormone auxin is involved in almost all root developmental processes [67–69]. The
development of lateral roots is no exception; most mutants with defects in lateral root formation
can be related to defects in the transport of or sensitivity to auxin [4]. Exogenously applied auxin
rescues the phenotype of several root hair defective mutants [70], causes an increase in root-hair
length and density of the wild type [43,71,72], and induces rhizodermal transfer cells under
nonpermissive conditions [73].
The role of auxin in transducing environmental cues into morphological changes is less clear.
Exogenously applied auxin induces the formation of cluster roots, and auxin inhibitors reduce
phosphate stress-induced development of cluster roots in white lupin and lateral root formation in
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Arabidopsis [28,74]. In addition, transcripts of the auxin-inducible gene HRGP accumulate in roots
of phosphate-deficient Arabidopsis plants [29]. It is thus tempting to speculate that auxin is involved
in phosphate starvation responses. However, several auxin-related mutants show wild-type
responses to phosphate and nitrate availability, i.e., a decrease in primary root growth under lowphosphate conditions and an increase in lateral root elongation induced by nitrate-rich patches
[27,28,33]. The short-root phenotype of phosphate-deficient plants cannot be rescued by auxin [75].
Moreover, phosphate-deficient plants exhibited decreased rather than increased expression of the
synthetic auxin-responsive promoter DR5. Analysis of low phosphate-resistant root (lpr1) mutant
lines, unable to respond to phosphate starvation by forming more lateral roots, further negates an
involvement of auxin in architectural alterations in phosphate-deficient plants. The lpr1 mutation
is allelic to BIG, which codes for a protein that is required for polar auxin transport [76]. Because
lpr1 mutants responded to low phosphate by inhibited primary root growth and formation of
additional root hairs, the authors suggested that two different pathways are involved in root
architectural responses to phosphate limitation. Reduction in primary root growth and increase in
root hair density during P shortage is thought to be independent of BIG and auxin transport. In the
auxin-dependent pathway, BIG is necessary for the formation of lateral root primordia. Maturation
of primordia into fast-growing lateral roots due to low phosphate availability may be a subsequent
auxin and BIG-independent step in the second pathway [75].
Hence, at least for the case of phosphate, most experimental evidence argues against an essential
role for auxin in signal transduction of trophomorphogenetic responses. It appears that this held
also true for the phosphate-deficiency-induced formation of extra root hairs. Whereas auxin signaling is essential for the increase in root surface area in iron-deficient roots, no such requirement
was observed for induction of the phenotype typically of phosphate-deficient plants [1]. This effect
is most striking in the trh1 mutant that forms root hairs neither under control conditions [77] nor
in response to iron shortage but does so under low phosphate conditions [41]. TRH1 was shown
to encode a potassium transporter, but high concentrations of external potassium do not induce root
hair formation in trh1 mutants. Exogenously applied auxin rescues morphological trh1 phenotypes,
providing evidence for a requirement of TRH1 for auxin transport [78]. Apparently, a functional
TRH1 product and, hence, auxin transport is not necessary for the induction of the phosphatedeficient phenotype.
The situation might be different for the development of lateral roots under sulfur-deficient
conditions. Growth of Arabidopsis plants starved upon sulfate results in an accelerated development
and a higher frequency of lateral roots, and leads to transcriptional activation of NITRILASE 3
(NIT3, [79]). NIT3 promoter activity was found to be highest in root conductive tissue and lateral
root primordia. NIT3p:uidA plants strongly upregulate promoter activity upon addition of the
cysteine precursor O-acetyserine to the growth medium. O-acetyserine accumulates under sulfur
deficiency and may communicate sulfate starvation to NIT3. A similar role for O-acetyserine has
been reported for enzymes of sulfate assimilation. Sulfur deprivation further leads to an intensified
turnover of the indole-3-acetonitrile (IAN) precursor glucobrassicin. A regulatory loop was proposed in which nitrilase converts IAN into IAA that then may prime pericycle cells for the formation
of lateral root primordia [79].

B. CYTOKININS
Less detailed information is available on the role of hormones other than auxin in the translation
of environmental signals into root developmental changes. A number of studies have associated
cytokinins with nutrient starvation responses, and some experimental evidence suggests an involvement of cytokinins in trophomorphogenesis. For instance, cytokinins have been shown to antagonistically affect the formation of cluster roots [80]. Other evidence comes from transcriptional
profiling studies in white lupin. In cluster roots, cytokinin oxidase was found to be differentially
expressed during various stages of development [81] that is consistent with a role of cytokinin in
the regulation of this response.
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Cytokinins have been suggested to play a role in integrating root and shoot development by
transmitting information on the root’s nutritional status directed to the shoot via a His–Asp phosphotransfer system. Such a system has been proposed for interorgan communication of the nitrogen
status [82] and for nitrogen-dependent root development [83]. A two-component signaling circuit
typical for cytokinin responses has also been implicated in the regulating phosphate and sulfate
homeostasis [84,85]. A functional context of cytokinin signaling in trophomorphogenesis remains,
however, to be established. The lack of major differences in the phosphate deficiency responses
among wild type and double mutants defective in the cytokinin receptors CYTOKININ RESPONSE
1 (CRE1) and ARABIDOPSIS HISTIDINE KINASE 3 (AHK3) grown with part of the roots in
P-free medium negates a prominent role for cytokinin in phosphate signaling [86]; see following
text for a discussion of long-range signaling.

C. ETHYLENE, ABCISIC ACID,

AND

BRASSINOSTEROIDS

Ethylene has been implicated in many trophomorphogenetic responses including root elongation,
lateral root growth, and root hair formation. Phosphate deficiency was suggested to alter ethylene
responsiveness [28,43], but ethylene does not appear to play a major role in lateral root formation
or in the development of extra root hairs in response to phosphate deficiency, because ethylenerelated mutants do not differ much in their responses from wild-type plants [1,28]. This contrasts
with effects on the formation of bifurcated root hairs in response to iron deficiency. Similar to what
has been observed for auxin, the development of branched hairs is inhibited both by antagonists
of ethylene synthesis or action as well as in ethylene mutants [1]. Application of the ethylene
precursor 1-aminocyclopropane-1-carboxylic acid (ACC) inhibited lateral root formation independent of the phosphate status of the plants [28], taking the argument further against an involvement
of ethylene in stress-induced development of lateral roots. Ethylene inhibitors restored decreased
primary root growth caused by low water potential in plants treated with fluridone that imposes
ABA deficiency; thus, it is suggested that accumulation of ABA at low water potential serves to
prevent excess ethylene production [87].
Several ABA-insensitive mutants do not show the typical inhibitory effect of high nitrate
concentrations on the formation of lateral root primordia, implying a role of ABA in nitrate signaling
[88]. Suboptimal nitrate supply mimics in some respects water shortage. It has been suggested that
the typical soil-drying response is due to a limitation in nitrate supply. ABA may integrate nitrate
and osmotic sensing [89]. Both ABA-deficient mutants and mutants in LRD2, a newly identified
gene presumed to be involved in osmotic stress response, show an enlarged root system both under
control conditions and under mild osmotic stress. This implies that both ABA and LRD2 are
necessary to repress the outgrowth of lateral root primordia [21].
Other potential players in the translation of environmental cues into morphogenetic responses
are brassinosteroids (BRs). Recent studies have shown that BRs positively and autonomously affect
root growth. A BR-deficient mutant displays differential expression of genes involved in lateral
root growth and root hair formation [90]. An involvement of BRs in trophomorphogenesis has,
however, not yet been demonstrated.

V. REGULATION
A. TRANSCRIPTION FACTORS
Although the mechanism underlying the perception of available nutrients remain still obscure, some
downstream components have been identified during the last few years. PHR1 is a conserved MYB
transcription factor related to the PSR1 gene from Chlamydomonas reinhardtii that was identified
in genetic screen for plants with reduced responses to phosphate starvation [91]. PHR1 binds as a
dimer to an imperfect palindromic sequence in the promoter of P starvation-responsive genes,
indicating that PHR1 is a downstream component of the phosphate signaling pathway. Interestingly,
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a similar consensus sequence was found in the promoters of the white lupin phosphate transporter
LaPT1 and secreted acid phosphatase LaSAP1 genes, suggesting that cis acting promoter elements
in phosphate starvation signaling are highly conserved [92].
The MADS-box transcription factor ANR1 was isolated in a screen for nitrate-regulated genes
in Arabidopsis roots. Lateral roots of ANR1-antisense plants do not respond to external nitrate,
indicating that ANR1 is part of the signaling pathway that integrates the availability of nitrate with
the development of lateral roots [4].
A novel class of transcription factors regulating root growth has recently been identified in
Arabidopsis. BREVIS RADIX (BRX) controls the rate of cell proliferation and elongation and is
thus a potential candidate for translating environmental cues into changes in root growth [93].

B. MICRORNAS
During recent years, small RNA molecules (microRNAs or miRNAs) have been identified as novel
regulators of posttranscriptional gene expression. MicroRNAs are ~22 nucleotides in length; their
maturation from imperfect stem loop precursors is mediated by different regulators, such as ARGONAUTE (AGO, [94], see following text). In plants, miRNAs can act to control cell fate determination
by regulating the mRNA abundance of transcription factors or other key players involved in
developmental processes [94]. The F-box protein NAC1, which transduces auxin signals for lateral
root emergence, is repressed in mRNA abundance by miR164. Thus, miR164 indirectly downregulates auxin signals for lateral root initiation. Increase of miR164 levels by auxin is dependent on
AXR1, AXR2, and TIR3, which are required for auxin-mediated lateral root development [95].
TIR1, recently identified as an auxin receptor [96,97], promotes auxin-induced lateral root growth
[98]. Transcripts of TIR1 are targets of miR393, indicating that miRNAs regulate auxin homeostasis
at various points [99].
This coincides with findings that several members of the ARF (auxin response factor) family
are subjected to microRNA-mediated regulation [100]. ARF17 is targeted by miR160; plants
carrying a miR160-resistant version of ARF17 display reduced root length and decreased root
branching [100]. ARF17 regulates expression of GH3-like genes, which are likely to play an
important role in auxin responsiveness. Repressing GH3 genes mediated by ARF17 negatively
regulates the formation of adventitious roots in ago1 mutants [101]. As mentioned earlier, presence
of AGO1 is required in the miRNA biogenesis pathway [94], indicating a correlation between
formation of adventitious roots and miRNA-regulated steps of auxin responses. Because ago1-3
mutants are not affected in lateral root development, it is suggested that the formation of lateral
roots and adventitious roots is controlled by different regulatory pathways.
In addition to genes involved in developmental processes, various stress-responsive genes have
been identified as immediate targets of miRNAs [102,103]. Expression of miR395, a sulfurylasetargeting miRNA, increases upon sulfate starvation, confirming that miRNAs can be induced by
nutritional stress. Thus, it can be assumed that miRNAs or other small regulatory might participate
in regulatory control during transition of environmental stimuli.

C. CHROMATIN REMODELING

AND

PROTEIN–PROTEIN INTERACTIONS

Adaptation to environmental stimuli also includes regulatory mechanisms at the DNA level [104].
In eukaryotic cells, accessibility of chromatin is crucial for cell differentiation. Chromatin remodeling has been demonstrated to be important in responses to environmental stimuli such as nitrogen
starvation in yeast [105]. In Arabidopsis, mutations in histone acetylation show reduced root growth
and disturbed responses to abiotic stress [106]. The bru1 mutation affects the stability of heterochromatin organization but does not interfere with genomic DNA methylation processes; bru1-1
mutants exhibit a retarded growth of primary roots [107]. This may point to an involvement of
chromatin modification in the adaptation to changing environmental conditions. Interestingly,
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histone acetylation has recently been shown to affect the position-dependent expression of patterning genes in the root epidermis of Arabidopsis [108].
A novel control mechanism of protein modification or turnover by sumoylation has been shown
to participate in morphological phosphate deficiency responses [109]. Sumoylation is a posttranslational modification that involves the covalent attachment of a SUMO (small ubiquitin-related
modifier), an ubiquitin-like modifier protein to substrate proteins. SUMO proteins are present in
yeast, mammals, and plants and are highly conserved among eukaryotic kingdoms. Conjugation
of SUMO to a target protein affects its subcellular localization and enhances its stability. Mutants
defective in a SUMO-conjugating enzyme (SUMO E3 ligase SIZ) show exaggerated responses to
phosphate starvation, including reduction in primary root elongation, enhanced lateral root development, increased root to shoot mass ratio, and enhanced root hair number [109]. In Arabidopsis,
the SUMO E3 ligase AtSIZ acts as a repressor of the low phosphate-induced responses. The
transcription factor PHR1 was found to be sumoylated by an AtSIZ1-dependent process. These
results suggest that protein modification by sumoylation is important in phosphate homeostasis.

D. INTERORGAN COMMUNICATION
A variety of experimental evidences points to an interorgan regulation of nutrient acquisition mechanisms by means of long-distance signaling [17–20]. In contrast, most morphological responses to
nutrient availability appear to be rather controlled by the local availability of nutrients than by remote
signals from the shoot. This held true for lateral root development in response to phosphate shortage
[33] and for the formation of transfer cells and root hairs in phosphate and iron-deficient plants
[28,110,111], as well as for altered root growth angle induced by phosphate deficiency [112]. However,
long-distance signal pathways may intersect with cell local sensing of nutrients. Although the formation of root hairs in response to phosphate and Fe deficiency is dependent on local signals, divided
root studies and mutant analyses revealed that shoot-borne signals can influence the fate of rhizodermal
cells [113]. Dual regulation by local and systemic signals was first described for the development of
lateral roots that can be induced by high local nitrate concentrations and inhibited by a high overall
nitrogen status of the plant [14]. The mechanisms underlying shoot control of root development and
the nature of internal long-range signals have not yet been identified. Long-range movement via the
phloem has been shown for proteins as well as for RNA [114,115]. The transport of these molecules
is passive by bulk flow. Recently destination-selective trafficking of phloem proteins has been demonstrated, indicating an active control of long-distance transport of macromolecules partly regulated
by protein–protein interactions [116].
A putative serine or threonine receptor kinase that is required for shoot-controlled regulation
of root growth has been isolated in Lotus japonicus [117]. Mutants defective in the HYPERNODULATION ABERRANT ROOT1 (HAR1) locus show reduced growth of the primary root and excessive growth of lateral roots. Grafting of wild-type shoots onto har1-3 roots rescues the mutant.
HAR1 is required for nodule organogenesis and nitrate sensitivity and shows high sequence
similarity to the CLAVATA1 receptor kinase gene of Arabidopsis. A model has been suggested in
which autoregulation of nodulation is achieved by a root-derived signal communicating nodule
number that is sent to and integrated in the shoot. Further nodulation is then inhibited by interaction
of HAR1 with a shoot-localized ligand [117,118]. A similar mechanism could account for nutrient
homeostasis in nonsymbiotic root development.
Not only shoot-to-root, but also root-to-shoot signaling appears to be of importance in integrating environmental signals into developmental programs. A functional product of the Arabidopsis
gene BYPASS1 (BPS1) is required to negatively regulate a root-derived signal that modulate both
root and shoot architecture [119]. BPS1 is expressed in all root tissues and developmental stages
[120]. In analogy to P-deficient plants, bps1 mutants produce long root hairs and show reduced
expression of the synthetic auxin-responsive promoter DR5 [119], suggesting a possible involvement of BPS1 in the responses to phosphate shortage.

3855_C005.fm Page 146 Monday, April 9, 2007 4:00 PM

146

The Rhizosphere: Biochemistry and Organic Substances at the Soil–Plant Interface

VI. CONCLUSIONS
Within inherent genetic boundaries, plant roots display a wide range of phenotypical plasticity to
cope with suboptimal availability of nutrients. Morphological adaptations necessitate local sensing
of nutrients, integration of whole-plant demands by feedback regulation and redifferentiation of
target tissues. At the cellular level, a number of players in cell fate decisions have been identified
during the last few years, but still some unexplored levels remain. It has been estimated that 2 to
4% of a plant’s genome is involved in the control of nutrient homeostasis [121] that mirrors the
complexity of concerted responses. Deciphering the mechanisms involved in integration of genetic,
epigenetic, and remote control trophomorphogenesis will be a major challenge for the coming years.
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I. INTRODUCTION
Roots play an important role in the relationship between plant and soil, acting as anchoring organs
and allowing the acquisition of water and nutrients. These functions are complicated by the nature
of soil, which erects barriers of a mechanical, physical, chemical, and biological nature against the
activities and development of the root system. These conditions determine numerous forms of
anatomical, physiological, biochemical, and molecular adaptations by which the plant can modify,
to its own advantage, the characteristics of the soil; it has been found that there are profound
modifications — physical, chemical, and biological [1,2] — in the area immediately around the
roots (rhizosphere).
In this interplay, the plasma membrane (PM) of the root cells, which is the main barrier between
rhizosphere soil and the cytoplasm, plays a prominent role. This organelle is characterized by
selective permeability that allows both the entrance of essential ions and metabolites into the cell
and the extrusion of a variety of exudates (H+, electrons, organic acids etc.), which can alter the
151
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conditions at the rhizosphere. The biochemical mechanisms that regulate the interactions between
root and soil must be both sensitive and reactive to the metabolic status of the plant and the
conditions at the rhizosphere; this implies the need to possess, at the PM, sensors of the external
environment, and the possibility of efficient regulation of enzymatic activities and transport.
Considering the structure of the PM, it is clear that in the interaction between the soil and the
root cells, which involves processes of nutrient acquisition, the activity and the function of the
proteins associated with this organelle is of great importance, and, in particular, H+ pumps
(H+-ATPase), carriers, and protein channels. Despite the enormous quantity of information of a
molecular nature, few works connect the activity of these structures with the conditions at the
rhizosphere, in spite of the evidence, recently clearer than ever, that multiple isoforms are present
to which it has rarely been possible to assign a precise physiological role. The aim of this chapter
is to review our knowledge on the activities taking place at the plasma membrane that appear to
be involved in the soil–root interaction, considering when possible, the regulative and functional
aspects in relation to the conditions present at the rhizosphere.

II. THE PLASMA MEMBRANE (PM) H+-ATPase
The PM H+-ATPase is an electrogenic enzyme that can couple the chemical energy released from
the hydrolysis of ATP to the transport of H+ from the cytoplasm into the apoplast; this activity
creates a transmembrane gradient of electric potential (−100  −200 mV, negative inside) and pH
(about 2 units, more acidic outside the cell), which can be exploited in a variety of physiological
processes, such as the transport of nutrients and metabolites, preservation of intra- and extracellular
pH, cell turgor, and related processes [3]. In the soil–plant relationships, the main roles of the PM
H+-ATPase concern energization of nutrient transport, acquisition of nutrients by rhizosphere
acidification, and the response to abiotic stress and rhizosphere signals.

A. STRUCTURE
The enzyme able to catalyze the transport of little more than 102 H+ ions per second consists of a
catalytic polypeptide with an approximate molecular weight of 100 kDa and is one of the most
abundant proteins on the plasma membrane with an average value of about 1% [4]. Investigations
on the topology of PM H+-ATPases present in higher plants (Figure 6.1) reveal that the enzyme is
made up of a hydrophobic part consisting of 10 membrane-spanning regions and 4 cytoplasm
domains (N-terminal region, small cytoplasmic loop, large cytoplasmic loop, and C-terminal region)
[5]. Among the transmembrane regions of particular significance are number 4, 5, and 6 because
of the role they play in the transport of H+ from the cytoplasm into the apoplast. The specific
function of the N-terminal region is still unknown. The small cytoplasmic loop is thought to be
involved in the changes in conformation that occur during the catalytic cycle and its function seems
to be linked to the coupling between ATP hydrolysis and H+ transport. The large cytoplasmic loop
contains the aspartate residue that is phosphorylated during the catalytic cycle and is the site of
the ATP link. The C-terminal region exerts a self-inhibiting function on the enzyme activity; the
inhibition is removed when, after phosphorylation, proteins of the 14-3-3 family link to this domain.
Studies with solubilized enzymes show that the minimal functional unit of the PM H+-ATPase
is a monomer; however radiation–inactivation experiments indicate that the enzyme exists in vivo
as a dimer [6]. Recently it has been shown that the PM H+-ATPase isoform PMA2 of Nicotiana
plumbaginifolia, present as a dimer, can be converted into a hexameric form upon phosphorylation
and interaction with the 14-3-3 regulatory proteins [7].
In several plant species, it has been found that the PM H+-ATPase is encoded by a multigene
family (about 10 genes) belonging to 5 subfamilies; of these, only 2 appear to be abundantly
expressed in the tissues [8]. It has been suggested that the heterogeneity of isoforms can be linked
to the multicellular nature of plants and the need for a fine regulation of the enzymatic activity.
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FIGURE 6.1 Predicted topology of the plant plasma membrane H+-ATPase. Binding sites involved in catalytic
and regulatory functions are also shown.

B. REGULATION OF THE PM H+-ATPASE AS A RESPONSE
IN THE CONDITIONS AT THE RHIZOSPHERE

TO

VARIATIONS

Even though the structural and kinetic characteristics of the PM H+-ATPase and its properties of
enzyme regulation have been widely studied, little is known about how they affect behaviors that
in nature ensure the performance of functions at the level of root cells.
1. Energization of Nutrient Transport
The movement of nutrients through carriers or channels is made possible by the pH gradient (more
acidic outside the cell) and the electric potential (negative inside the cell) generated by the activity
of the PM H+-ATPase (Figure 6.2).
The concentration of the nutrients in the soil solution varies, though to different extents,
depending on their dynamics in the soil; furthermore, in this environment nutrients are distributed
in a nonhomogeneous manner [9]. The fact that the cytoplasm concentration, though variable to a
lesser degree, is often very far from (and usually higher) that of the soil solution [10], indicates
the intervention of mechanisms of selective acquisition and the dependence of the process on the
metabolic energy available (Table 6.1).
While the uptake of most cations is only dependent on metabolic energy to the extent that ATP
is required to maintain the electrogenic component of the electrical potential difference between
the symplast and the apoplast (rhizosphere) of the root cortex, metabolic energy in the form of
ATP is needed to energize the thermodynamically uphill movement of anions into the root cells
(see following text). Recently, a series of transporters for oxoanion forms of essential nutrients
(N,P,S) that operate in symport with H+ have been discovered and cloned. In this context, the
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FIGURE 6.2 Primary and secondary transport systems operating at the plant plasma membrane.

TABLE 6.1
Examples of Average Concentration of Mineral Nutrients in the
Soil Solution and in the Cytoplasm of Root Cells
Nutrient
Nitrate
Ammonium
Phosphate
Sulfate
Potassium
Calcium
Magnesium

Soil Solution
(mM)
1.31
0.20
0.001
0.55
1.28
1.87
3.00

Root Cytoplasm
(mM)
15
5
10
10
150
0.001
3

Note: Concentrations in the soil solution can vary considerably depending on the soil
type and environmental conditions, whereas those within the plant change as a consequence of different external concentrations and physiological status.
Source: Modified from Cacco, G. and Varanini, Z., Biochimica agraria, Scarponi, L.,
Ed., Patron, Bologna, 2003, p. 837.
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fundamental role that the PM H+-ATPase can play in the process of nutrient acquisition is evident.
However, so far there is little experimental evidence of the specific involvement of the PM H+
pump in the uptake of various nutrients at the root cell–rhizosphere interface. Immunodetection
and gene expression analysis revealed that the PM H+-ATPase is expressed at high levels in tissues
or cells involved in active ion transport [3]. Jahn et al. [11] have shown that in the epidermal and
root cortex cells, the PM H+-ATPase is unevenly spread through the plasmalemma in relation to
the direction of the nutrient flow.
The close relationship between the activity of the PM H+ pump of the root cells and transmembrane
transport of anionic nutrients has been demonstrated in the case of NO3−. In fact, it has been shown
that following an increase in NO3− uptake rates brought about by root exposure to the ion (induction,
see following text) for 24 h, and thus a greater demand for H+ driving force, there is a simultaneous
increase in enzyme activity, for the most part due to the increased levels of protein at the PM [12].
Interestingly, immunodetection experiments have shown that after 24 h of NO3− induction, plants had
higher levels of PM H+-ATPase in the epidermis and cortex cells compared to roots of plants that had
not been treated with the anion (De Marco et al., unpublished). Such behavior could be explained in
terms of the greater number of cells involved in the influx of the anion due to induction and the
experimental system used (hydroponic culture). More recently, time-course studies on the induction
of higher uptake rates have revealed a close parallelism between NO3− transport rate and the activity
and quantity of the enzyme [13]. This behavior is supported by the preferential expression of the
genes (MHA3 and MHA4, belonging to subfamily II of the PM H+-ATPase) of two of the five isoforms
so far found in maize. In particular, the isoform MHA4 was found to be more sensitive than MHA3
to NO3− treatment, with a greater up- or downregulation. These results suggest that within the
multigene family of the PM H+-ATPase, there exists a specialization of functions with a greater, if
not exclusive, involvement in the transport of nutrients of some isoforms in respect to others.
Information regarding variations in the levels of PM H+-ATPase activity in relation to fluctuations in transport rate of other macronutrient anions is not available in the literature.
In principle, the electrical component of the H+ driving force should be sufficient to guarantee
the inflow of cations; however, for some of them (e.g., NH4+ and K+), especially when present at
the rhizosphere at very low concentrations and at much higher levels in the cytosol of the root cells
(see Table 6.1), it becomes necessary to energize cation transport by both electrical and chemical
(pH gradient) components of the H+-driving force.
In regard to the cationic form of nitrogen (NH4+), it has been shown that fluctuations in the
availability of NH4+ determine opposite variations in the uptake rate and the activity of the PM H+ATPase in roots of sugar-beet [14], suggesting that, in this case, PM H+-ATPase activity is used to
preserve cytoplasm pH homeostasis and transmembrane electric potential rather than directly
energize the nutrient transport process [15]. It has also been shown that PM H+-ATPase activity
and levels were insensitive to variations in K+ supply [16], suggesting that the H+ gradient needed
to sustain the uptake of the cation at a low external concentration (i.e., that requiring a H+-driven
cotransport mechanism) was maintained close to the plasma membrane because of the activity of
the PM H+-ATPase extruding H+ into the confined space of the apoplast [17].
2. Nutrient Acquisition through Rhizosphere Acidification
The activity of the PM H+-ATPase, which extrudes H+ into the apoplast and from here into the
rhizosphere soil, causes an acidification of the latter [18]. This phenomenon is important because
it favors the release of cations from the exchange sites of the cell wall and the soil colloids, allowing
them to pass in solution and reach the binding sites of the transport proteins on the external surface
of the PM. The acidifying effect of the H+ pump can be modified by secondary transport processes
in function of the cation–anion absorption ratio [19]. Typically, the uptake of nitrogen as NH4+ or
NO3−, respectively, can increase or decrease acidification [20].
Rhizosphere acidification by the PM H+-ATPase is very important for the solubilization of
scarcely available essential nutrients. Lowering the rhizosphere pH by an amount of up to 2 units
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[21], is an aggression of the soil by the roots, aimed at obtaining nutrients in a soluble form (see
also Chapter 2). The most widely studied case is that of Fe. This element is extremely insoluble
at neutral and alkaline pH values. Plants (dicots and nongraminaceous monocots) are endowed with
mechanisms that can oppose the increasing insolubility of Fe at neutral and alkaline pH levels.
Among these mechanisms, the ability to acidify the rhizosphere can determine an increase in the
amount of Fe3+ in solution, in fact by lowering the pH by one unit there is an increase equal to
1000 times the concentration of Fe3+ in the soil solution. It has been shown that, at least for the
species characterized by a greater capacity for acidification, under conditions of Fe deficiency,
the activity of the PM H+-ATPase increases [22]. A similar increase is observed in the quantity of
the enzyme, which appears to be concentrated particularly in the rhizodermal and root-hair cells
in the subapical area of the roots [23]. Moreover, transfer cells developing in the roots of tomato
plants, after Fe deprivation, reveal an increased PM H+-ATPase protein density associated with a
greater capacity to acidify the external surroundings [24]. Recently, it has been found that the roots
of Fe-deficient cucumber plants accumulate transcripts of specific forms of the enzyme. In particular, the expression of the CsHA2 gene, found both in roots and leaves, was not influenced by the
Fe nutritional status of the plant, while the gene CsHA1, expressed exclusively in the roots was
upregulated by Fe deprivation [25].
3. Response to Abiotic Stress
The activity of the PM H+-ATPase is also modulated by different anomalous conditions that occur
at the rhizosphere. A particular case is that of a lack of P. Though this nutrient may be present in
the soil in high quantities, its availability to the plant is limited by the presence of scarcely soluble
forms such as phytin and Ca, Fe, and Al phosphates. Plants able to respond efficiently to this
situation have developed mechanisms that enable them to acquire this essential element in adequate
quantities to satisfy their nutritional needs. One of the mechanisms involved in this active response
to P-deprivation is the release of large amounts of negatively charged organic acids, such as citrate and
malate (see Chapter 2). In Lupinus albus — a plant adapted to acid soil containing scarce amounts
of P — it was determined that the release of citrate is favored by a contemporaneous efflux of H+
[26]. Modifications of the activity and quantity of the PM H+-ATPase suggest that the plasmalemma
H+ pump can provide and maintain the flow of H+ needed for organic anion release [27,28]. Recently,
it has been shown that the greater release of carboxylates by the proteoid roots of L. albus grown
under conditions of limited P availability is closely linked to an activation of the PM H+-ATPase
(Tomasi et al., unpublished).
Likewise, also the presence of toxic amounts of Al at the rhizosphere, which often occurs in
acidic soils, can induce, in resistant plants, an abundant release of organic acid anions from the
subapical regions of the roots (see Chapter 2). Also, in this case, it has been shown that the PM
H+-ATPase carries out an important role. In fact, its activation is higher in resistant cultivars than
in those sensitive to Al [29]. The changes in enzyme activity have been ascribed to transcriptional
and posttranscriptional regulation of the protein. In regard to this latter aspect, the activation of the
enzyme due to the presence of Al is, at least, partly caused by increased phosphorylation of a
threonine residue localized in the autoinhibitory (C-terminal) domain of the PM H+-ATPase. This
suggests that 14-3-3 proteins are involved in its regulatory mechanism. Increases in enzyme activity
have also been observed in the roots of plants adapted to acidic soils, implying that the PM H+ATPase helps preserve cytoplasm pH homeostasis [30].
One of the most common stresses is salt stress caused by an excessive amount of Na in the
soil solution. The majority of plants adapted to salinity are able to maintain a relatively low
concentration of Na in the cytoplasm by the active exclusion of Na+ into the vacuole or the apoplast.
It seems evident how the extrusion of a greater quantity of H+ can contribute the energization of
the Na+/H+ antiport system that operates at the tonoplast and the plasma membrane. In regard to
this, it has been shown that PM H+-ATPase gene expression in specific tissues was enhanced by
NaCl or salt stress [31]; in tomato, this response is ascribed to the increased expression of a single
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isoform [32]. It has also been suggested that in a situation of osmotic shock, a posttranslational
regulation can take place that, through the interaction with 14-3-3 proteins, increases the H+/ATP
coupling ratio [33].
4. Response to Rhizosphere Signals
a. Humic Substances
Humic substances are the result of biological and chemical transformations of plant, animal, and
microbial residues carried out by soil microorganisms. In the soil, humic substances are linked to
mineral components through various chemical–physical interactions. Humic substances have also
been found in the soil solution, with a highly variable concentration — ranging from 1 to 400 mg/l
— that depends on soil type, and it is plausible that these compounds may interact with the root
cells [34]. Humic substances extracted from the soil can, in fact, influence plant metabolism
affecting various physiological and biochemical mechanisms, stimulating growth and increasing
the amount of nutrients taken up by the plant [35]. Stimulation of active H+ extrusion from the
roots [36] and transmembrane potential hyperpolarization [37] indicated the involvement of the
PM H+-ATPase in the increased nutrient uptake observed in the presence of humic substances.
Direct proof of an interaction between humic molecules and the PM H+-ATPase has been obtained
by Varanini et al. [38] who demonstrated that low-molecular-weight (<5 kDa) humic molecules at
concentrations compatible with those present at the rhizosphere can stimulate the phosphohydrolytic
activity of this enzyme in isolated PM vesicles. Further proof of the action of humic molecules on
PM H+-ATPase activity and on nutrient uptake mechanisms was obtained when studying the effect
of these molecules on NO3− uptake. As already stated (see preceding text), transport of this nutrient
is a substrate-inducible process and involves H+ cotransport. At higher uptake rates, the levels and
activity of root PM H+-ATPase were observed to increase [12]. The short-term (4-h) contact of
roots with a low-molecular-weight water-extractable fraction of humic substances (WEHS), in the
presence or absence of NO3−, caused a more rapid development of the NO3− uptake capacity and a
further increase in PM H +-ATPase activity measured in PM vesicles isolated from maize roots
[39]. Because no increase in protein amount was observed, this effect was attributed to a posttranslational regulation of the PM H +-ATPase. On the other hand, a prolonged treatment with highmolecular-weight humic acids isolated from earthworm compost determined a promoting effect on
activity and amount of the PM H +-ATPase [40], which was attributed to the presence of auxin
bound in an exchangeable form to the humic molecules. More recently, an increase in transcript
levels of the PM H +-ATPase isoform MHA2 in maize roots, treated for 48 h with an earthworm
low-molecular-weight humic fraction, endowed with auxin, was observed [41]. The action of humic
molecules on the PM H +-ATPase can also positively affect the acquisition of sparingly soluble
nutrients, such as Fe [42]. Increased PM H +-ATPase activity can contribute to Fe nutrition in several
ways (see the following text and Chapter 2): (1) by solubilizing Fe in the apoplast and the
rhizosphere, (2) by maintaining favorable conditions for the activity of the Fe3+-chelate reductase
(low apoplast pH and transmembrane electrical potential homeostasis), and (3) by favoring
uptake of free Fe2+ or Fe3+ complexes (e.g., Fe–phytosiderophores).
Taken together, these results strongly support the view that the PM H +-ATPase in root cells
plays a primary role in the interactions between roots and soil components, such as humic substances, which can be present at the rhizosphere.
b. Plant Growth Promoting Rhizobacteria
It has been shown that plant growth promoting rhizobacteria (PGPR, see Chapter 3) can affect root
development and nutrient acquisition by plants. The positive effect of PGPR on plant growth is
generally correlated to remarkable changes in root morphology and architecture [43]. It is assumed
that this developmental response is triggered by phytohormones (e.g., auxin) produced by the
bacteria. On the other hand, an increased uptake of different nutrients has been reported, which
could not be explained simply by the increased root surface [44]. In fact, inoculation of oilseed
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rape with an Achromobacter strain caused a more rapid development of the NO3− uptake capacity
and an increase in the net anion uptake [45]. In addition, the uptake of K+ and H+ efflux were also
stimulated by the treatment, suggesting that rhizobacteria can affect mineral nutrient acquisition
via a stimulation of the PM H +-ATPase.

III. ION CARRIERS
It is generally assumed that the transport of ions into cells is facilitated by carrier proteins in the
PM, which provide a gated hydrophilic channel through the hydrophobic lipid bilayer. These
membrane proteins can move solutes either up or down gradients at rates of 102 to 104 molecules
per second. Among the carrier proteins there are symporters, antiporters, and uniporters.
Symporters and antiporters can transport a substance against its electrochemical gradient by
contemporaneously transporting a second substance (usually, H+ in plants), the movement of which
occurs down the electrical or chemical gradient. Uniporters move substances down a concentration
gradient. Knowledge of the mechanisms involved in the movement of ions through the root cell
PM is essential to understand the complex phenomena that regulate the acquisition of nutrients
(and the tolerance to toxic elements) at the root–soil interface. These aspects are particularly
important to improve the use efficiency of the nutrient pool and the plant’s adaptability to adverse
conditions.

A. ANION CARRIERS
In the rhizosphere–root interaction, the activity of the transporters involved in the movement of
oxoanions (NO3−, Pi and SO42−) is particularly important. These proteins appear to belong to the
major facilitator superfamily (MFS); members of this family are single polypeptide secondary
carriers capable of transporting small solutes utilizing chemioosmotic ion gradients. MFS is a
divergent group of proteins that are typically 500 to 600 amino acids in length, and with a membrane
topology in which two sets of six transmembrane helices are connected by a cytosolic loop [46].
In addition, the presence, on the cytoplasm domains, of motifs that suggest the possibility of
posttranslational regulation via phosphorylation and dephosphorylation has been evidenced. In
recent years, numerous genes have been discovered that encode for oxoanion transporters in
different types of plants (e.g., in Arabidopsis: 11 for NO3− [47], 14 for SO42− [48], and 13 for Pi
[49]); however, of these, only a limited number is believed to be responsible for the uptake of these
nutrients from the soil. The remainder probably encodes transporters that take part in internal
redistributions.
As regards NO3−, which is the most important source of mineral N for plants growing in
agricultural aerated soils, it has been found that plants acquire it from the soil via the combined
activity of low- and high-affinity systems encoded by different genes (NRT1 and NRT2, respectively), whose products act as nH+/anion cotransporters. The Km values estimated for the high
affinity NO3− transport are in the range 7 to 110 µM, whereas those for low-affinity transport system
are in the range 170 to 25000 µM. So far, seven members of the subfamily NRT2 (belonging to
the NNP family, NO3−-NO2− porters) have been found in Arabidopsis. For two of these (AtNRT2.1
and AtNRT2.2), which are mainly expressed in roots and are induced by root contact with NO3−
(IHATS, inducible high affinity transport system), a close correlation has been observed between
the levels of gene expression and influx of ions in conditions of low external concentration [50].
The fact that the products of these two genes play a fundamental role in the acquisition of NO3−
at the soil–root interface is demonstrated in experiments with T-DNA Arabidopsis mutants disrupted
in the AtNRT2.1 and AtNRT2.2 genes, which exhibited severe, specific impairments in their IHATS
function [51,52]. High-affinity constitutive transporters (CHATS, possibly AtNRT2.4, AtNRT2.5,
AtNRT2.6) operating at low capacity facilitate the entry of NO3− into roots allowing for the induction
of high-affinity and high-capacity transporters (IHATS). Recently [53], it has been shown that the
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functional activity of a barley NO3− transporter (HvNRT2.1) in oocytes required the presence of a
much smaller protein with only one transmembrane domain encoded by the gene HvNAR2.3.
Confirmation of the role of the NAR-like genes has been obtained using two T-DNA Arabidopsis
mutants disrupted in the NAR (renamed by the authors AtNRT3.1) promoter and encoding regions,
respectively [54]. In wild-type plants exposed to NO3−, the transcript levels of AtNRT3.1 followed
an expression pattern (upregulation followed by downregulation) similar to that of AtNRT2.1,
whereas in AtNRT3.1 mutants the expression actually declined. In both mutants, high-affinity NO3−
influx was reduced by more than 90%. Although the mechanisms that render the coexpression of
the two genes indispensable for the transport of NO3− are still unclear, these results have important
implications for the genetic manipulation of membrane transport processes aimed at improving
NO3− uptake. It should be remembered, for example, that the overexpression of a IHATS transporter
in tobacco (NpNRT2.1) failed to yield any increase in NO3− uptake [55]. These results could depend
on the missing coexpression of a NAR-like partner gene, but it is also possible that posttranscriptional regulations intervene to modulate anion uptake. By transcript analysis and using inhibitors
of the reductive assimilation pathway while measuring NO3− flux, possible posttranscriptional
regulation mechanisms of the proteins involved in anion transport were identified [56]. It is
interesting to note that in the structure of the transporters belonging to subfamily NRT2, there are
a number of conserved protein kinase C recognition motifs [57]. The existence of these motifs
could indicate that phosphorylation and dephosphorylation reactions play a part in the regulation
of the activity of the NRT2.
Recently, it has been suggested that NRT2.1 could play a role not only in mediating highaffinity NO3− uptake but also in modulating changes in root structure [58]. In particular, NRT2.1
could be a key factor in coordinating root development both indirectly, through its role as a major
NO3− uptake system that determines the nitrogen uptake-dependent responses of the root architecture, and directly through a specific action on the initiation of lateral roots under nitrogen-limited
conditions [59].
The transport of NO3− into plant cells from a solution containing a high concentration of the
anion (≥ 1 mM) is usually attributed to low-affinity transporters (LATS) belonging to the subfamily
NRT1. In turn, the NRT1 belong to the family of POT or PTR (polypeptide transporters) that is
widely distributed in both prokaryotes and eukaryotes, most members of which function as H+/oligopeptide cotransporters in the plasma membrane [60]. In Arabidopsis, four NRT1 genes have been
identified among which NRT1.1 and, to a lesser extent, NRT1.2, are expressed depending on NO3−
concentration. The LATS function of NRT1.1 was revealed in heterologous expression investigations in oocytes, which showed that the products of these genes cotransport H+ and NO3− with a
Km between 4 and 8.5 mM [61,62].
AtNRT1-deletion mutants revealed that NRT1.1 could also play a role in the high-affinity NO3−
uptake in plants previously grown at elevated NH4+ concentrations [63]. This result suggests that
NRT1.1 might operate as a dual affinity NO3− transporter. The switch between the two modes of
action is regulated by phosphorylation at the threonine residue 101; when phosphorylated, NRT1.1
functions as a high-affinity NO3− transporter, whereas when dephosphorylated, it operates as a lowaffinity NO3− transporter [64].
Another interesting property of the Arabidopsis NRT1.1 is its ability to be induced, in the
absence of external NO3−, by a rapid decrease in the external pH [65], a condition that is often
found in the apoplast of root cells because of the activity of nutrient uptake and the release of
exudates from the roots.
As reported earlier, genes of the POT family appear to mediate the H+-coupled transport of
NO3−, amino acids, and oligopeptides. For example, in Brassica napus, the BnNRT1.2 gene product
can transport L-hystidine as well as NO3−. Interestingly, the optimum pH for the two substrates is
quite different: hystidine transport is favored at an alkaline pH and NO3− transport at an acidic one.
The ecological significance of this double function is still unclear, though it should be remembered
that amino acids can be present at the rhizosphere as a result of microbial and root activity.
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To understand the role of the NRT1 and NRT2 gene products in the root–soil interaction that
takes place at the rhizosphere, it is essential to define the spatial and developmental regulation of
the transporters. Consistent with their postulated role in high-affinity NO3− uptake, evidence indicates that NRT2 genes are generally expressed more strongly in roots than in aerial tissues [66,67].
Moreover, AtNRT2.1 has been shown to be expressed in epidermal cells of older tissues and in root
hairs, but in very low amounts at the root tip [50,68]. In contrast, AtNRT1.1 appears to be primarily
expressed in the epidermal cells closer to the root tip. In older roots, the gene is expressed in cells
deeper in the cortex, including the endodermis. The constitutive AtNRT1.2 gene was primarily
expressed in root hairs and the epidermis in both young (tips) and mature regions of roots.
Considering the concentrations of NO3− normally encountered in cultivated soil (see Table 6.1),
the question arises concerning the relative importance of low- and high-affinity transport systems.
On the basis of models of the movement of NO3− in the soil solution, it was calculated that a
concentration equal to 300 to 400 µM of this nutrient in the external solution is sufficient to maintain
the high-affinity uptake system saturated [69]. Besides, at a concentration of NO3− in the soil solution
in the millimolar range, we could assume that downregulation of HATS due to the effect of
glutamine accumulated in the tissue should occur [56]; this would imply that under these conditions,
the contribution of this transport system to NO3− nutrition is quite limited. On the other hand, it is
well-known that cereals and other crops respond to applications of N fertilizers far beyond those
needed to produce very high NO3− concentrations in the soil solution. Furthermore, although NO3−
is the predominant form of N in well-aerated and pH-balanced soils, NH4+ is also present and can
inhibit NO3− uptake by roots both directly [70] and through the action of its assimilation product,
glutamine, on transporter gene expression [56]. Given the spatial and temporal distribution of
AtNRT2.1 and AtNRT1.1 genes, it has been hypothesized that young roots may derive most of their
absorbed NO3− via low-affinity transporters. This activity could reduce the amount of NO3− present
around the older parts of the roots, thus allowing the expression of the IHATS genes which provide
for the acquisition of the remaining NO3− [71].
However, it must be remembered that the concentrations of NO3− are extremely variable depending on environmental (rainfall, temperature) and human factors (fertilizing and irrigation) and
subject to the equilibrium that is established between the different forms of nitrogen in the soil, as
the distribution is not uniform [72]. In addition, it must be remembered that other biotic factors
present in the rhizosphere, such as PGPR, can alter NO3− acquisition, root development, and the
expression of the NO3− transporters [73].
Recent observations [Giorgio et al., unpublished] seem to indicate that the expression of the
genes involved in the induction of NO3− uptake [13] is influenced by the contemporaneous presence
of SO42−, because induction is limited when the external solution is S-depleted. The rate at which
the phenomenon occurs confirms the idea that the uptake of the two anions is coregulated.
A further complication emerges from recent studies that show that organic nitrogen compounds
(amino acids) present at the rhizosphere can be taken up by the roots and thus contribute to the
nitrogen nutrition of the plant [74,75] (see also Chapter 4).
Sulfur is present in the soil solution mainly as SO42−, and in this form, it is preferentially taken
up by the plants [76]. Physiological studies have shown that its transport across the PM of root cells
is a process that requires energy in the form of H+, so a system of cotransport nH+/ SO42− [77] is
formed. Unlike NO3−, SO42− uptake rates increase under conditions of S deprivation; a process that
is then reverted by S supply [78]. In higher plants, there are numerous genes encoding for SO42−
transporters; 14 have been identified in Arabidopsis, and a similar number is probably present in
other species [48]. On the ground of their amino acid sequences, SO42− transporters in Arabidopsis
have been grouped into five subfamilies (from AtSULTR1 to AtSULTR5) with different catalytic
properties. The members of the AtSULTRI family encode for high-affinity transporters, among these
AtSULTR1.1 and AtSULTR1.2 are mainly localized in root epidermis cells and are thus believed to
be involved in SO42− uptake from the rhizosphere [79]. AtSULTR1.1 is strongly expressed under
conditions of S depletion, whereas the expression of AtSULTR1.2 only increases weakly when S is
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lacking; it seems plausible that AtSULTR1.2 is involved in constitutive uptake, whereas AtSULTR1.1
is responsible for absorption when sulfur is scarcely available. The high-affinity SO42− uptake system
is mainly regulated at a transcriptional level in response to the nutritional status of the plant: higher
rates are observed when the intracellular concentration of SO42−, cysteine, and glutathione decreases
[80]. When sulfur supply is adequate, cysteine and glutathione in particular would repress the genes
encoding for the transporters, whereas the accumulation of cysteine precursor, O-acetylserine, would
exert a positive regulation. However, it must be noted that the levels of gene expression and SO42−
uptake rates do not go hand in hand always [81,82]. Investigations on the structure of high-affinity
SO42− transporters have revealed the presence of a potentially phosphorylable serine residue in the
C-terminal domain, that could be involved in posttranscriptional regulation.
The kinetic characteristics of the high-affinity SO42− transport system observed both in vivo
(Km ≅ 10 mM) and in heterologous systems (Km ≅ 1.5 to 6.9 mM) [83] indicate that its activity is
compatible with a situation where sulfur availability at the rhizosphere is very low or when a great
demand for this nutrient, the movement of which in the soil solution mainly occurs by diffusion,
determines a drop in its concentration at the root surface (rhizoplane), to such a level as to require
the intervention of these mechanisms.
Phosphorus is taken up by plants in the orthophosphate (Pi) forms H2PO4− and HPO42−. At pH
levels ranging from 4.5 to 5.0, phosphorus is mainly taken up as H2PO4− [84]. In most soils, the
concentration of Pi in the solution is several orders of magnitude lower than that in plant tissues (see
Table 6.1). Accordingly, an energy-mediated cotransport process driven by a H+ gradient, generated
by the PM H+-ATPase has been proposed for Pi uptake in plants [85]. Like SO42−, the deprivation
of P determines the derepression of the genes encoding for high-affinity Pi transporters with a
consequent increase in the uptake rates of the anion. Biomolecular research has revealed that Pi
uptake from the soil is mediated by proteins encoded by genes belonging to the Pht1 family. To
date, nine genes encoding for high-affinity Pi transporters have been identified in Arabidopsis, and
a few less in other plant species such as tomato, potato, Medicago and white lupine [49]. All the
members of the plant Pht1 family exhibit high sequence similarity with each other and with fungal
Pi transporters. Detailed studies on the two tomato Pi transporter genes LePT1 and LePT2 [84] show
that LePT1 mRNA was detectable in both root and shoot tissues, whereas LePT2 mRNA was only
found in the roots. Cytolocalization investigations indicate a preferential expression of LePT1 in
rhizodermal cells, outer layers of the cortex, root cap and root hairs, and of LePT2 in root epidermal
cells. Experiments with cultured tobacco cells expressing the Arabidopsis PHT1 gene revealed a
Km value of 3.1 mM [86], which is in agreement with data obtained from physiological studies,
showing Km ranging from 2 to 10 mM [87]. Taken together, these data support a role for some
members of the Pht1 family in the acquisition of Pi from the soil. Transcript levels of LePT1 and
LePT2 increased upon Pi starvation and decreased after resupplying the anion. The use of LePT1specific antibodies revealed that changes in LePT1 transcript amounts, induced by fluctuations in Pi
availability, were accompanied by modifications in the levels of the transport protein present at the
plasma membrane of root cells. These data indicate a preferential transcriptional regulation of Pi
transporters. The presence in the sequence of the Pi transporter of potential phosphorylation or
glycosylation sites, suggests that posttranslational regulation may also occur.
An important factor modulating the expression of high-affinity Pi transporters appears to be
the availability of other nutrients at the rhizosphere. Low levels of SO42− or NO3− may limit the
derepression of Pi transporters, which occurs under conditions of Pi-starvation [88]. On the other
hand, Zn deficiency causes an overexpression of certain transporters of the Pht1 family, even if
external concentrations of the anion are not limiting, suggesting a specific role of Zn in the signal
transduction pathway that regulates the expression of these genes [89].
Most plant species can form symbiotic associations with mycorrhizal fungi and draw benefits
in terms of greater access to soil Pi (see Chapter 8). In mycorrhized plants, Pi is taken up by the
fungal hyphae from areas distant from the root surface and is then transferred to the roots. In two
mycorrhizal VA fungi (Glomus versiforme and Glomus intraradices), Pi transporters have been
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identified that have characteristics and functions similar to those of the high-affinity transporters
of the Pht1 family, present in plants [90,91]. The translocation of Pi inside the hyphae involves
processes of mass flow and cytoplasmic streaming. In the VA mycorrhizae, the Pi transported inside
the fungal hyphae must be released into the apoplastic space that separates the PM of the root cells
from the fungal membrane to be transferred into the root cells. This type of mycorrhizae are known
to form branched structures (arbuscules) inside the cortical cells. This phenomenon causes a
modification of the PM of the host cell with the formation of a symbiotic interface characterized
by a large surface area (periarbuscular membrane) separated from the wall of the fungus and its
membrane by a thin apoplastic space (interface matrix).
The molecular components involved in the release of the Pi from the hyphal interface matrix
have not yet been identified. On the other hand, uptake into the root cells via the periarbuscolar
membrane seems to involve a high-affinity Pi transporter having a similar sequence to that of plant
and fungal Pht1 transporters [92]. The functioning of the transporter depends on the availability of
H+-driving force supplied by the activity of an H+-ATPase localized on the membrane itself [93].

B. CATION CARRIERS
Despite the extensive amount of investigations carried out over the last decade and aimed at shedding
light on the molecular bases of K+ transport at the soil–root interface, it is still unclear what the
specific role, function, and importance of each carrier identified are [94]. The pioneering work of
Epstein et al. [95] helped establish that at external concentrations of K+ < 1 mM, the uptake of this
cation at the PM of root cells is mediated by a saturable, high-affinity transport system (Km ≅ 20
mM), whereas a second system operates at higher concentrations of K+. Detailed studies in Arabidopsis roots have shown that at low external concentrations of K+ (< 0.2 mM), to reach the very
high concentrations observed in the cytosol (≅ 150 mM), the uptake of the cation needs to be
energized presumably via a H+/K+ symport [96]; at higher external concentrations, K+ uptake seems
to be mediated by an inward K+-selective channel (see the following text). High-affinity transporters
that mediate K+ uptake have been cloned in barley and Arabidopsis and named HAK, KT, or KUP
[94]. These transporters possess 12 putative membrane-spanning regions and are members of a
large, conserved family of transporters that are highly K+-selective and probably function as H+coupled systems [97]. In barley, a transporter belonging to this family (HvHAK1) has been found
to be exclusively expressed in the roots, and its expression is induced by K+ deprivation [97]. This
result is in accordance with induction of a high-affinity K+ uptake observed in K+ -starved intact
plants. More recent studies reveal that in barley, the genes encoding for the HvHAK1A and
HvHAK1B transporters were strongly upregulated by K+ deprivation, whereas HvHAK2 and
HvHAK3 genes were only weakly influenced by K+ deprivation [98]. Moreover, in Arabidopsis
roots subjected to K+ deprivation, an upregulation of the AtHAK5 gene (homologue of HvHAK1)
takes place with a maximum expression in the epidermal tissues of the main and lateral roots and
the stele of the main root [99]. The use of T-DNA insertion mutants has helped establish the
principal role of this transporter in the high affinity K+ uptake system induced by the deprivation
of this nutrient in Arabidopsis roots. Thirteen genes belonging to the AtHAK/KT/KUPs family have
been identified in Arabidopsis, ten of which are expressed in root hairs while only five in the root
apex [100]; this suggests that the root hairs play an important role in the uptake of K+ from the
soil solution.
As for K+, two systems have been described for NH4+, one displaying high affinity (saturable
and with Km in the range 17 to 188 mM) and one having low affinity, and apparently not saturable
[101,102]. The activity of the latter is evident at NH4+ concentrations ≥ 1 mM and probably depends
on the activity of channels (see following text).
It has been estimated that at an external concentration ≤ 10 µM, to preserve a cytosol concentration of 1mM or more, a high-affinity transport system coupled with the availability of energy,
probably in the form of H+, is needed. Numerous high-affinity NH4+ transporters have been cloned
in different plant species [103]; these transporters, belonging to the AMT subfamily, have 11
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membrane-spanning regions with an extra cytosolic N-terminus and a cytosolic C-terminal domain
[104]. In Arabidopsis, six AMT genes have been identified, two of which (AMT1.1 and AMT1.3)
play a role in NH4+ uptake at root level. Only AMT1.1 is upregulated by nitrogen deprivation; both
transporters appear to be expressed in cortex and rhizodermal cells including root hairs under
conditions of nitrogen deficiency. Their contribution to NH4+ uptake by the roots has been estimated
to be about 30%, indicating the need to find a role for other transporters of this nutrient. An
unexpected characteristic of a root hair NH4+ transporter in tomato (LeAMT1.1) has emerged when
expressed in Xenopus [105] oocytes: this investigation revealed that NH4+ transport into the oocytes
was independent of the external concentration of H+, suggesting that the NH4+ uptake process
depends on the transmembrane electric potential and concentration gradient of the cation. These
results seem to suggest a uniport mechanism with a Km (10 mM) similar to that observed in intact
tomato roots, but this hypothesis does not agree with the data of numerous researchers concerning
the cytosol concentration of NH4+ [69].
Recently, a transporter has been found in the mychorrizal fungus Glomus intraradices
(GintAMT1) that could be involved in NH4+ uptake, when the external solution contains micromolar
concentrations of the cation [106].
Numerous transporters able to mediate the absorption of micronutrient cations from the soil
solution into the root cells have been found using different molecular methods [107]. Members of
the ZIP (zinc-regulated transporters, iron regulated transporter-like protein) gene family can transport a variety of bivalent cations. One of the best studied transport system is that of Fe; the
acquisition of this micronutrient depends on a series of coordinated systems that differ according
to the plant species considered (see Chapter 2) and are defined as strategy I (all plants except
grasses) and strategy II (grasses). In strategy I plants, Fe is mainly taken up from the soil solution
as Fe2+ by the IRT1 transporter [108]. This protein consists of eight membrane-spanning domains
and belongs to the ZIP family [109]; it has a Km of about 6 mM for Fe2+ and is also able to transport
Mn2+, Zn2+, Cd2+ and Co2+. The use of site-directed mutagenesis has revealed that the substrate
specificity of IRT1 is only defined by a few amino acid residues [110]. In Arabidopsis, transcript
and protein levels greatly increase in the roots of Fe-deficient plants; because the IRT1 gene is
exclusively expressed in the root epidermis and the protein appears to be localized at the PM, it
seems evident that IRT1 plays a fundamental role in the uptake of Fe2+ from the rhizosphere solution
[111]. The expression of the transporter goes hand in hand with that of the FRO2 gene that encodes
for the protein responsible for Fe3+ reduction and the consequent splitting of the FeIII-chelate bond
[112]. By means of split-root experiments it was possible to show that the expression of IRT1 and
FRO2 is controlled both at local level by the Fe pool present at the roots and at systemic level by
a still unknown signal from the shoot [113]. It has also been demonstrated that the activity IRT1
and that of FRO2 are subject to posttranscriptional regulation [114,115].
Hortologues of IRT1 have been identified in different plant species, such as pea [116] and
tomato [117]. In both tomato and Arabidopsis other IRT (IRT2) genes have been found that, though
not greatly upregulated by Fe deficiency, could carry out a role in the acquisition of Fe2+ from the
soil solution.
Members of the ZIP family are also involved in Zn2+ transport. In Arabidopsis, ZIP1 and ZIP3
genes are expressed in the roots in response to Zn2+ deficiency, indicating their role in the transport
of this micronutrient from the soil solution into the root cells [109].
Another class of transporters that could have a role in the uptake and homeostasis of various
divalent cations, including Fe2+, is the NRAMP (natural resistance-associated macrophage proteins)
family; their involvement in metal transport has been demonstrated in Arabidopsis [118]. However,
it remains to be clarified whether these transporters, which are generally scarcely specific for single
cations, are involved in uptake processes from the soil or only play a limited role in the distribution
within the plant of the cations they transport.
A particular case is that of Cu2+. Five transporters belonging to the Ctr family have recently
been identified in Arabidopsis and named COPT1-5 [119]. Ctr proteins contain three predicted
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membrane-spanning regions and a variable number of metal-binding motifs at their extracellular
N-terminal domain. COPT1 is expressed in the peripheral cells of a limited apical zone of the root
and a reduction in its expression causes a significant decrease in the rate of Cu2+ transport [120].
These two observations seem to confirm that COPT1 plays an important role in the uptake of Cu2+
from the soil.
Cationic micronutrients can also be taken up by the roots as complexes with low-molecularweight compounds. Plants (grasses) that use strategy II to acquire Fe are the best studied. In these
plants, the micronutrient is taken up from the soil solution as a ferric complex formed with
phytosiderophores (PS), low-molecular-weight compounds released in large amounts from the roots
when the availability of Fe is limited. PS, characterized by a high stability constant for Fe3+, can
solubilize the micronutrient and form complexes (FeIII–PS) with it, which are then taken up by a
transporter (YS1) present in the PM of the root cells (see Chapter 2). The ZmYS1 gene identified
using the yellow stripe 1 maize mutant [121] encodes for a protein of 682 amino acid residues
with 12 putative transmembrane domains and belongs to the OPT family of oligopeptide transporters
[122]. ZmYS1 is expressed both in the roots and the leaves and is overexpressed in both tissues
under conditions of Fe deficiency; this protein has a Km ≅ 10 mM and its activity seems to be
linked to membrane potential and H+ symport [123]. ZmYS1 is able to transport complexes between
PS and various metals, such as Fe3+, Zn2+, Cu2+, and Ni2+, as well nicotianamine (NA) complexed
with Ni2+, Fe2+, and Fe3+. This latter function seems to be linked to the transport of the metals
inside the plants rather than their acquisition from the rhizosphere solution. On the other hand, in
barley, a plant that is particularly efficient at acquiring Fe in calcareous soils, a transporter has
been identified, the expression of which depends on the scarcity of Fe. It is highly specific both
for the metal and the ligand and can thus only transport the FeIII–PS complex [124]. This transporter,
in contrast to ZmYS1, is exclusively expressed in roots.
Eighteen putative OsYSL (Oryza sativa YS1-like) genes have been identified in rice [125].
However, in this graminaceous plant that is cultivated in flooded soils with a high availability of
Fe2+, a homologue of the Arabidopsis IRT1 gene, OsIRT1 has been isolated [126], indicating how
the expression of the molecular components typical of a certain strategy for acquiring iron can also
be present in plants of a different strategy group, as an adaptive response to specific growth
conditions [127].
YS-like genes are also found in plants that use strategy I to acquire Fe [128]. These transporters
may play a role in preserving the homeostasis of Fe and other metals in the plant. A putative
transporter for oligopeptides (AtOPT3), with a sequence similar to ZmYS1 and AtYSL genes, has
been found to be strongly upregulated in the root tissues of Mn-deficient Arabidopsis plants [129].

IV. CHANNELS
Protein channels facilitate the diffusion of water and ions down energetically favorable gradients.
These proteins can open and close to form pores through which organic and inorganic ions and
water molecules can pass at very rapid rates: from 106 to 107 ion/molecule/second/channel.
As regards the root–soil relationship and nutrient acquisition, a fundamental part is played both
by the structures involved in cation (K+, NH4+, and Ca2+) transport and the efflux of anions (NO3−,
Cl−, and organic anions). Moreover, channels specialized in water transport (aquaporins) are fundamental, as well as similar structures ascribed to the transport of nutrients that are absorbed by
the roots mainly in undissociated forms (e.g., Si and B).

A. CATION CHANNELS
The uptake of K+ from the soil solution appears to be mediated, besides by carriers (see the preceding
text) also by channels, among which the main role is played by AKT1, a shaker-type channel found
in several species including Arabidopsis [130]. This type of channel is made up of four subunits
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arranged around a central pore. The hydrophobic domain of each subunit consists of six transmembrane segments, the fourth of which has a repeated series of basic residues that function as voltage
sensors. Within the structure there is a loop able to confer selectivity for K+ and a regulatory Cterminal cytosolic domain with the presumed linking site for cyclic nucleotides. AKT1 mediates
the flow of K+ into the root peripheral cells and appears to be activated by the hyperpolarization
of the transmembrane potential, a condition induced by limited K+ availability. This phenomenon
probably depends on the activation of the PM H+-ATPase, in turn determined by the acidification
of the cytoplasm, because of the lowered K+ concentration in the cytoplasm [131]. Though it is
generally recognized that the channels are responsible for the uptake of K+ from an external solution
with a high K+ concentration, it has been shown that AKT1 can mediate the transport of this cation
at an external concentration in the mM range if the transmembrane potential is sufficiently negative
[132]. It has been suggested that the activity of AKT1 could be regulated by a physical interaction
with the α subunit of AtKC1, another shaker-type of potassium channel expressed in the root hairs
and the endodermis [133]. AKT1 could also act as a low-affinity NH4+ transporter [69].
There is little information on the molecular nature of the proteins involved in the transport of
Ca2+ and Mg2+ from the rhizosphere solution. For both cations, genes have been identified that
could carry out this function. As regards Ca2+, for example, the Arabidopsis AtTPC1 gene appears
to encode for a channel that favors the influx of Ca2+ [134]; moreover, in this species, there is a
family of ten MRS2 (mitochondrial RNA splicing2)-like genes that could mediate the transport of
Mg2+ into the plant [135].

B. ANION CHANNELS
Numerous types of anion-transporting channels have been found at the plasma membrane of root
cells with different physical properties and presumably physiological functions. These can be
grouped into two categories depending on whether they transport inorganic or organic anions.
In regard to the influx of inorganic ions, channels have been identified that could mediate the
transport of NO3− and Cl− [136]. However, considering the differences in the concentration of the
two anions that are normally present in the soil solution and the cytosol, and the transmembrane
electric potential, their contribution to the uptake of these nutrients seems improbable. However in
saline soil, where there is an elevated influx of Na+, it is presumably accompanied by an influx of
Cl− so as to prevent an excessive depolarization of the membrane potential induced by the cation.
Channels for the efflux of inorganic anions have been identified and well characterized at the
plasma membrane of epidermis cells and root hairs of Arabidopsis [137]. These channels can transport
SO42−, Cl−, and NO3− from the cytoplasm into the apoplast of the root cells [138]. Their presence raises
the problem of the physiological significance that the efflux of anions could have on plant nutrition.
The best-studied case is that of NO3− and how its efflux can affect the use efficiency of this
nutrient. It has been suggested that the channels mediating NO3− transport could act as overspill
mechanisms when there is an unbalance between the uptake of the anion and the metabolic demand
for the nutrient [69].
The efflux mechanism, on the other hand, could be instrumental for controlling the accumulation, at cytoplasm level, of anions such as Cl− (e.g., under saline conditions) and SO42− (for which
there is a limited capacity for accumulation in root-cell vacuoles).
Anion channels in the root periphery could play an important role in resistance to excessive
concentrations of B at the rhizosphere [139], favoring the efflux of borate from the cytosol through
a channel localized in the PM of the root cells.

C. PORINLIKE CHANNELS
At the PM of root cells there are particular channels involved in water transport, called aquaporins
[140]. When open, aquaporins facilitate the passive movement of water molecules down a water
potential gradient. In Arabidopsis, thirty genes have been found that encode for aquaporin homologues.
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Some of these genes encode for highly abundant, constitutively expressed proteins and some are
known to be temporally and spatially regulated during plant development and in response to stress.
Some of the aquaporins that are regulated by a process of phosphorylation and dephosphorylation
appear to be involved in cytosol osmoregulation but also for the bulk flow of water in plants.
Channels similar to aquaporins can mediate the transmembrane transport of nutrients in the
form of undissociated acids, and this is the case of B and Si. The uptake of B as H3BO3 takes place
through PIP1, PIP1a, PIP2a, and PIP2b-type channels [141]. Recently a molecular mechanism (Ls1
gene) controlling Si accumulation has been identified in rice [142]. The Ls1 gene, belonging to the
aquaporin family, is constitutively expressed in roots and localized on the plasma membrane of the
exodermis and endodermis. When expressed in Xenopus oocytes Ls1 only transported Si, in the
form of monomeric H4SiO4.

D. ORGANIC ANION CHANNELS
The release of low-molecular-weight organic compounds from the roots can alter the chemical
characteristics (see Chapter 2) and microbial composition of the rhizosphere (see Chapter 3). This
phenomenon is particularly important in the case of nutritional deficiencies (Pi in particular) or in
the presence of toxic elements such as Al.
One of the mechanisms by which the plant can increase the availability of Pi at the rhizosphere
is the release of negatively-charged organic acids, such as citrate, malate, tartrate, and succinate.
This type of activity has been studied in Arabidopsis and L. albus using an electrophysiological
approach. In Arabidopsis, the transport of organic acids seems to be mediated by a Pi-regulated
root anion channel that is only activated by P-deficiency [137]. It has been hypothesized that the
activity of this channel could be regulated by a still unknown cytosolic factor. In the case of L.
albus, the channel, which has electrophysiological characteristics different from those found in
Arabidopsis, mediates the efflux of organic acids also in P-sufficient plants but its activity increases
significantly following P starvation [143].
Tolerance to high concentrations of Al3+ present at the rhizosphere is associated with the activity
of channels that are highly permeable to malate or citrate [144]. The activation of these channels
depends on the presence of extra cellular Al3+ and could involve a mechanism of phosphorylation.
Recently, in wheat, a gene (ALMT1) that encodes for a membrane protein constitutively expressed
in the root apex of a wheat line tolerant to Al3+ has been cloned [145]. The expression of ALMT1
in Xenopus oocytes and in cultured cells of rice and tobacco can determine an efflux of malate
activated by the presence of Al3+.

V. CONCLUDING REMARKS AND FUTURE PERSPECTIVES
The huge amount of information accumulated during the last decade, using a molecular approach,
has shown the existence of an abundance of genes that encode for primary and secondary transport
proteins. Presumably, these are responsible for the acquisition of nutrients, and their distribution within
the plant. Many of them are situated in the PM, but only for a few have a nutrient transport function
from the rhizosphere into the root cells been clearly assigned. This indicates that, at least in some
cases, each isoform has a specialized function, linked perhaps to the need to respond to specific signals
and situations that could occur in the distinctive, changeable environment at the rhizosphere. It is
evident that the activity of these proteins can respond to local or systemic signals and is subject to
different types of regulation, whether transcriptional or posttranscriptional. Concerning the latter, in
only a few cases has the mechanism involved been identified and there is very little information on
the modulating factors. The elucidation of these phenomena is the object of future research.
Some proteins can carry out secondary transport, with a varying affinity for the ion to be
transported, which could be explained by the need to adapt to rapid changes in ion concentration
of the soil solution.
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The principal way to understand the mechanisms of nutrient acquisition operating in the
root–soil system is to evaluate their activity and regulation under conditions as close as possible
to the true ones. Because of the inevitable simplification of experimental designs used up to now,
the results obtained do not always explain which could be the specific function, regulation, and
contribution of each transporter in relation to the concentration and distribution of the nutrients at
the rhizosphere. These aspects are also linked to the often unnatural way the plants have been
grown (e.g., the use of C sources, such as sucrose, which are themselves able to modulate transport
activities or concentrations of nutrients that are not usually encountered in nature) and the use of
model plants (e.g., Arabidopis), which do not always represent the features of crop species [94].
Other complications are the complexity of the ion composition in the rhizosphere solution and
the presence in this environment of organic molecules able to modulate the activity of the ion
transport mechanisms [34]. In regard to the former aspect, it now appears that there is a mutual
relationship between the phenomena induced by variations in single nutrients that suggest the
existence of one or more systems for the coordination and coregulation of the uptake of nutrients
that are essential for the plant [146]. It is reasonable to think that further advances in the understanding of nutrient transport from the rhizosphere will only be possible using a molecular approach
in soil-grown plants which takes into account the different factors that interact at the rhizosphere
and make it a unique environment.
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I. INTRODUCTION
Siderophores are iron chelating agents that are secreted by microorganisms and graminaceous plants
in response to iron deficiency. Given the essential requirement for iron by almost all living organisms, these compounds are important not only for iron nutrition but are also speculated to function
in the ecology of microorganisms in the plant rhizosphere [1]. Siderophores have been studied for
their importance in plant disease suppression by mediating nutritional competition for iron [2,3],
and they contribute directly to the rhizosphere competence of root-colonizing bacteria [4,5]. In
research on plant ecology, siderophores have been investigated in relation to calcicole and calcifuge
plant species and as one of the factors that may explain the distribution of various plant species in
different soils [6]. Still other research has focused on plant microbe systems for phytoremediation
of heavy metals, in which siderophores and phytosiderophores facilitate heavy metal uptake and
food chain transfer of metals [7–11].
Despite the wealth of information on siderophores, it is still debated as to how they function
in the plant rhizosphere and the degree to which they accumulate in soils. Much of this debate has
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been due to inadequate methodology for detecting siderophores at microsite locations in the
rhizosphere, and the lack of analytical methods for in situ study of the interaction of siderophores
and other iron-mobilizing substances. Using simplified systems in the laboratory, it is possible to
examine many different scenarios as to how siderophores might function. Yet, for the most part,
there is still almost no information on what siderophores actually occur in the rhizosphere, which
compounds are the predominant iron sources, and how this varies at different root locations. As
highlighted in this chapter, new molecular techniques for the fingerprinting of microbial communities and identification of the predominant microbial species in the rhizosphere will enable us to
better evaluate the role of siderophores in microbial ecology.
One ecological aspect that must be considered in research on microbial iron nutrition in the
rhizosphere is the influence of plant root growth on competition for iron. Because new elongating
plant roots have the first access to iron that is mobilized at the root tips, it is likely that the roots
take up much of the readily available iron at the same time that new microbial growth begins to
occur in the zone of elongation. Thus, plant iron demand combined with rhizodeposition of carbon
may be the driving force behind competition for iron during primary colonization of the plant roots
[1]. The degree to which root-colonizing microorganisms compete for iron depends on where they
are located in the rhizosphere, the pH and redox conditions, and the efficacy of plant iron stress
responses such as rhizosphere acidification, release of reductants, and secretion of iron mobilizing
root exudates that increase the bioavailability of iron.
A major focus of this chapter is the review of plant microbial interactions that regulate siderophore production and their role in mediating competition for iron in the plant rhizosphere. In
understanding the factors that control siderophore production, it is important to consider that ironmobilizing substances in the rhizosphere include not only siderophores, which are produced by
virtually all microorganisms, but also a milieu of other compounds that chelate iron. New research
on the interactions of siderophores and plant-produced organic acids shows that mixtures of these
substances may act synergistically to solubilize iron from iron hydroxides. Understanding how
siderophores function in microbial competition thus requires consideration of kinetic factors that
control the dissolution of iron from minerals, the mobilization of iron bound to organic substances,
and the exchange of iron between different siderophores. Other topics that are considered include
the way plants use microbial siderophores, the role of siderophores in rhizosphere competence of
plant growth, promoting and disease suppressive bacteria, and the relevance of siderophores to
nitrogen fixation.

II. SIDEROPHORES AND IRON OXIDE DISSOLUTION
Under aerated conditions at neutral to alkaline pH, soluble iron concentrations are limited at
extremely low levels by iron oxides, hydroxides, and oxohydroxides [12]. Their low solubility and
slow dissolution rates impose severe limitations on iron availability to plants and microorganisms.
The solubility of iron oxides is minimum in the near neutral pH range that occurs in calcareous
soils. Coincidentally, the rates of dissolution are also at a minimum in this pH range. A number of
strategies can be employed that increase iron solubility and accelerate the dissolution of the mineral
phases by specific mechanisms, which include lowering of the redox potential (reductive dissolution
mechanism), lowering of the pH (proton-promoted dissolution mechanism), or the exudation of
organic ligands (ligand-controlled dissolution mechanism). For example, elevated phytosiderophore
concentrations in the soil solution increase the solubility of iron [13], and phytosiderophores
adsorbed to iron oxide surfaces accelerate iron dissolution by a ligand-controlled dissolution
mechanism [11]. It is important to note that a high affinity of the ligand for iron complexation is
not necessarily paired with a strong accelerating effect on mineral dissolution rates and vice versa.
For example, the model bacterial siderophores desferrioxamine-B and desferrioxamine-D form
extremely stable iron complexes and have a strong effect on iron solubility, but their low propensity
for adsorption limits their effect on dissolution rates. In contrast, low-molecular-weight organic
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acids, such as oxalate, malonate, or fumarate, have a low affinity for iron compared to bacterial or
plant siderophores but can strongly accelerate dissolution. Consequently, synergistic effects on iron
oxide dissolution have been observed in mixtures of siderophores and low-molecular-weight organic
acids with complementary properties [11,14]. Some plant species are known to exude phytosiderophores in a diurnal pattern. The efficiency of this process is enhanced by the continuous kinetic
destabilization of iron at the mineral surface by low-molecular-weight organic acids and the rapid
release of the accumulated labile iron during the time of maximum phytosiderophore release [11].
Large differences exist between the solubility and dissolution rates of various iron oxide minerals
that coexist in soils in thermodynamic disequilibrium [15]. Modeling the dissolution of iron from
these minerals is difficult because solubility and dissolution rates depend on the size, specific surface
area, and crystallinity of the minerals, as well as the local chemical environment that affects the
weathering of the iron oxides [15,16]. Published solubility constants, rates, or rate coefficients have
been measured over a wide range of conditions in the laboratory but can diverge from field observations
by orders of magnitude [15]. In soils containing mixtures of iron oxides, it is likely that the least
stable minerals are the most important for plant nutrition [14]. Nonetheless, the plant iron stress
response is adaptive and permits use of the highly crystalline iron oxihydroxide goethite (α-FeOOH),
which has been shown to serve as iron source for barley in hydroponic culture [11].

III. IRON SPECIATION AND LIGAND EXCHANGE REACTIONS
IN SOLUTION
Due to low concentrations of hydrolysis species in equilibrium with iron oxides in the near neutral
pH range, the acquisition of iron from soluble organic complexes is an important iron acquisition
strategy. This includes iron bound to humic and fulvic substances, siderophores, or other lowmolecular-weight organic ligands contained in root or microbial exudates. Low-molecular-weight
root exudates include organic acids that are secreted by plant roots as a specific response to iron
deficiency [17], or that are released constitutively at low levels in root exudates and lysates [18].
Further adding to this complexity, humic and fulvic acids, as well as microbial produced chelators
contained in compost, can also serve as sources of mobilizable iron for uptake by plants and
microorganisms [19–21].
In the rhizosphere of graminaceous plants, the iron stress response manifests as an increase in
the production and release of organic acids after which the plant increases its production of highly
efficient chelators, phytosiderophores, that are co-exuded in localized zones behind the root tips
[22]. Comprehensive analysis of root exudate composition by 2H and 13C multidimensional nuclear
magnetic resonance (NMR) and by silylation gas chromatography-mass spectrometry (GC-MS)
has proven to be particularly useful for identifying the constituents of root exudates and how they
change in relation to iron deficiency [23]. As shown for barley that has been subjected to different
levels of iron stress, many organic and amino acids, as well as several derivatives of mugineic acid
phytosiderophores, can be identified; the major one being 3-epihydroxymugineic acid (Table 7.1).
Quantification of all major components during changes in the plant iron nutritional status revealed
a sevenfold increase in total exudation under moderate iron deficiency with 3-epihydroxymugineic
acid comprising approximately 22% of the exudate mixture during early stages of iron deficiency.
As iron deficiency increased, total quantities of exudate per gram of root remained unchanged, but
the relative quantity of carbon allocated to phytosiderophore increased to approximately 50% of
the total carbon released by the roots. The role of phytosiderophores in iron acquisition is unequivocal. However, considering that mixtures of organic ligands can have synergistic effects on iron
oxide dissolution rates as discussed earlier, the complex exudation pattern may have a distinct
function in the iron acquisition process as well.
Given the inherent complexity of root exudates and mixtures of other organic substances in the
rhizosphere, as well as theoretical consideration of all of the factors that govern production,
diffusion, degradation, chelation chemistry, and mineral surface chemistry of these compounds,
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TABLE 7.1
Effect of Iron Stress on Chemical Composition of Root
Exudates Collected from Barley Plants as Determined
by Combined NMR and GC–MS Analysis
pFea
Compound

16.5

17.0

17.5

18.0

Lactate
Alanine
Succinate
g-Aminobutyrate
Fumarate
Malate
Glycine betaine
Acetate
3-Epi-OH-MA

1.1
0.3
0.1
0.0
0.1
0.0
0.5
1.6
1.1

4.1
4.4
1.0
2.5
0.3
2.8
5.9
4.7
8.1

5.0
1.5
0.2
0.4
0.2
0.2
1.7
1.7
16.2

4.8
0.7
0.1
0.3
0.2
0.2
2.7
2.3
17.4

Total

5.0

37.0

29.0

32.0

a

Barley plants grown in chelators-buffered hydroponic solutions with free
activity of iron at given pFe values ranging from 16.5 (iron sufficient) to 18.0
(severe iron deficiency).

soil chemists have increasingly turned to computer models to describe the chemistry of the soil
solution. These include chemical equilibrium models that describe the solubility, adsorption, and
speciation of metal ions in the presence of calcium and other minerals at a given pH and redox
potential [24] and kinetic models that describe the rates of slow reactions including dissolution and
ligand exchange reactions [11], as well as conceptual and mathematical models of factors that
influence siderophore production and accumulation in the rhizosphere [1,25]. A current objective
is the validation of these models using data obtained from microsite analysis of the rhizosphere
soil solution or with gene reporter systems that are calibrated to measure the potential production
and accumulation of siderophores in the rhizosphere [26,27].
The distribution of soluble iron among hydrolysis species and organic complexes can be
predicted from chemical equilibrium equations using numerical models such as GEOCHEM [24],
as demonstrated in Figure 7.1. In general, these models are appealing and highly useful tools for
the designing of hydroponic media to examine iron stress responses and to measure uptake rates
by plants and microorganisms. However, the few empirical data that are available indicate that the
situation is much more complex in soils. In soils, differences in metal dissolution rates seldom
correspond to the stability constants of different chelators and complexing agents but are instead
controlled by the differing abilities of organic acids and chelators to attack mineral surfaces
[13,28,29] and by kinetic limitations of subsequent ligand or metal exchange reactions.
Models that can predict rates of exchange are critical for understanding competition for iron
based on preferential utilization of different siderophore types. The exchange of metals between
tetradentate carboxylate siderophores and phytosiderophores has been proposed as a mechanism
for plant use of microbial siderophores [29–31]. However, the exchange of iron between hexadentate
siderophores such as desferrioxamine-B and other ligands can be extremely slow [32]. The exchange
can be considerably accelerated by microbial degradation of bacterial siderophores [33]. Conversely,
it has also been shown that microbial siderophores may strip iron from phytosiderophores [34].
For this reason, there has been some debate as to how plants and microorganisms interact in their
mutual problem of acquiring iron, and the mechanisms that are used for iron acquisition from
different iron sources.
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FIGURE 7.1 Calculated iron speciation in equilibrium with soil iron oxide [139], and 1 µM dissolved
deoxymugineic acid as a function of pH. (Equilibrium constants from Martell et al., Coord. Chem. Rev., 133,
39, 1994; Murakami, T. et al., Chem. Lett., 12, 2137, 1989. With permission.) Arrows indicate the increase
in iron solubility due to the presence of the phytosiderophore.

The major driving factors for kinetically slow processes such as ligand exchange and dissolution
reactions are the disequilibria introduced by siderophore release and iron uptake. This process is
described in Figure 7.1. In the presence of deferrated siderophores, the solution concentrations of
the inorganic iron hydrolysis species are depleted to very low concentrations below equilibrium
levels maintained by the mineral phase. With strong chelators such as microbial siderophores, even
a small amount of excess demetallated chelate can suppress inorganic metal concentrations down
to levels of only a few atoms per liter [12,24]. Consequently, the mineral undergoes further dissolution
to reestablish equilibrium concentrations. In the meantime, the only available iron is that provided
by metal chelators and complexes. The maintenance of disequilibria is, therefore, critical to drive
processes that increase the bioavailability of iron.
Plant and microbial competition for iron involves complex interactions that are influenced by
a number of factors (Figure 7.2). These include differences in the level of siderophore production
by all of the competing microorganisms, the chemical stabilities of various siderophores and other
chelators with iron, their resistance to degradation, and the ability of different chelators to solubilize
iron by attack of mineral surfaces. Moreover, all of the different siderophores in the soil solution
may interact through ligand exchange. At the level of the individual microorganism, competition
is further mediated by the ability to use different siderophore types and the transport kinetics for
these compounds. To date, there has been very little research on the interactions of complex mixtures
of chelators. The best data so far are those generated with computer models for synthetic chelators
in simple systems with at the most two chelators in a chemically defined media at a specific pH.
To get around the problem of predicting dissolution and exchange rates, there is an increasing
emphasis on using empirical data based on soil extractions with different chelators. However, a
problem that has arisen in this methodology is the introduction of artifacts caused by using soil
slurries in shaking flasks as opposed to percolation of intact soil columns. The former technique
has been criticized for exposing new mineral surfaces by disruption of soil pore spaces [35]. Soil
pores, which contain most of the soil water, are exposed to continuous redox fluctuations as they
undergo wetting and drying, and are likely to have different mineral types, crystallinities, and
surface properties as compared to the internal matrix of soil peds that are exposed during slurry
extractions.
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FIGURE 7.2 Conceptual model showing competition for iron between two microorganisms producing different siderophore types. Much of the siderophore present in the soil solution during active growth is in the
deferrated form. The deferrated chelate mobilizes iron by two mechanisms: (1) sequestration of dissolved iron
present at very low concentrations that causes further dissolution of the solid phase, and (2) by direct attack
of mineral surfaces. Once in solution, the chelated iron can donate iron to other chelators by ligand exchange,
or by releasing inorganic iron into the solution in accordance with chemical equilibria-governing chelate
stability. Competition for iron is based on the quantity of chelator, its efficacy in mobilizing iron, stability
with iron under given pH, redox conditions, and its rate of degradation by other microbes that use the chelator
as a carbon source for growth. At the organism level, competition is further mediated by transport specificity
and the kinetics of iron uptake from different chelators.

Upon formation of a metal chelate or complex, the next rate-limiting step in delivering iron to
the cell is the diffusion of iron complexes through the soil in response to diffusion gradients. In
the vicinity of plant roots, metal chelates and complexes may also move by bulk flow in the
transpiration stream. However, depending on their charge characteristics and hydrophobicity, metal
chelators and complexes can become adsorbed to oxide minerals, clays, and organic matter that
may then decrease their mobility and bioavailability to plants and microorganisms [36–38]. This
can greatly complicate the estimation of siderophore and metal chelator quantities that are actually
functional in metal transport, especially if metal chelate concentrations are determined by soil
extraction.
Generally, concentrations of a chelator are estimated in relation to soil water content at an
appropriate value, e.g., 10% soil moisture, which may vary depending on the soil texture. Repeated
extractions of soil with water or buffered salt solutions or the use of large extraction solution
volumes can result in over estimation of effective concentrations for chelators that are normally
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sorbed to soils. Alternatively, concentrations of ionic, charged chelators, and metal complexes that
accumulate at soil microsites may be underestimated when they are diluted and become bound to
clay and organic matter during the extraction process. For example, when the model microbial
siderophore desferrioxamine-B is added to soil, on an average only 3% can be recovered even after
repeated extraction [39]. The recovery is dependent on the clay and organic matter content. This latter
problem may account for the difficulty in detecting siderophores in soil extracts, as well as the general
finding that microbial siderophore concentrations averaged over the entire rhizosphere are only present
in nanomolar concentrations [28,40]. These concentrations are orders of magnitude lower than would
be needed to be physiologically relevant for iron uptake by either plants or microorganisms.

IV. IRON UPTAKE MECHANISMS FROM SIDEROPHORES
AND PHYTOSIDEROPHORES
A. PLANT IRON UPTAKE MECHANISMS
Metal chelates and complexes deliver iron to cells by diffusion through plant and microbial cell
walls, where they are presented to highly selective metal ion or metal-chelate transport systems
that are deployed in the cell membranes of plants, bacteria, and fungi (see reviews, Reference 40
to Reference 45). Charge characteristics of the wall itself, along with the accumulation of various
ions and organic materials in the wall matrix, and the size of the molecule in relation to the wall
matrix — all can potentially influence the diffusion rates of metal chelators across the cell wall.
The operation of reductase enzymes present in cell walls can also strip iron from the chelate,
resulting in the precipitation of amorphous iron oxides or sorption of the metal ion to the wall
matrix [46]. In order to be taken up by the cells, these metal ions must then be remobilized or else
reside in the wall until they are released by decomposition by saprophytic microorganisms. This
metal deposition process may occur primarily with low stability metal complexes, but it also has
been shown to occur with synthetic chelates such as ethylenediaminetetraacetic acid (EDTA) and
phytosiderophores produced by grasses [47]. In this case, localized secretion of phytosiderophores
and microbial siderophores can remobilize precipitated iron. Other naturally occurring compounds,
such as humic and fulvic acid or heme compounds, can also function in iron nutrition by donating
iron to transport proteins or reductases at the cell surface. Recently, it has been shown that iron
containing low-molecular-weight humic molecules can be reduced by both intact roots and isolated
plasma membrane vesicles [19,48]. Iron reduction may occur by means of an nicotinamide adenine
dinucleotide (NADH) dependent, iron-stress-regulated reductase [49] that releases Fe2+ from Fe3+specific chelates and complexes and by biosynthetic reducing agents such as riboflavin [50] and
caffeic acid [51], which have been proposed to enhance mobilization of iron that has been precipitated in the cell wall.
In plants and microorganisms that are well adapted to iron-limiting growth conditions, the
responses to iron stress are quite diverse and are highly effective. Iron efficient dicotyledonous
plants, termed Strategy I [52], produce organic acids that are released into the soil in the vicinity
of the growing root tips to solubilize iron. They also increase their root surface area, numbers of
root tips, and increase the activity of a proton ATPase that acidifies the rhizosphere and helps to
increase iron solubility. Certain plants such as lupine release extremely large quantities of citrate
in response to phosphorus deficiency, but concurrently take up greater quantities of metals as a
result of this response [53]. As mentioned earlier, plants may also increase the activity of a plasma
membrane bound reductase in the rhizodermal cells that reduces chelated ferric iron to ferrous iron.
Under iron deficiency, the kinetics of metal transport by the carrier protein are altered to permit a
much higher Vmax, suggesting increased induction of carrier protein synthesis or an alteration in
the gate channel that regulates iron transport [54,55].
The use of microbial siderophores by dicotyledonous plants appears to involve uptake of the
entire metallated chelate [56–58] or an indirect process in which the siderophore undergoes
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degradation to release iron [31,59]. As demonstrated in initial studies examining this question, there
was concern that iron uptake from microbial siderophores may be an artifact in which radiolabeled
iron is accumulated by microorganisms [60]. Consequently, evidence for direct uptake of iron from
microbial siderophores has required the use of axenic plants. In experiments with cucumber, it was
shown that the microbial siderophore ferrioxamine-B could be used as an iron source at concentrations as low as 5 mM and that the siderophore itself entered the plant [58].
The role of membrane bound chelate reductases for iron uptake from microbial siderophores
has been examined for several plant species [49,61,62]. With certain microbial siderophores, such
as rhizoferrin and rhodotorulic acid, the reductase may easily cleave iron from the siderophore to
allow subsequent uptake by the ferrous iron transporter. However, with the hydroxamate siderophore, ferrioxamine-B, which is produced by actinomycetes and used by diverse bacteria and fungi,
it has been shown that the iron-stress-regulated reductase is not capable of cleaving iron at rates
that would be relevant for plant nutrition. This suggests that ferrioxamine-B may be utilized by
another mechanism involving uptake of the siderophore. In studies with sterile onion plants, the
rate of iron uptake and translocation by plants supplied with 55Fe-ferrioxamine-B was identical to
that for ferrated 14C-ferrioxamine-D that was shown to accumulate in low concentrations in the
root and shoot tissues [57]. In the case of coprogen, a fungal siderophore, the hydrolysis products
of the parent compound were shown to be an excellent source of iron for both strategy I and strategy
II plants [33]. The hydrolysis products, which are presumably the same as those generated during
decomposition by microbial hydrolases, were stable with iron but were much more easily reduced
by the strategy I chelate reductase; the chelated iron was more easily exchanged with phytosiderophores. This suggests that the decomposition and turnover of microbial siderophores in the rhizosphere could provide an important pool of bioavailable iron to generalists that lack specific transport
systems for iron.
In the case of graminaceous plants, phytosiderophores are secreted to mobilize iron and are
purportedly reabsorbed by means of a highly specific transport protein. These compounds are
secreted at the root tips in short pulses of 2 to 4 h duration, shortly after the onset of daylight with
both their synthesis and release being regulated by diurnal light and temperature rhythms [22,63].
Differences in phytosiderophore production have been correlated with iron efficiency [17,64], but
several other factors also have been shown to contribute to the relative iron efficiency of various
monocot grasses. These include variations in the minimum iron requirement of the plant tissues
for different species and cultivars, differences in the ability to respond by early and rapid production
of phytosiderophores prior to the onset of deficiency symptoms, and alterations in the relative
growth rate to prevent deficiency from becoming severe [65]. Alterations in root to shoot ratio and
increases in specific root length and numbers of root tips also occur during the onset of iron stress.
Iron uptake rates from synthetic chelators, microbial siderophores, and phytosiderophores may also
be enhanced to different degrees depending on the plant cultivar [40].
In addition to iron, phytosiderophores can also function for the uptake of zinc, copper, and
other trace metals that are fortuitously mobilized under iron deficiency conditions. Specific release
of phytosiderophores in response to zinc deficiency has been shown for certain wheat species and
wild grasses [66,67] but was not observed in barley [68]. In contrast to the iron stress response, in
which phytosiderophore release is correlated with iron efficiency, differences in zinc uptake efficiency among wheat cultivars do not consistently correspond to differences in phytosiderophore
release rates [66].
Nonetheless, both zinc and iron deficiencies have been shown to increase the uptake of copper
in wheat (Triticum aestivum) [69]. A comparison of two cultivars showed that cv. Aroona was
induced to take up copper by both zinc and iron deficiency, whereas a second cultivar, cv. Songlen,
accumulated greater amounts of copper only when induced by iron deficiency. These results suggest
that there is differential induction of phytosiderophore release in some cultivars in response to
different trace metal deficiencies and demonstrate that phytosiderophores can mobilize other trace
metals. In the case of copper, most of the metal was retained in the root system, suggesting that it

3855_C007.fm Page 181 Monday, April 9, 2007 4:06 PM

Function of Siderophores in the Plant Rhizosphere

181

was removed from the phytosiderophore and bound to another metal-binding substance, such as a
phytochelatin, in the cells. In addition to copper, zinc, and iron, iron deficiency can cause phytosiderophore-mediated uptake of cadmium by wheat and barley plants [70]. As in the case of copper,
the majority of cadmium is retained in the plant roots.
The mechanisms by which grasses utilize iron from rhizoferrin, ferrioxamine-B, EDTA, and
deoxymugineic acid have been studied for barley and corn plants grown in nutrient solution [29].
By supplying iron to the plants during the morning or evening, it was possible to examine the effect
of concurrent phytosiderophore release on iron uptake rates from the different iron sources. Uptake
and translocation rates from Fe chelates paralleled the diurnal rhythm of phytosiderophore release
except in corn, in which a similar uptake and translocation rates were observed both in the morning
and in the evening. Later, it was shown that for corn there was a constant rate of phytosiderophore
release during the 14-h light period rather than the normal diurnal pattern observed in other plants.
The results strongly suggested that iron supplied by rhizoferrin is taken up by Strategy II plants
by an indirect mechanism that involves ligand exchange between the ferrated microbial siderophore
and phytosiderophores. This hypothesis was further verified by in vitro ligand-exchange experiments
showing the exchange of iron between rhizoferrin and phytosiderophore.

B. MICROBIAL IRON UPTAKE MECHANISMS
In the rhizosphere, microorganisms either utilize organic acids or phytosiderophores to transport iron, or produce siderophores. There are a wide variety of siderophores in nature, and
some of them have now been identified and chemically purified [71]. Presently, three general
mechanisms are recognized for utilization of these compounds by microorganisms. These
include a shuttle mechanism in which chelators deliver iron to a reductase on the cell surface,
direct uptake of metallated siderophores with destructive hydrolysis of the chelator inside the
cell, and direct uptake followed by reductive removal of iron and resecretion of the chelator
(see review [72]).
Depending on the ability of specific transport systems to utilize the predominant metal chelates
present in the soil solution, competition may occur between plants and microorganisms, and between
different types of microorganisms for available iron. This has been particularly well studied for
Pseudomonas spp., which not only produce highly unique iron chelators that are utilized in a strainspecific manner but also retain the ability to use more generic siderophores produced by other
microorganisms [72,73]. In a pure culture iron-limiting media, pseudomonads can produce
extremely large quantities of siderophore that are inhibitory to iron uptake by other bacteria and
fungi, and which can also cause iron deprivation to plants [74,75].

V. PLANT MICROBIAL INTERACTIONS
Attempts to unravel complex interactions in iron competition or cooperation between microorganisms and plants have generally involved pure culture systems in agar or liquid media, or the use
of hydroponic culture systems with plants. These studies have revealed basic mechanisms by which
various plants and microorganisms respond to iron deficiency, and their ability to use different
metal chelators at defined concentrations. However, there has frequently been a tendency to extrapolate too far from these studies and overlook the differences that occur between soil and hydroponic
systems. Hydroponic studies on plant use of microbial siderophores and phytosiderophores immerse
the entire root system in uniform concentrations of the chelate. In actuality, phytosiderophores are
produced behind the root tips [76], where they accumulate to high concentrations in localized zones
of the rhizosphere [77]. Similarly, microbial siderophores, if produced in significant quantities in
rhizosphere, are most likely secreted at sites of high microbial activity behind the root apices and
at the sites of lateral root emergence [1,75].
One particular controversy derived from hydroponic studies was the observation that organic
acids and phytosiderophores are subject to rapid degradation [78] and that they would thus be
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ineffective for mobilizing iron in soils. This concern originated from hydroponic studies in which
siderophore degrading bacteria increased to such high population densities that phytosiderophores
could not even be collected from the culture medium or were rendered ineffective for mobilization
of iron from solid phase minerals [75,79]. It has since been shown that degradation is a localized
phenomenon in sites of high microbial activity that can be ameliorated by pulsed release of phytosiderophore at the root tips [1,80].
In a carefully conducted study that examined the effect of bacterial distribution in the rhizosphere on phytosiderophore degradation, maize plants were grown axenically or inoculated with
a mixture of microorganisms in a limestone substrate supplemented with iron oxide. Those that
were grown axenically developed well and released phytosiderophores; whereas, inoculated plants
showed severe symptoms of Fe deficiency, suggesting microbial degradation of phytosiderophores
in the apical root zones [81]. By manipulating the watering pattern with a wick system, the plants
were able to secrete enough phytosiderophore in localized zones to facilitate iron uptake. Similar
results were obtained in a silt loam soil, where short-term periodic flooding resulted in a uniform
distribution pattern of rhizosphere microorganisms and iron chlorosis. In contrast, nonflooded
plants had lower numbers of microorganisms in the apical root zones and were not affected by
iron chlorosis.
Differences in the utilization of microbial siderophores by dicotyledonous plants have been
correlated with the iron efficiency stress reaction [82]. In an experiment with iron efficient and
inefficient varieties of hydroponically grown carnation, the microbial siderophore, pseudobactin,
was shown to serve as an iron source for the more efficient cultivar but not for the inefficient
cultivar. Interestingly, the synthetic chelate Fe-EDDHA was equally well used by both cultivars,
suggesting a unique mechanism for use of the microbial siderophore that only occurred in the ironefficient cultivar. In later researches on monocots by these investigators, plant use of pseudobactin,
the synthetic chelator ethylenediaminedi (o-hydroxyphenylacetic acid) EDDHA, and phytosiderophore was compared using barley plants grown under axenic and nonsterile conditions [83]. Results
showed that phytosiderophore was the preferred iron source, but pseudobactin at 4 mM enhanced
iron uptake by barley under nonsterile conditions in which the phytosiderophore was subject to
rapid degradation. In comparison, research by other investigators examining short-term Fe uptake
from 59Fe-pyoverdine as compared with 59FeEDTA by cucumber and 59Fe-phytosiderophores by
maize showed that ferrated pyoverdine was a relatively poor Fe source for either maize or cucumber.
Iron uptake from pyoverdine by cucumber was 40 times slower than from EDTA. For maize plants,
iron uptake from pyoverdine was 665 times lower than phytosiderophores [75].

VI. SIDEROPHORE PRODUCTION IN THE RHIZOSPHERE
A. TYPES

OF

SIDEROPHORES PRODUCED

The production and accumulation of different types of siderophores in the rhizosphere is largely
unknown except for a few specific compounds that have been estimated using bioassays or antibiotic
detection procedures [84,85]. Using chemical detection procedures, only one study has reported the
direct extraction of siderophores in soil. This particular study examined schizokinen [86] that was
produced in flooded soil under rice culture. After extracting the compound from soil with water, the
siderophore was sorbed on to a cation exchange medium, purified, and analyzed by high performance
liquid chromatography. More commonly used methods for detection of siderophores have involved
bioassays. In general, these bioassays use siderophore auxotrophic strains, which require siderophores
in order to grow on agar media or to cause turbidity during growth, so that it can be used to estimate
siderophore concentrations in a variation of the most probable number assay. Arthrobacter flavescens
JG-9 has been one of the most widely used auxotrophic strains and is used to detect hydroxamatetype siderophores. Because Arthrobacter responds to a variety of hydroxamate siderophores, the
bioassay is usually calibrated to desferrioxamine-B, which is available commercially (Figure 7.3).
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FIGURE 7.3 Chemical structures of representative microbial siderophores, phytosiderophore, and organic
acid iron complexes produced by microorganisms and plants.

Another assay has used Escherichia coli mutants to detect hydroxamate and catecholate siderophores
[85]. Presently, several surveys have shown that hydroxamate siderophores commonly occur in soil
at nanomolar concentrations [85,87,88], which can be increased by amendment with various carbon
substrates used to simulate rhizosphere conditions at nutrient-rich sites [87].
In early studies on the rhizosphere, it was presumed that pseudomonads and various Grampositive or Gram-variable bacteria, such as Bacillus and Arthrobacter, were the predominant bacteria
that grew on plant roots. There has also been some investigation of siderophore production by
nitrogen-fixing bacteria, mycorrhizal fungi, and selected fungi such as rhizopus. However, to date,
most of our knowledge of rhizosphere communities and the siderophores that they produce has
been obtained in studies that focus on culturable microorganisms, particularly root colonizing
pseudomonads. Early work by Vancura [89] and Kleeberger et al. [90], suggested that pseudomonads
were the predominant bacteria in the rhizosphere, comprising over 50 to 70% of the culturable
bacterial species. Later, a comprehensive study of culturable bacteria associated with sugar beet
(Beta vulgaris) revealed 102 species from 40 genera, which were identified from among 556 isolates.
The ten most common genera were Bacillus (14%), Arthrobacter (12%), Pseudomonas (11%),
Aureobacterium (9%), Micrococcus (6%), Xanthomonas (5%), Alcaligenes (4%), Flavobacterium
(3%), Agrobacterium (3%), and Microbacterium (3%), all of which accounted for 70% of isolates.
Since then, some 775 genera of bacteria have been isolated from the environment and studies using
genetic methods suggest that there may be as many as 4000 species per gram of soil [89]. Culturable
microorganisms thus may represent only 1 to 5% of the total bacteria that occur in nature; more
than 60% of the bacterial species identified from a 16S rRNA gene library of rhizosphere and bulk
soils from the southwestern U.S. are completely unknown species [91]. Many of these bacteria
appeared to belong to a major bacterial lineage that has never been identified before, except for
one single cultured representative, and almost none of the bacteria that were isolated were from
genera that are typically isolated on agar media. Based on these data, it has become increasingly
apparent that we do not even know what siderophores to look for yet, much less how they function
in rhizosphere ecology and plant nutrition.
Siderophore production by rhizosphere bacteria that are culturable on agar media has been
estimated by plating out colonies on an indicator agar medium containing chrome azurol, a weak
iron-chelating complex that changes color upon deferration [92]. Among 240 isolates that were
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screened, 80% failed to grow on the assay medium, highlighting the problem of medium selectivity
in working with soil bacteria. Bacteria that grew on the assay medium produced siderophores in
vitro at concentrations ranging from 100 to 230 mM, a concentration range that would be effective
for providing plants with chelated iron in case they have a mechanism for use of the chelator. A
more fundamental question is whether these concentrations ever exist in the rhizosphere, or instead
are concentrations that might occur only temporarily at specific microsites of high microbial
activity or under carbon-rich conditions in iron-deficient media. Because most bacteria and fungi
have siderophore transport systems that are designed for much lower concentrations, which are
suppressed by iron-chelate concentrations above 5 to 10 mM, it is unlikely that ferrated siderophore
concentrations above these values would ever accumulate in the rhizosphere. Hence, if large
concentrations of siderophore are produced at microsites, it is likely that they would be in the
deferrated form.
The potential ability of pseudomonads to produce very high concentrations of siderophores at
localized sites of high microbial activity in the rhizosphere is particularly well shown by the use
of root fingerprints on iron limiting agar media. As shown in Figure 7.4 for barley roots pressed
onto an agar plate containing iron-deficient medium selective for Pseudomonas spp., culturable
cells of root colonizing pseudomonads are located primarily in the zone of elongation behind the
root tips. After growth of the bacteria on the agar plate, the siderophore produced by the rootassociated bacteria is visualized by exposure of the plate to ultraviolet light, which causes the ironchelating fluorescent siderophore to give off a green color that can be photographed. The green
halo associated with the pseudomonad colonies is highly localized at these same locations, i.e., at
the root tips and sites of lateral root emergence. These sites correspond to those that are visualized
with autophotography using a bioluminescent strain of pseudomonas (Figure 7.5A and 7.5B) and

FIGURE 7.4 Root fingerprints of Pseudomonas spp. associated with barley seedlings, showing the production
of siderophore by actively growing bacteria located in the zone of elongation behind the root tips. Roots were
pressed on to an iron-deficient minimal medium selective for pseudomonas. After growth of the colonies, the
production of siderophore was visualized by exposure of the agar plate to ultraviolet light, which causes the
siderophore to fluoresce.
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FIGURE 7.5 Sites of high microbial activity on plant roots as depicted by autophotography using a bioluminescent pseudomonad P. fluorescens 2-79RL that produces light during active growth. (A) Corn root system
inoculated with the lux-marked bacterium; (B) autophotograph generated by placing film over the root system,
which was then exposed to light produced by bioluminescent bacteria (autophotograph shows that microbial
activity is greatest in the zone of elongation at the root tips and at sites of lateral root emergence); and (C)
autoradiograph of a nonsterile, iron-stressed oat plant showing iron accumulation from 55Fe-siderophore
desferrioxamine-B. Dark areas caused by exposure of film to the radioactive iron are located in the zones of
elongation and at sites of lateral root emergence, corresponding to the areas of microbial growth in Figure 7.5B.

to those labeled and visualized with autoradiography following exposure of roots to radiolabelediron chelates (Figure 7.5C).
Iron uptake by bacteria at sites of lateral root emergence has been further confirmed by using
another technique employing 7-nitrobenz-2-oxa-1,3-diazole-desferrioxamine-B, which is a derivatized siderophore, that becomes fluorescent after it is deferrated [93]. In this case, iron uptake from
the siderophore ferroxamine-B was associated primarily with microbially colonized roots, but both
plant and iron uptake from this chelate occurred in the regions just behind the root tips.
Several studies have shown that ferrated-pyoverdine-type siderophores can be used as iron
sources for plants when added to soils [94,95]. This may involve decomposition of the siderophore
after addition to the soil. However, to date, almost all attempts to supply iron to plants by inoculation
of hydroponic solutions with siderophore-producing bacteria or by inoculating soils with
pseudomonads have been unsuccessful [61,81,96]. In experiments with cucumber, inoculation of a
hydroponic medium with P. putida or with soil microorganisms and amendment with autoclaved
soil as an iron source failed to provide iron for plant growth [75]. In other related work, the extent
to which plants benefit from root colonization by siderophore-producing bacteria was examined for
iron efficient and inefficient oat cultivars, inoculated with six strains of bacteria that produced high
concentrations of siderophores, and grown in a calcareous soil [91]. Three species of Pseudomonas
colonized the roots of both cultivars in numbers greater than 106 cells g−1 root, but they had no
significant effect on Fe acquisition by the plants. Instead, plants fertilized with 5 mM Fe were larger
and supported greater numbers of rhizosphere bacteria per gram of root than plants that were not
supplied with iron and inoculated with bacteria.

B. MICROSITE DIFFERENCES

IN

SIDEROPHORE PRODUCTION

Differences in siderophore production in the rhizosphere are likely to occur depending on the root
location, the plant growth stage, its mineral nutritional status, the presence or absence of mycorrhizae,
and on the soil’s chemical properties. Because siderophores are produced only in response to iron
stress, which is a function of the relative growth rate, it cannot be presumed that similar types of
siderophores will occur at specific root locations or that siderophores will occur in all root zones.
Microbial growth rates are controlled by carbon availability, which varies along the root axis, and
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it has long been established that there is a successional development of microbial communities as
roots elongate and mature [97,98]. New root tips that are elongating and which secrete root exudates
in the zone of elongation are sites of high microbial activity, and they are presumably colonized by
rapid growing, opportunistic microorganisms such as Pseudomonas spp. [99]. Older root zones, on
the other hand, are crowded environments that are relatively oligotrophic once the roots become
suberized. Nonelongating secondary root tips and the sites of lateral root emergence are still other
microsites that may be presumed to have unique microbial communities. Thus, it may not be possible
to make general conclusions regarding which siderophores are predominant in the rhizosphere, and
whether or not any particular siderophore type accumulates at a concentration that would be relevant
to plant nutrition when it is only produced at a microsite location. Similarly, siderophores may have
different functions depending on the root zone. For example, it can be speculated that pyoverdines
may contribute to rhizosphere competence of pseudomonads at the root tips, but they may be
irrelevant in the older, carbon-limited root zones where iron is either not limiting or is chelated with
various, more generic siderophores.
Recent studies have further examined the iron stress response of pseudomonads using an ironregulated, ice nucleation gene reporter (inaZ) for induction of the iron stress response [26,27,100].
This particular reporter system was developed by Loper and Lindow [101] for study of microbial
iron stress on plant surfaces but was later employed in soil assays. In initial studies, cells of P.
fluorescens and P. syringae that contained the pvd-inaZ fusion were shown to express iron-responsive,
ice nucleation activity in the bean rhizosphere and phyllosphere. Addition of iron to leaves or soil
reduced the apparent transcription of the pvd-inaZ reporter gene, as shown by a reduction in the
number of ice nuclei produced.
This reporter system has been used in a number of studies examining regulation of the iron
stress response in soils and in short-term experiments after inoculation of plant roots [26]. Ice
nucleation activity expressed by rhizosphere populations of P. fluorescens Pf-5 was at a maximum
within 12 to 24 h following inoculation of the bacterium onto bean roots and typically decreased
gradually during the following 4 d. The finding that iron stress decreased 1 to 2 d after the bacterium
was inoculated onto root surfaces, suggested that iron became more available to rhizosphere
populations of Pf-5, once they were established in the rhizosphere. This led to the speculation that
iron acquisition systems of plants and other rhizosphere organisms may provide available sources
of iron to established rhizosphere populations of P. fluorescens.
In related researches involving a longer term of study, the P. fluorescens Pf-5 strain was
inoculated into soil that was used to grow lupine (Lupinus albus) and barley (Hordeum vulgare L.)
over several weeks [27]. It was shown that iron stress was greatest in the zone behind the root tips
as compared to older root zones and in the bulk soil. Calibration of the ice nucleation reporter
activity to siderophore production in vitro allowed estimation of potential siderophore production
on a per cell basis in vivo. By using the regression between ice nucleation activity and pyoverdine
production, and assuming a P. fluorescens population density of 108 CFU g−1 root, the maximum
possible pyoverdine concentration was estimated to be 0.5 and 0.8 nmol g−1 root for lupine and
barley, respectively. The low-ice-nucleation activity measured in the rhizosphere suggested that
nutritional competition for iron in the rhizosphere may not be a major factor influencing root
colonization by P. fluorescens Pf-5 (pvd-inaZ). These data also suggest that concentrations of
siderophore in the rhizosphere would be too low for plant nutrition.
In another experiment with rice and barley, it was further shown that the iron stress response
of strain Pf-5 could be shut down by production of phytosiderophores after induction of the iron
stress response by plant roots [100]. When barley and rice seedlings were treated with foliar
applications of ferric citrate, the iron stress response of the plant was suppressed such that phytosiderophore production decreased and caused increased iron stress in the root-colonizing
pseudomonads. This study also tested the ability of this pseudomonad to use phytosiderophore and
ferric citrate as iron sources for growth in vitro, and showed that both were effective in supplying
iron and in suppressing expression of the iron-regulated, ice nucleation reporter.
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Altogether, these studies strongly suggest that siderophore production by root-colonizing microorganisms is only induced when it becomes necessary to supplement an inadequate level provided
by phytosiderophores and organic acids due to plant iron stress response. Thus, the plant iron stress
response may control iron availability to microorganisms in the rhizosphere with plant use of microbial
siderophores, causing some feedback to the plant that may partially mediate the plant response.

VII. EFFECT OF PLANT IRON STRESS ON MICROBIAL
COMMUNITY STRUCTURE
A. DENATURING GRADIENT GEL ELECTROPHORESIS FINGERPRINTING OF MICROBIAL COMMUNITIES
A now common genetic technique that has been developed for characterization and comparison of
microbial communities from different environmental samples is the use of denaturing gradient gel
electrophoresis (DGGE) [102]. Using the 16S rRNA gene database, portions of the 1500 base pair
sequence encoding 16S rRNA can be analyzed to provide identifications of bacteria [103]. DGGE
is considered to be a low-resolution method in that it provides a fingerprint, or DNA-banding pattern,
that can be used to compare the similarities of microbial communities. This is in contrast to highresolution methods in which the predominant bacterial species that are present are identified by
construction of a clone library that carries all of the sequences contained in the community. Individual
clones can then be analyzed to determine their 16S rRNA gene sequences and similarity to described
taxa of bacteria and archaea. High-resolution methods are still expensive to carry out for large
numbers of samples due to the cost of sequencing hundreds or thousands of clones from individual
samples. The advantage of DGGE is the relatively low cost and ability to compare community
structures of bacteria, including the noncultured bacteria that comprise the majority of most environmental samples. The end product of DGGE is a broad snapshot of the community structure that
is analogous to a bar code pattern in which each DNA band represents a different group or species
of bacteria. The predominant bands can also be used for identification and monitoring of specific
microbial populations in environmental samples [104–106].
To generate microbial community fingerprints, the total bacterial DNA is extracted from the
sample, after which all of the 16S rRNA gene sequences from the community are amplified
simultaneously using polymerase chain reaction (PCR). DGGE is then used to separate the
sequences based on differences in their guanosine cytosine (GC) content and thermal melting points
as the DNA migrates through the gradient gel. This results in discrete bands for each species, or
group of bacteria, having sequences with similar melting points. Once the DNA patterns are
generated, image analysis is used to compare fingerprints from samples that have been subjected
to different experimental treatments. Caution must be used in interpreting DGGE data because
bands having the same position can represent completely different species. Individual DNA bands
may also be comprised of sequences from many different unrelated species of bacteria. Thus
statistical analyses comparing similarity may be confounded by the low resolution. This can be
improved by using genus or phylum-specific primer sets. Nonetheless, DGGE should be used as
a preliminary screening method to determine possible community similarities or dissimilarities that
should then be evaluated using high-resolution methods by construction of 16S rRNA gene libraries
and sequencing. DGGE data are commonly used to estimate differences in species richness and
diversity for communities from different samples, but such data should again be interpreted with
caution since the method provides only very low resolution that may obscure true differences.

B. ANALYSIS OF FE STRESS EFFECTS ON MICROBIAL COMMUNITY STRUCTURES
IN THE RHIZOSPHERE OF BARLEY
In studies examining the effect of plant iron stress on microbial communities in the rhizosphere,
experiments were conducted with barley plants grown in replicate root box microcosms in an
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iron-limiting soil [107]. Half of the plants were treated with foliar-applied iron to alleviate plant
iron stress and shut down phytosiderophore production at the root tips. Previously, this treatment
had been shown to cause an increase in iron stress for cells of P. fluorescens located at the root
tips [100], due to increased reliance on endogenous siderophore production. To examine differences
in community composition at root microsites, 1-cm root segments were harvested from different
locations on Fe stressed and nonstressed plants and subjected to PCR-DGGE using universal primers
for bacteria. Comparison of the DGGE profiles for bacterial communities associated with similar
locations on replicate plants showed that the rhizosphere community associated with specific
locations was highly structured and reproducible for replicate root segments obtained from the
same plant or from replicate plants grown in different microcosms. Differences in microbial
communities associated with different root parts are shown in Figure 7.6 [107].
Statistical analysis of the microbial communities that were associated with the root tips of iron
stressed and nonstressed plants revealed the formation of distinct communities in response to plant
iron nutritional status. The appearance of a few predominant bands at the root tips is indicative of
rapid growth of a few bacterial groups during primary colonization. As the roots matured, the
number of bands and evenness (peak height) increased and reflected a crowded community with
few predominant species. The effect of plant iron status was observed primarily at the root tips
where phytosiderophores are released. Communities associated with the older root parts clustered
similarly, whereas sites of lateral root emergence and nongrowing root tips differentiated to a lesser
degree than the communities associated with the rapidly growing primary root tips. This type of
analysis clearly demonstrates the impact of plant iron nutritional status on rhizosphere microbial
community composition and how this varies for different root zones.

FIGURE 7.6 Genetic fingerprints of microbial communities associated with the roots of iron sufficient and
iron-stressed barley grown in an iron-limiting soil medium. Fingerprints were generated using PCR primers
for 16S rRNA genes, which were then separated on a polyacrylamide gel using denaturing gradient gel
electrophoresis (DGGE). Each band corresponds to an individual species or group of bacteria having similar
16S rRNA gene sequences. The advantage of this technique is that it provides a culture-independent method
for analyzing microbial community structure and species composition. (A) Root locations selected for microbial community analysis; (B) 16S rRNA gene band patterns generated by PCR-DGGE; and (C) line profiles
generated by image analysis of DNA banding patterns shown in Figure 7.6B. (From Yang, C.-H. and Crowley,
D.E., Appl. Environ. Microbiol., 66, 345, 2000. With permission.)
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VIII. FUNCTIONS OF SIDEROPHORES
IN RHIZOSPHERE COMPETENCE
One of the driving forces behind research on siderophores and their importance in rhizosphere
colonization has been the finding that various bacteria can have a wide range of effects on plant
growth. Certain bacteria, termed plant growth promoting, are thought to produce hormones, vitamins, and growth factors that enhance plant growth; whereas, other bacteria produce compounds
that are deleterious to plants. The ability to manipulate rhizosphere populations via inoculation
with siderophore-producing bacteria or by using soil amendments to alter iron availability has thus
been a matter of practical concern. In one such study, over 100 bacterial strains were tested for
their plant growth promoting and plant deleterious effects [108]. These strains belonged to the
genera azotobacter, azospirillum, bacillus, enterobacter, and pseudomonas and were all isolated
from the rhizosphere of various crops. In vitro inoculation of maize seedlings with these strains
resulted in a 50% decrease to a 70% increase in plant growth as compared to noninoculated controls.
Subsequent research has examined the relationship between siderophore production and competitive
fitness of these strains, but it was unable to demonstrate any relationship between the ability to use
pseudobactin type siderophores and rhizosphere competence. On the other hand, a contrasting study
by other researchers showed that a mutant of P. fluorescens that was selected for overproduction
of siderophore was shown to have an improved ability to control plant disease and to significantly
enhance plant growth as compared to the parent strain [109].
Genetic studies have shown that nucleotide sequence of the Pseudomonas sp. strain M114
PbuA gene, encoding the outer membrane receptor for ferric pseudobactin M114, displays characteristics in common with other outer membrane proteins [110]. This sequence also has strong
homology with the TonB boxes of both E. coli and pseudomonas receptors. More extensive
homologies were found with the PupA receptor of P. putida WCS358 and the FhuE and BtuB
receptors of E. coli. Based on these findings, it was suggested that a PbuA-like receptor may be
widely distributed among pseudomonas rhizosphere isolates. Those areas of the PbuA receptor
exhibiting the least homology between different pseudomonads may represent ferric siderophorespecific recognition sites for different types of pseudobactin.
The specificity of certain pseudomonads for strain-specific siderophores has been demonstrated
for P. putida WCS358, which can be recovered efficiently on a medium amended with 300 µM
pseudobactin 358 [111]. Low-population densities of indigenous pseudomonads (≤ 103 g−1 of soil
or root) recovered on the pseudobactin 358 revealed that natural occurrence of the pipA gene,
required for use of this siderophore, was limited to a very small number of indigenous Pseudomonas
spp. that are very closely related to P. putida WCS358. In a subsequent experiment [5], the potential
of different pseudomonas strains that are to utilize heterologous siderophores was compared with
their competitiveness in the rhizosphere of radish. Interactions were examined for microbial populations of P. putida WCS358 and P. fluorescens WCS374 and between strain WCS358 and eight
indigenous Pseudomonas strains capable of utilizing pseudobactin 358. During four successive
plant growth cycles of radish, strain WCS358 significantly reduced rhizosphere population densities
of the wild-type strain WCS374 by up to 30 times. In comparison, a derivative strain WCS374
(pMR), harboring the siderophore receptor PupA for ferric pseudobactin 358, was able to maintain
its population density. Whereas this suggests that the ability to use pseudobactin was directly
involved in rhizosphere competence, parallel studies on interactions between strain WCS358 and
the eight different indigenous Pseudomonas strains showed that population densities of these
bacteria were all reduced by up to 20-fold by strain WCS358, despite the ability to use pseudobactin
358. The authors concluded that siderophore-mediated competition for iron is a major determinant
in interactions between some strains of bacteria but that other traits also contribute to the rhizosphere
competence of fluorescent pseudomonads.
The ability of pyoverdine-type siderophores produced by pseudomonads to suppress the growth
of other bacterial genera is now being more closely scrutinized; in fact, these compounds have been
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shown in certain cases to actually promote the growth of different bacteria. In a study conducted
with mixed batch cultures, P. cepacia stimulated the growth of Bacillus polymyxa in low iron medium,
and this effect could be replicated in pure culture by addition of pyoverdine produced by either P.
fluorescens or P. cepacia [112]. In another study, two strains of Bradyrhizobium japonicum that
normally utilize ferric citrate and the hydroxamate siderophores, ferrichrome and rhodotorulic acid,
were also shown to use the pyoverdine-type siderophore pseudobactin St3 [113]. Crossfeeding of
bacteria with heterologous siderophore transport systems thus appears to be a somewhat common
mechanism for iron acquisition in many different bacterial species and can completely alter the
outcome of competition for iron.

IX. ROLE OF SIDEROPHORES IN BIOCONTROL OF PLANT
PATHOGENS
Unraveling the role of siderophores in disease suppression has been complicated and is one of the
best examples of the problems that may be encountered by extrapolating to broad conclusions from
simple experimental systems. Early research frequently employed screening assays using coculture
of pseudomonads and plant pathogens on agar plate media to demonstrate that siderophores may
be responsible for suppressing the growth of various fungal pathogens under iron-limiting conditions. More recently, it has been recognized that this is a narrow approach, and that these assays
may still have utility for ruling out whether or not siderophores have an effect on the pathogen
[114]. In these plate assays, the siderophore sequesters all of the available iron to the detriment of
the pathogen. Competition for iron is due to the superior ability of the Pseudomonas sp. siderophores
to chelate iron, which is based on their high stability constant for iron as compared to the siderophores produced by most fungal pathogens. Siderophores have also been added to soil in spent
media to achieve biological control and in some instances are as effective as adding the bacteria
themselves [3]. However, much larger quantities of siderophores are produced during growth in
nutrient-rich, iron-limiting media than are detected in soils, and the relative importance of siderophores in disease suppression in comparison to antibiotic production is controversial.
An increase in the number of siderophore-producing organisms in the rhizosphere is associated
with increased disease suppression and can be achieved by amending soils with compost [115].
However, it appears that although many disease-suppressive bacteria produce large quantities of
siderophores when screened in vitro, the function of siderophores in directly antagonizing pathogens
in the rhizosphere is questionable. Suppression of fungal pathogens in the rhizosphere by rootcolonizing pseudomonads involves several mechanisms that may operate individually or collectively
to antagonize the pathogen. These mechanisms involve nutritional competition, production of antibiotics [116], release of cyanide [117], and production of siderophores. Some pseudomonads also cause
disease suppression by causing a systemic resistance response that is induced by the host plant after
colonization by pseudomonads that produce pyoverdine and other salicylate-based siderophores [118].
One of the most powerful methods for studying the function of siderophores for biological
control of root-disease-causing microorganisms has involved the generation of mutant strains that
are defective in producing antibiotics or siderophores. The bacteria are then inoculated into soils
to assay their efficacy in disease suppression (see review [119]). Examples where siderophores
cause direct antagonistic effects on pathogens are rare and appear to operate in a strain-dependent
fashion in very specific disease interactions. For example, the sole mechanism involved in the
suppression of fusarium wilt of radish by pseudomonas strain WCS358 is siderophore-mediated
competition for iron, whereas strain WCS374 suppresses this disease by induction of systemic
resistance [120]. Other examples where siderophores have been shown to have no discernable
function in disease suppression include studies with Enterobacter cloacae CT-501, which suppresses pythium damping-off of cucumber and other plant hosts. This biocontrol bacterium
produces the hydroxamate siderophore aerobactin and a catechol siderophore tentatively identified
as enterobactin. After generating mutants defective in either aerobactin or enterobactin synthesis,
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or double mutants defective in both of these siderophores, it was shown that neither of these
siderophores contributed to the ability of E. cloacae to suppress pythium damping-off of cotton
or cucumber [121]. Similarly, the antagonism of five bacterial isolates, including Acinetobacter
sp., B. polymyxa, B. subtilis, P. cepacia, and P. putida, against the pathogens Sclerotinia sclerotiorum, S. minor, and Gaeumannomyces graminis was shown to be due to antibiotics rather than
siderophore production [122].
Interactions between the induction of systemic acquired resistance in plants and the involvement
of siderophores in direct antagonism of root pathogens have turned out to be subtle and difficult
to discriminate. In one such study [2], the influence of iron availability on induction of systemic
resistance in radish (Raphanus sativus L.) against fusarium wilt as mediated by P. fluorescens was
examined. In the actual experiment, the pathogen (Fusarium oxysporum sp. raphani) and a strain
of Pseudomonas, salicylic acid (SA), or a pseudobactin were applied at separate locations on the
plant root. Strain WCS374 and its pseudobactin-minus Tn5 mutant gave greater disease control in
the induced systemic resistance bioassay when iron availability in the radish nutrient solution was
low rather than when it was high. Mutants of P. fluorescens strains WCS374 and WCS417, lacking
the O-antigenic side chain of the lipopolysaccharide, induced resistance at low, but not at high,
iron concentrations. Interestingly, the purified pseudobactin of strain WCS374, but not the pseudobactins of strains WCS358 and WCS417, induced resistance to Fusarium. It was subsequently
shown by gas chromatography that strains WCS374 produced high concentrations of SA under
conditions of low iron availability and that SA also induced systemic resistance to root disease.
This led to the conclusion that SA produced by selected P. fluorescens strains, as well as pseudobactin produced by WCS374, may both be involved in causing induced systemic resistance.
Related research examining the effects of SA in causing induced systemic resistance under iron
limiting conditions suggests that SA itself is a siderophore as it chelates iron and is released in
response to iron stress [2]. The plant growth-promoting rhizobacterium Pseudomonas aeruginosa
7NSK2 produces three siderophores when it is iron limited. These include pyoverdine, the salicylate
derivative of pyoverdine, called pyochelin, and SA. The role of pyoverdine and pyochelin in the
suppression of Pythium splendens was investigated by using various siderophore-deficient mutants
derived from P. aeruginosa 7NSK2 in a bioassay with tomato (Lycopersicon esculentum). Production of either pyoverdine or pyochelin proved to be necessary to achieve wild-type levels of
protection against Pythium-induced damping-off. Because pyoverdin and pyochelin are both
siderophores, siderophore-mediated iron competition could explain the observed antagonism, but
the authors could not exclude the possibility that the siderophores acted in an indirect way.
The relative importance of antibiotic production vs. production of siderophores for disease
suppression has recently been studied by Mulya and coworkers [123]. In experiments with P.
fluorescens strain PfG32 isolated from the rhizosphere of the onion, it was shown that the bacterium
actively suppressed the occurrence of bacterial wilt disease of tomato and produced both antibiotics
and siderophore in pure culture. After isolating several mutants defective in antibiotic substances
or siderophore production, the suppression of bacterial wilt by the different strains was then
compared. Mutants that did not produce antibiotics but produced siderophores were less effective
for disease biocontrol than were strains that produced both substances, or that produced antibiotic
but no siderophores. This suggests that, for this particular bacterium, the antibiotic was more
important than the siderophore and that both substances contributed to the ability of the bacterium
to cause disease suppression.
Whether antibiotics or siderophores or both are involved in disease suppression, an obvious
role of siderophores is the enhanced competitiveness that may be associated with the ability to
produce and use siderophores for iron acquisition under iron-limiting, high-carbon conditions in
the rhizosphere. Generally, pseudomonad population densities of 105 CFU g−1 soil are associated
with disease suppressiveness. Disease suppression in soils providing natural biocontrol of take-all
decline of wheat is associated with high numbers of pseudomonads that produce the antibiotic 2,4diacetylphloroglucinol [124]. Below a cell density of 105 CFU g−1 soil, disease suppression rapidly
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declines; whereas, above this threshold density there appears to be no additional benefit for further
enhancing the disease suppressive effects. The importance of maintaining a critical threshold density
for suppression of Fusarium wilt of radish was also shown in soil inoculated with P. putida. In this
study, population densities of 105 CFU g−1 of root were required to provide biocontrol by either
strain WCS358 that produces siderophores, or strain WCS374 that causes systemic resistance.
Although it may be speculated that the ability to utilize additional siderophores may increase the
fitness and population density of pseudomonads used for biocontrol, it appears that crossfeeding
among pseudomonads does not necessarily result in enhanced numbers of pseudomonads in the
rhizosphere [4]. Transfer of a plasmid conferring the ability to utilize additional pseudobactins had
no effect on increasing the population size of pseudomonad inoculants in soil.

X. FUNCTION OF SIDEROPHORES IN NITROGEN FIXATION
Iron is required in large quantities for nitrogen-fixing bacteria, and the importance of siderophores
in the iron stress response of these microorganisms has been well established [125–127]. Iron is
an essential component of the nitrogenase enzyme complex and is required for respiration, oxygen
binding and delivery by leghemoglobin, and for synthesis of ferredoxin, which delivers electrons
to nitrogenase. Siderophores may also be important for temporary storage of iron in the peribacteroid
space of the symbiosome of rhizobia nodules [128]. Siderophores found in the peribacteroid space
are different for various species of Rhizobium. The prototypical siderophore produced by Rhizobium
is termed rhizobactin and is structurally characterized as a derivative of citrate in which the distal
carboxyl groups of the citrate molecule are joined by an amide bond with two side chains [129].
Other studies have revealed that not all Bradyrhizobium and Rhizobium strains produce siderophores, and that the types of siderophores produced include both hydroxamate and catecholate type
siderophores [130]. In screening assays of 31 strains, it was shown that siderophore production
was correlated with nitrogen-fixing efficiency. Other studies suggests that this may not always be
the case [131,132].
Differences in siderophore production have been observed for the free-living forms of the
bacterial symbionts [133]. However, it has not been determined whether the production of high
concentrations of siderophores corresponds with an increase in nitrogen fixation efficiency or
adaptation of Rhizobium strains to iron-limiting soils. In one study examining various siderophore
mutants of R. meliloti, it was shown that the high-affinity iron acquisition system expressed by the
free-living form of this bacterium is not essential for nitrogen fixation; although it can affect the
early events of nodulation [134]. In contrast, results of another study suggest that the ability to
produce siderophores is essential for nitrogen fixation to occur. In this particular case, mutants of
R. meliloti strain 1021 that were defective in rhizobactin synthesis produced nodules on alfalfa but
fixed insignificant amounts of dinitrogen [135]. Mutants of R. meliloti constitutive for rhizobactin
synthesis also produced nodules, but nitrogen fixation was low. These contrasting data suggest that
there is a need for siderophore production during symbiosis, but that the exact role of siderophores
in nodule formation is still unclear.
One explanation for the disagreement over the relative importance of siderophore production
by Rhizobium may be the plant–host related effects that influence iron availability to the symbiont,
and the ability of free-living rhizobium to obtain iron from sources other than its own siderophore.
Jadhav and Desai [136] showed that whereas cowpea Rhizobium GN1 (peanut isolate) produced
siderophore under iron-starved conditions, other nutritional and environmental factors also affected
siderophore production and iron assimilation by this microorganism. Maximum siderophore production was obtained with maltose and urea as carbon and nitrogen source, respectively. With
citrate as a sole source of carbon there was complete repression of siderophore production without
any effect on growth. The involvement of citrate in iron transport was confirmed by 55Fe-citrate
uptake studies. This suggests that plant species that produce large quantities of citrate in response
to iron stress may provide iron for rhizobium in the rhizosphere and during nodulation.
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Positive interactions between plant growth-promoting rhizobacteria and rhizobium have been
reported, but to date, there is little evidence that siderophores produced by pseudomonads are beneficial
for promoting nodulation and nitrogen fixation. In experiments examining the role of siderophore
production on nodulated clover plants, siderophore defective mutants were shown to stimulate growth
of nodulated clover plants similarly to the siderophore-producing parent strain [137].

XI. SUMMARY
The primary function of plant and microbial siderophores in the rhizosphere is iron acquisition
under iron-limiting conditions. Almost all microorganisms have been found to produce siderophores
and can potentially compete with each other for iron, depending on their ability to utilize different
siderophore types or based on the uptake kinetics of their siderophore transport systems. Similarly,
plants and microorganisms can compete for iron under certain conditions; although the extent to
which this influences plant ecology in nature can be questioned. Since the discovery of microbial
siderophores by Lankford in the 1950s and phytosiderophores by Takagi in the 1970s, there has
been extensive research on the characterization of siderophores, the proteins that function for the
uptake of iron, and the molecular regulation of high-affinity iron transport systems that synthesize
and transport these compounds. In comparison, much less is known about the function of siderophores in microbial ecology.
It is evident from studies on the rhizosphere that the plant iron stress response is the dominant
factor in determining whether microorganisms are subjected to iron stress and are thereby induced
to secrete siderophores. In response to iron deficiency, dicotyledonous plants release increased
quantities of organic acids, acidify the rhizosphere, and secrete reductants — all of which increase
iron availability to the plant and the root associated microflora. Grasses that produce phytosiderophores in response to iron deficiency also can increase iron availability to microorganisms that
utilize these iron-chelating substances. Many microorganisms have iron transport systems that
function with organic acids such as citrate, and both organic acids and phytosiderophores have
been shown to serve as effective iron sources for pseudomonads that colonize plant roots. For this
reason, it can be assumed that siderophores are produced by microorganisms only in quantities
necessary to augment iron that is not provided by the plant’s iron stress response.
Initial studies examining the function of siderophores in the rhizosphere have focused on
practical problems related to agricultural biotechnology. Early research suggested the involvement
of siderophores in plant disease suppression by certain root-colonizing pseudomonads. Since then,
it has become apparent that siderophore-mediated interactions are only one of several factors that
influence rhizosphere competence during the colonization of plant roots. Many factors influence
competition in soils, including the fitness of microorganisms in a given niche, the ability to use
different carbon substrates, and the growth strategy of microorganisms that are differentially adapted
to copiotrophic or oligotrophic growth conditions. Keeping in mind Liebig’s law of the minimum,
competition for iron will occur only when all other growth factors have been optimized. In the
rhizosphere, easily utilizable carbon substrates are provided as root exudates and lysates but are
localized in specific root zones that comprise a relatively small fraction of the total root surface
area. Production of siderophores is most likely to occur in spot locations during intense competition
for easily used carbon substrates. In the oligotrophic environment of the older root zones, which
comprises most of the rhizosphere, carbon is available only in the form of much more recalcitrant
substrates such as cellulose. On the older root parts, it is unlikely that competition for iron will
ever occur as sufficient iron may be provided by turnover of plant tissues, microbial cells, background siderophore concentrations, and organic matter iron complexes. The production and release
of siderophores is very expensive in terms of carbon allocation for cells. In constructing a carbon
budget for the oligotrophic zones of the rhizosphere, it should be evident that any microorganism
releasing large quantities of siderophore would be at a disadvantage and would simply be providing
a labile carbon substrate for other bacteria and fungi.
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The extent to which siderophores shape the ecology of the rhizosphere is an interesting question
that remains to be investigated. New tools in molecular ecology are now providing insight into
microbial community structure and species composition in different root zones. It has been shown
that the plant iron stress response can alter the structure of the microbial community at the root
tips but that there is little effect of plant iron nutritional status on the microbial community
composition of the older root zones. An interesting question that remains to be investigated is
whether competition for iron that occurs during primary colonization of plants also has an effect
on microbial community development in older root zones as these communities mature and undergo
succession into a crowded, oligotrophic community.
Plants, like microorganisms, appear to have the ability to use a variety of iron sources for iron
nutrition. Studies in hydroponic culture have suggested that siderophores can function similarly to
synthetic chelates in providing iron that is taken up by a variety of mechanisms. Depending on the
chelator, these uptake mechanisms can include reductive release of iron, degradative release of iron
during decomposition of labile siderophores, uptake of the intact iron chelate, and ligand exchange
with phytosiderophores and organic acids. However, the extent to which plants rely on microbial
siderophores for iron nutrition is questionable, because siderophores do not ever occur uniformly at
high concentrations throughout the rhizosphere, and when they do, they are primarily in the deferrated
form, which is inhibitory to plant iron uptake. Background levels of siderophores detected in soil
extracts are generally very low [88,138], being measured at nanomolar concentrations that may be of
some use for oligotrophic microorganisms but are too low to be of physiological relevance for plant
nutrition. Depending on their charge characteristics, siderophores can also be strongly adsorbed to clay
and organic matter, and at low concentrations may not diffuse readily through the soil matrix [39,87].
The importance of siderophore production in rhizosphere competence of bacteria and fungi
very likely will depend on the growth strategy of the microorganism. Most studies on rhizosphere
microorganisms have focused on pseudomonads, which are generally characterized as opportunistic
bacteria that grow rapidly on root exudates, and thus are primary colonizers of new root tissues.
Certainly siderophores play a role in rhizosphere competence of these bacteria, but as much of the
root system is relatively oligotrophic, it would not be surprising to find that the predominant
microorganisms that occupy most of the root surface are little influenced by siderophores. Nonetheless, the fact that most culturable bacteria and fungi maintain high-affinity iron transport systems
suggests that there is selection pressure for maintenance of these systems for occasional growth
under conditions that require the synthesis of siderophores for iron acquisition.
Given the complexity of modeling soil solutions and in predicting the chemistry of siderophores
in complex mixtures with different solid phase minerals and constantly fluctuating ionic strength
and redox conditions, it is a considerable challenge to unravel how siderophores mediate competition for iron in the rhizosphere. An immediate need for scientists studying the plant rhizosphere
will be to develop conceptual understanding of how siderophores can potentially function in
different root zones and under different soil conditions. One of the most important avenues of
research for future studies on siderophores will be the investigation of how these compounds
influence heavy metal transport and bioavailability in soils, and the possible role of siderophores
in groundwater contamination and food chain transfer. Understanding of these siderophores and
their transport systems may also have application in the development of plant microbial systems
for phytoremediation, and the use of siderophores as iron fertilizers.
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I. INTRODUCTION
The rhizosphere is a dynamic environment in which bacteria, viruses, fungi, and microfauna,
including arthropods and nematodes, develop, interact with each other, and take advantage of the
organic matter released by the root [1]. A substantial consequence of this richness, in comparison
with the bulk soil, is an intense microbial activity with feedback effects on root development and
the growth of the whole plant. The diversity of microorganisms resident in the rhizosphere and the
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complexity of interactions occurring among them and with the plant have been the subject of several
studies that are summarized in some recent reviews [2–5].
Mycorrhizal symbiosis, a mutualistic plant–fungus association, is an essential feature of the
biology and ecology of most terrestrial plants; thanks to nutrient exchanges, the plant receives
mineral nutrients and improves its vegetative growth, whereas the fungus obtains carbohydrates
and accomplishes its life cycle [6]. The concept that many events essential for a successful infection
occur in the rhizosphere is a more recent acquisition [1], and detailed investigations of the occurrence and role of mycorrhizal fungi in the rhizosphere began more recently [5]. Leake et al. [7]
stated that the extraradical mycelia of mycorrhizal fungi represent a network of power and influence,
because they control biogeochemical cycling, plant community composition, and agroecosystem
functioning. Mycorrhizal fungi reside in the rhizosphere as spores, hyphae, and propagules, and
occupy the rhizoplane (the root surface) during their interaction with the root [8]. The more specific
terms, mycorrhizosphere and mycorrhizoplane — that is, the surroundings and the surface of
mycorrhizal roots [9] — are accompanied by the hyphosphere, namely the region not directly
influenced by the root where mycorrhizal hyphae and soil particles interact. As significant components of the rhizosphere populations, mycorrhizal fungi interact with other microorganisms producing beneficial effects on plant nutrition and health, and on soil stability.
Mycorrhizal research is currently part of mainstream biology, thanks to DNA technologies and
genomics, which provide us with new tools to discover symbiont diversity and to reveal the
contribution of symbiotic partners to ecosystem functioning. Another leading concept developed
during this last decade and pertinent to the rhizosphere is the evolutionary and molecular similarities
existing between the legumes/rhizobia symbiosis and the symbiosis of legumes with a specific
group of mycorrhizal fungi, the arbuscular mycorrhizal (AM) fungi. As a consequence, the recent
years have witnessed an extensive blooming of literature on the molecular, cellular, and physiological aspects of plant–fungus communication in mycorrhizal roots in general, [10–13] and, more
specifically, in arbuscular mycorrhizas [14–18].
This chapter offers a synoptic overview of the literature on the interactions between mycorrhizal
fungi and their rhizospheric environment. Here, we first discuss recent advances in molecular tools
used to estimate the diversity of mycorrhizal species. We then describe the roles of mycorrhizal
fungi in the establishment of a bridge between the soil and the root, their crucial role in the
acquisition and assimilation of nutrients and water, metal detoxification, stabilization of the soil,
and colonization of neighboring plant roots. Finally, the major insights derived from cellular,
biochemical, and molecular studies of mycorrhiza development at the soil–root interface will be
summarized and the gaps in our current knowledge will be highlighted.

II. MYCORRHIZAL FUNGI ARE GENETICALLY DIVERSE
Mycorrhizal fungi are major components of the microbial soil community, mediating soil-to-plant
transfer of nutrients. They are a heterogeneous group of soil fungi, which colonize the roots of
about 240,000 plant species in nearly all terrestrial ecosystems. Despite their impressive genetic
diversity, all mycorrhizal fungi complete their life cycle in close association with the roots through
the establishment of a symbiosis. The taxonomic position of the plant and fungal partners defines
the type of mycorrhiza [19], each association being distinguished by specific anatomical and
physiological features (Table 8.1). They are divided into two main categories: endomycorrhiza
(arbuscular, ericoid, and orchid mycorrhiza) and ectomycorrhiza. Because mycorrhizal plants occur
in a wide range of habitats and soil conditions, a high degree of diversity should be expected in
the genetic and physiological abilities of the fungal endophytes [1]. In addition to the Glomeromycota, the new taxon proposed to classify AM fungi [20], thousands of Asco- and Basidiomycotina
species have been recorded as being mycorrhizal. Determination of their inter- and intraspecific
genetic diversity has now been made possible by the extensive use of molecular techniques.
Molecular techniques developed for these symbiotic species provide new tools for answering a
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TABLE 8.1
Characteristics of Mycorrhizae Symbiont Range
Mycorrhizae

Host Plants

Fungal Symbionts

Fungal Structures

Ectomycorrhizas

Many trees and shrubs, especially
of temperate regions

Bundles, fungal
mantle, Hartig net

Arbuscular
mycorrhizas

Many plant species, including
representatives of bryophytes,
gymnosperms, and many
angiosperms

Many fungi, including species
from 25 families of
Basidiomycotina, 7 families of
Ascomycotina, and 1 genus of
Zygomycotina (Endogone)
Glomeromycota

Orchid
mycorrhizas

All members of the Orchidaceae

Ericoid
mycorrhizas

Members of the Ericales with fine
hair roots, especially
Ericoideae, Vaccinoideae,
Rhododendroideae,
Epacridaceae, and Empetraceae
Members of the Ericales with
sturdier roots including Arbutus,
Arctostaphylos, and Pyrolaceae
Achlorophyllous members of
Ericales such as Monotropa,
Sarcodes, Plerospora

Arbutoid
mycorrhizas
Monotropoid
mycorrhizas

Many isolates from sterile
mycelia referable to form genus
Rhizoctonia, induced to form
sexual stages, referable to about
8 genera of Basidiomycotina
including some pathogens
Hymenoscyphus isolates,
Oidiodendrum griseum sterile
isolate

Ectomycorrhizal fungi on other
types of plants
Ectomycorrhizal fungi on other
types of plants

Appressoria, interand intracellular
hyphae, coils,
arbuscules,
vesicles, spores
Coils

Coils

Fungal mantle,
Hartig net, and
coils
Fungal mantle,
penetration peg

range of questions, from their spatiotemporal dynamics in ecosystems to the mechanisms of
phenotypic plasticity.
In most ecosystems, roots are exposed to several mycorrhizal fungal species, each represented
by a large population whose individuals almost invariably display some genetic diversity [21]. This
diversity has significant ecological consequences. Individual fungal populations vary in their potential range of host species, ability to colonize different host genotypes and promote plant growth,
and adaptation to abiotic factors (e.g., soil pH, toxic levels of heavy metals, and nutrient shortage)
that are likely to affect both the establishment and progress of a beneficial symbiosis and their
dissemination in the ecosystem. The physiological status of the root is highly dependent on the
creation and efficient functioning of the symbiosis. This, in turn, has a clear impact on the
rhizospheric environment and the microorganisms involved through the secretion of carbohydrates,
amino acids, secondary metabolites, and various ions.
The origin and maintenance of genetic diversity in fungal communities and populations critically determine their temporal and spatial distribution during the development of an ecosystem;
understanding of these issues will be needed to provide a mechanistic basis for these biological
processes taking place in the soil–rhizosphere environment.
Over the past decade, a variety of polymerase chain reaction (PCR)-based methods have been
developed that allow direct surveys and descriptions of AM and ectomycorrhizal (ECM) fungal
species in their native habitats [13,22–24]. PCR amplification of targeted genomic sequences
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followed by terminal restriction fragment length polymorphism (T-RFLP), allele-specific hybridization, direct sequencing, or single-strand conformation polymorphisms have been largely used
to detect ECM [25,26], AM [27,28], ericoid [29–32], and orchid [33–36] fungi in natural ecosystems. PCR primers based on highly conserved regions of nuclear and mitochondrial ribosomal
DNA have been designed [23,25,29,37,38] to amplify two polymorphic noncoding regions, namely
the internal transcribed spacers (ITS) and the intergenic spacers (IGS). Ribosomal DNA sequencing
alone has identified hundreds of mycorrhizal species. Existing public sequence databases are
insufficient for ecological purposes. The development of sequence databases with environmental
specifications will build knowledge of where, when, and under what conditions sequences of
mycorrhizal fungi were retrieved. Such databases can provide mechanisms for data exchange within
the research community and provide a data catalog that can be mined. The UNITE database is such
an rDNA sequence database focused on ECM asco- and basidiomycetes from boreal forests [39].
The database currently holds 1100 ITS sequences from 630 species. The sequences are generated
from fruit bodies, collected and identified by specialists, and deposited in public herbaria.
Microsatellite analysis, microsatellite-primed PCR, RAPD, and repeated DNA probes are highly
efficient approaches for identification of the genotypes of mycorrhizal fungi and have been
employed to determine the genetic structure of their populations and assess gene flux between
introduced and indigenous strains [40–43]. DNA microarrays and DNA bar coding have considerable potential for the high-throughput identification of many mycorrhizal species at the level of
population and communities [113]. Metagenomics, based on production-scale genome sequencing
and bioinformatics analysis, will take this direct observation of native mycorrhizal assemblages to
the next level of complexity.
The application of these molecular methods has provided detailed insights into the complexity
of ECM fungal communities and offers exciting prospects to elucidate processes that structure
ECM fungal communities [13,22,24,44]. They will improve our understanding of plant ecology,
such as plant interactions and ecosystem processes. About 50 such ECM community studies have
been published over the past 5 years. They have shown the following:
1. Any single mycorrhiza can potentially be identified to species either by PCR-RFLP of
the nuclear ribosomal DNA internal transcribed spacers or by DNA sequencing.
2. Sporocarp production is unlikely to reflect belowground symbiont communities. Not all
ectomycorrhizal fungi produce conspicuous epigeous sporocarps and of those fungi that
do produce conspicuous sporocarps, a species’ sporocarp production does not necessarily
reflect its belowground abundance.
3. A few fungal ECM taxa account for most of the mycorrhizal abundance and are widely
spread, whereas the majority of species are only rarely encountered.
4. The spatial variation of ECM fungi is very high and most species show aggregated
distributions. As stressed by Dahlberg [44], little is known about the relative importance
of vegetative spread and longevity of genotypes vs. novel colonization from meiospores
for any ECM fungal species: this deserves attention if we want to understand the dynamics
and structure of ECM communities/populations [13,43].
Similar advances are being made in our understanding of AM communities. Morphological
and molecular methods to identify spores demonstrated that a single patch of habitat may support
30 to 40 AM fungal species [45] and a considerable diversity can be detected in a single root system
[27]. This high diversity suggests that in natural conditions selectivity is the norm and that AM
fungi show a functional specificity. Some of them might be more effective at P transport, whereas
others at pathogen defense or at drought resistance [45]. These features (high number of distinct
fungal types and selectivity) suggest that AM fungal taxa are more than the about 150 to 200 fungal
species which have been described so far (http://www.tu-darmstadt.de/fb/bio/bot/schuessler/
amphylo/amphylogeny.html). However, the diversity revealed by molecular analysis does not map
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onto the conventional morphological taxonomy [45]. Differently from ECMs where systematics
are better grounded, AM taxonomy strongly suffers from our ignorance on the genetics of these
apparently haploid and asexual organisms. Notwithstanding their clonal reproduction, they possess
a high genetic heterogeneity and such a variability is shown by variants in the sequences of
ribosomal and constitutive genes, or in the patterns of amplified fragments from the same spore
and from spores of the same isolate, respectively [21,23,46–48]. This is probably guaranteed by
the presence of genetically different nuclei in a single AM spore. According to this view, AM fungi
can be seen as multigenomic organisms, and the variation in rDNA sequences within individuals
may have relevant consequences for understanding their evolutionary ecology and functioning [49].
The use of molecular methods has also deeply modified our view on the specificity of mycorrhizal
fungi toward their host plants. Ericoid mycorrhizas, originally thought to be a very specific association
between the single fungal species Rhizoscyphus (Hymenoscyphus) ericae and a single plant tribe
(Ericoideae), offer an excellent example: on one hand, mycorrhizal plants have been found to interact
with a wide range of fungal symbionts, each colonizing a different part of the root system and creating
a mosaic of populations [29,32,50]. On the other hand, the typical ericoid mycorrhizal fungus R.
ericae was found to colonize the rhizoids of the leafy liverwort Cephaloziella exiliflora [51], thus
confirming previous observations by Duckett and Read [52]. Other observations indicate that the host
range of ericoid mycorrhizal fungi may be extended also to ECM plants in nature [53–55]. Another
fascinating example of how molecular tools have provided new cues to understand plant ecology is
the identification of the endomycorrhizal symbionts of forest orchids. Rhizoctonia spp. were reported
until recently as the dominant mycorrhizal symbionts of orchids, but direct amplification of fungal
DNA from mycorrhizal roots of achlorophyllous and green forest orchids demonstrated that the main
symbionts are unculturable fungi that belong to known ECM taxa [33–36]. The ecological implications
of these mycorrhizal connections is described in more detail in Section V.D.
DNA tools are essential for our understanding of the distribution and interactions of mycorrhiza
fungi in space and time, and for predicting how populations and communities respond to changes
in their environment. At the same time, molecular biologists are making important advances in
understanding the molecular and cellular processes required for symbiosis development and
functioning. Understanding the interplay between these molecular mechanisms with ecosystem
biology is now crucial. In the following text, we highlight some of the recent studies in ecologically
relevant traits.

III. SIGNALING MOLECULES AT THE PLANT–FUNGUS
INTERFACE
A. RHIZOSPHERIC SIGNALS
Signaling molecules produced early in the interaction between mycorrhizal fungi and their host plants
elicit discrete responses in the partners as the initial step in the cascade of events leading to contact at
the host surface and eventual symbiosis [56,57]. Interplay of signals probably coordinates and organizes
the responses of the symbiotic cells and modulates their respective biochemical and molecular differentiation. Identifying the potential signaling molecules, which are active in the rhizosphere and regulating the information flow between mycorrhizal fungi and host roots is currently an area of intense
research [12,15,58]. Fungal spore germination, chemoattraction of the hyphae by the root cells, adhesion
to root surface, root penetration, and development of symbiotic structures in the root probably depend
on precisely tuned host-derived signaling molecules, whereas molecules secreted by the hyphae (e.g.,
phytohormones) generate drastic morphological and molecular changes in the host roots.
At least as far as concerns AM fungi, little is known about the molecular mechanisms that govern
signaling and recognition between these symbiotic fungi and their hosts. It is well known that root
exudates cause a specific phenotype in AM fungi, that usually show an extensive branching in the
vicinity of host roots, prior to the formation of the appressorium [59,60]. Hyperbranching can be also
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FIGURE 8.1 Mycelium of Gigaspora margarita growing in the presence of the host plant but physically
separated from the root by a nitrocellulose membrane with pore diameter of 45 µm. The hyphal branching
(arrows) demonstrate that the fungus has perceived the root exudates.

observed when the partners are physically separated: in this case, the fungus perceives the plant
presence but symbiotic structures are not developed (Figure 8.1). By using this phenotype as a bioassay,
a “branching factor” has been recently isolated from the roots exudates of Lotus japonicus and
identified as a strigolactone, 5-deoxy-strigol [58]. Interestingly, this sesquiterpene, which was first
characterized in the parasitic weeds Striga and Orobanche, induces an extensive branching in
Gigaspora at very low concentrations (Figure 8.2). The branching factor leads to the activation of
specific fungal genes, like those involved in respiration and oxidative burst [61,62]. It would be
very interesting to investigate whether Lotus mutants affected in their symbiotic capabilities (see
Section IV.B) produce these active compounds. The AM fungal partners, on the other hand, may
release diffusible molecules (described as a potential Myc factor) that are perceived by host roots in
the absence of direct physical contact. Using a novel in vitro culture technique Kosuta et al. [63]
demonstrated that the AM fungal factor released by Gigaspora rosea, that may represent one or several
molecules, induces the activation of the nodulation-inducible gene ENOD 11 gene in transformed roots
of Medicago truncatula. All these analogies between rhizobium/legumes and AM symbioses [64]
have led to the hypothesis that Myc factors akin to Nod factors may be produced by AM fungi [65].

B. CHEMODIFFERENTIATION

AT THE

ROOT SURFACE

During their initial contact with the host surface, ECM and AM fungal hyphae undergo a morphogenetic switch and produce repeated apical branching that result in a labyrinthine growth form on
O

O

H
O

O

O

5-Deoxy-strigol

FIGURE 8.2 Chemical structure of the branching factor isolated from Lotus japonicus. (Akiyama, K. et al.,
Nature, 435, 824, 2005.)
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FIGURE 8.3 Extraradical mycelium produced by Gigaspora margarita, an arbuscular mycorrhizal fungus,
in the presence of a root. A network of larger (arrows) and thinner hyphae are formed as well as groups of
auxiliary cells (F) (× 100).

this surface (Figure 8.3) [66,59]. A concentration gradient of signaling molecules diffusing through
the rhizosphere probably drives the tip toward the root surface and only induces this switch at high
concentrations on the surface itself [56,57]. Hyperbranching ensures intimate contact with the root
surface and appears to be a prerequisite for subsequent penetration and further differentiation of
the specialized symbiotic structures (e.g., AM appressorium [Figure 8.4], ECM mantle). Whereas

FIGURE 8.4 When the fungus Gigaspora margarita, makes contact with the root surface, a specialized
swollen and branched structure is formed, called appressorium (AP) (× 200).
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at least one group of active molecules has been identified in plants establishing AM symbiosis
(Section III.A), identification of these signaling molecules remains a major challenge for ectomycorrhiza research. Flavonoids, such as quercetin, present in eucalyptus root exudates, induce rapid
and striking changes in Pisolithus microcarpus hyphal morphology, leading to hyperbranching and
an increased proportion of hydrophilic hyphae [67]. As growing hyphae of filamentous fungi contain
a tip-high Ca2+ gradient thought to be vital for establishing and maintaining apical organization,
morphogenesis, and growth [68], it is tempting to speculate that the signaling molecules involved
in this hyperbranching alter the Ca2+ homeostasis by regulating or interacting with ion transport
systems (e.g., Ca2+ -dependent ATPases) and transduction pathways. This contention is supported
by the observation that reduced levels of calcineurin, a Ca2+/calmodulin-regulated serine/threonine
phosphoprotein phosphatase, cause growth arrest preceded by hyperbranching in Neurospora
crassa [69]. This hyperbranching may be caused by alterations in the synthesis and rigidity of the
cell wall, resulting in turgor pressure. Hyperbranching requires new membrane and cell wall
synthesis; interestingly in the ECM truffle Tuber borchii, a secreted and surface-associated phospholipase A2 (TbSP1) was found to be strongly expressed on the branched mantle and Hartig net
[70]. In addition to the low-molecular-weight diffusible molecules released by both plant roots and
AM hyphae in the rhizosphere (see Section III.A), contact events between partners are also crucial
for the signaling events. They are located in the rhizoplane, the root surface, and involve epidermal
cells and extraradical hyphae.
The use of plant mutants impaired in AM symbiosis (Section IV.B) led to the identification of
genetically defined steps in the development of the symbiotic interaction. Results obtained on Lotus
japonicus have demonstrated that colonization is a multistep, genetically regulated process under
the control of specific loci, that involves significant changes in the viability of root epidermal cells
and in the cytoskeletal organization [71]. Molecular analyses performed on Medicago truncatula
convincingly demonstrate that the plant perceives the fungal contact during appressoria formation,
and differentially expresses genes closely involved in the signal transduction pattern [72]. On the
other hand, cellular analyses performed by using M. truncatula plants transformed with different
GFP constructs revealed that — prior to infection — the epidermal cells assemble a transient
intracellular structure with a novel cytoskeletal organization [73]. All these findings demonstrated
how the root surface is another “hot spot” for the generation of signaling events.

C. FUNGAL PHYTOHORMONES ARE PRODUCED

IN THE

RHIZOSPHERE

Comparisons of root morphology and branching following auxin application or fungal colonization
indicate that fungal auxins play a key role in ectomycorrhiza formation [74]. Further evidence in
support of this view comes from the observation that overproduction of indole-3-acetic acid (IAA)
by a fluoroindole-resistant mutant of Hebeloma cylindrosporum induces abnormal proliferation of
the intercellular network of hyphae [24,75], whereas the stimulation of ethylene production by P.
microcarpus during early ectomycorrhiza formation is presumably triggered by the production of
IAA [76]. Auxins and ethylene would thus appear to be chemical signals that regulate fungal
penetration and several anatomical features of an ectomycorrhiza. This morphogenetic role may
imply targeted secretion of auxins and their conjugates, and local regulation of their metabolism.
Other fungal indolic compounds, such as hypaphorine, a tryptophan betaine of P. microcarpus [77],
are also involved in ECM development. Evidence of competitive antagonism between IAA and
hypaphorine includes organ development, gene expression, or molecule–molecule interaction levels.
This hypaphorine/IAA competition likely involves extracellular and intracellular signaling pathways. Hypaphorine with other active indole alkaloids should be regarded as a new class of IAA
antagonists finely regulating specific steps of plant growth or development [78,79]. Apart from
these, clear indications that fungal auxins and their derivatives modulate root morphogenesis during
symbiosis development; however, their precise role in the control of the cascade of molecular events
leading to the mature ectomycorrhiza is still uncertain [79].
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In conclusion, there is increasing evidence that there is an intense signal interplay prior to
physical interactions between partners [18]; plants perceive signals produced by their fungal symbionts, whereas root exudates affect fungal phenotype. The next task will be to characterize the
chemical nature of these cross-talk factors, and to identify their role in the establishment of the
symbiotic phase. We can hypothesize that more than a single molecule, such as strigol [58], controls
the widespread colonization by AM fungi and their conserved behavior.

IV. MYCORRHIZAL FUNGI DEVELOP STRUCTURES OUTSIDE
AND INSIDE THE ROOTS
According to their ability to colonize the root cells, mycorrhizal fungi are divided into two main
categories: endomycorrhizal (arbuscular, ericoid, and orchid) and ECM fungi (Table 8.1).
Endomycorrhizal hyphae adopt a variety of colonization patterns in their penetration of the
host root cells. Glomalean fungi are highly dependent on their host and cannot survive for long in
its absence. Their hyphae form appressoria on the epidermal cells, penetrate the cortical tissue and,
eventually, form highly branched structures called arbuscules (Figure 8.5 to Figure 8.7) [66].
Colonization of the Ericales takes place via simple hyphal structures whose organization is
not deeply modified during the presymbiotic and the intraradical symbiotic phase. Hyphae of
ericoid fungi may form loops and bundles outside the host plant, ill-defined appressoria and coils
inside the epidermal root cells (Figure 8.8) [80]. Basidiomycetous fungi produce specialized coils
(Figure 8.9) in the orchid cells during both the protocorm and the mature stages [81]. During the
symbiotic phase, ectomycorrhizal fungi form a mantle sheath that surrounds the root, and progress
into the apoplastic space of the rhizodermic (Angiosperms) and cortical cells (Gymnosperms),
producing the Hartig net, an intercellular hyphal network inside the root tissues (Figure 8.10,
Figure 8.11).
A gallery of these mycorrhizal types is available in many Web sites (http://mycorrhiza.ag.utk.edu/
mimag.htm; http://www.ffp.csiro.au/research/mycorrhiza/; http://invam.caf.wvu.edu/), whereas updated
descriptions are found in Reference 82 and Reference 83. A detailed structural definition of mycorrhiza
is out of the main aim of this review chapter, and major attention will be given to the interface
involved in the nutrient exchange between the symbionts, as well as to the molecular and cellular
bases of the symbiosis development.

FIGURE 8.5 When Gigaspora margarita, an AM fungus (F), penetrates the cortical roots cells, highly
branched, intracellular structures are produced — the arbuscules (A) (× 200).
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FIGURE 8.6 Scanning electron micrography of a cortical cell of Ginkgo biloba colonized by a Glomus strain.
The symbiont produces a conspicuous arbuscule (× 1500).

FIGURE 8.7 Transmission electron micrography of a cortical cell of Ginkgo biloba colonized by a Glomus
strain. A large intracellular hypha is seen surrounded by smaller branches (F). Each hypha is surrounded by
the invaginated host membrane (arrows) (× 5800).
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FIGURE 8.8 Hair root of Calluna vulgaris colonized by an ericoid mycorrhizal strain. The ascomycetous
fungus is a dark sterile mycelium and produces an intercellular coil, which is surrounded by the host membrane
(× 15000).

FIGURE 8.9 Detail of an orchid root cell colonized by an orchid symbiont. The basidiomycetous fungus (F)
has a thick wall and is surrounded by the host (H) membrane (× 21000).
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FIGURE 8.10 Ectomycorrhizal root of Quercus suber. The fungus produces a well-developed mantle and a
Hartig net involving the outer root layers.

Irrespective of their taxonomy, mycorrhizal fungi can be described as a living interface located
between the plant and its soil environment. In their extraradical phase, they enlarge the nutrient
depletion zone around the root, increasing therefore the plant–soil nutrients interface [84]. During
their intraradical growth, mycorrhizal fungi develop an extended contact area with the root cell,
which changes structurally depending on the intercellular or intracellular location of the fungus.
We can therefore identify two interfaces, or exchange surfaces, at both ends of the fungal
biomass; an outer interface, between extraradical hyphae and soil, and an inner interface, between
intraradical fungal structures and the host plant cells. These two biological surfaces have profound

FIGURE 8.11 Ectomycorrhizal root of Pisolithus tinctorius. The fungus produces a well-developed mantle
and a Hartig net involving the outer root layers.
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morphological and functional differences. On the one hand, the role of external hyphae is to explore
the neighboring soil through maximal extension, actively acquiring nutrients and water from the
environment for feeding both the fungus and the plant (Section V). This interface has been described
as a continuously extending surface [85], with unidirectional transport capabilities (at least as far
as AM symbiosis is concerned). The inner interface, by contrast, first requires the building up of
a new compartment in contact with the host plant, and in most mycorrhizal associations, is the site
of bidirectional exchange.

A. AT

PLANT–FUNGUS INTERFACE: STRUCTURE, ROLE,
NEW COMPARTMENT

THE

OF A

AND

BIOGENESIS

Early interactions between the cell walls of the host plant and the colonizing fungus and changes
in their composition are essential morphogenetic events in the constitution of a functioning mycorrhiza. The result of such structural interactions is a specialized interface, which is essential for
nutritional exchanges [66,86]. During endosymbiosis, irrespective of the engaged partners, the
microorganism is engulfed by a plant-derived membrane, which is part of a complex developmental
program leading to the intracellular accommodation of microbes by plants [14,87]. In AM, the new
compartment is known as the “interfacial compartment” [66,86,88] and consists of the invaginated
host membrane, of cell wall-like material, and of the fungal wall and plasma membrane. Cellular
and molecular approaches have provided many insights into the structure, the function, and the
biogenesis of this complex and ever-changing compartment.
Bonfante et al. [89] were among the first to use monoclonal antibodies and enzyme–gold
complexes to investigate the nature of the molecules at the interface between the fungal wall and
the host plasma membrane in AM roots. They first revealed pectins and cellulose (Figure 8.12), and
many additional wall components, among which were glucans, hydroxyprolin-rich glycoproteins,

FIGURE 8.12 Detail of the interface space (IN) between the fungal wall (U) of Glomus versiforme and the
host membrane of leek (PL), as seen using electron microscopy. Xyloglucan molecules are revealed by using
a specific antibody and colloidal gold granules (arrow) (× 30000).
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and more recently expansins [66,90]. Expansins, which increase plant cell wall extensibility in
vitro, seem to be upregulated during mycorrhization [90] and could play a crucial role in the plant
accommodation process by acting as wall loosening factors. These studies indicate that the AM
interface is an apoplastic space of high molecular complexity, where the boundaries of the partners,
however, cannot be easily defined.
The examination of other endomycorrhizal systems has demonstrated that their interface is
morphologically similar, but different in composition. Cellulose and pectins are only present at the
interface in orchids when the endophyte is collapsing [91] and absent in ericoid mycorrhizae [80].
It is clear, therefore, that invagination of the host plasma membrane following fungal penetration
is a common biotrophic interaction, whereas the nature of the molecules forming the interface is
closely dependent on the nutritional capabilities of the fungus and its relationship with the host plant.
The intraradical colonization patterns are a consequence of events taking place at the root
surface. In one of the many studies of this subject, Gollotte et al. [92] showed that AM fungi fail
to develop regular structures in pea mutants. The first sign of this failure was the deposition of
callose on the surface of the epidermal cells. Similarly, in ECM early contacts between the partners
are followed by alterations in cell wall ultrastructure and composition leading to the formation of
a new interface [66,82,93]. Plant and fungal walls are always in direct contact, as shown in a
detailed analysis of Corylus avellana and Tuber magnatum [94], whose map of the symbiont cell
wall components also shows that the fungus causes subtle changes in the host walls. The results
suggest that a cementing material embedding the mantle hyphae and obscuring the plant–fungal
contacts partly corresponds to an upregulated fungal cell wall component.
Identification of the cell wall and surface proteins involved in fungal attachment and penetration
is crucial toward an understanding of how hyphae establish early interactions with their host [95,96].
The protein composition of cell walls of P. microcarpus is strikingly altered by the symbiotic
interaction [93]. Many 31- and 32 kDa, symbiosis-regulated acidic polypeptides (SRAPs), are found
in this cellular compartment [97]. The central part of the SRAP sequence contains the Arg-GlyAsp (RGD) motif, a cell adhesion sequence found in several extracellular matrix adhesins, for
example, vitronectins and fibronectins. These ligands could interact with integrins, which mediate
cell adhesion and signal transduction in mammal, yeast, and plant cells. Mycorrhiza development
induces the accumulation of SRAP transcripts and the corresponding proteins thus gather in the
cell wall when the ECM sheath is aggregating around the colonized roots and the infecting hyphae
penetrate between the epidermal cells. Upregulation of the synthesis of cell wall proteins in
ectomycorrhiza is not limited to SRAPs. Transcripts of three hydrophobins, another class of fungalsecreted cell wall proteins, similarly accumulate severalfold in P. microcarpus hyphae colonizing
the Eucalyptus root surface [98].
Interestingly, enzymatic proteins may also be located at the fungal–plant interface. TbSP1
(Section III.B) is a secreted and surface-associated phospholipase A2 previously found to be
upregulated in C- or N-deprived free-living mycelia from the ECM ascomycete Tuber borchii [99].
An in vitro symbiotic system between Cistus incanus and T. borchii allowed to demonstrate a
substantially enhanced TbSP1 mRNA expression compared to nutrient-limited, free-living mycelia,
and a similar expression trend was revealed by the immunolocalization experiments, which located
TbSP1 on the fungal wall, mostly on the branched Hartig net hyphae [70].
Changes in cell wall protein composition may regulate the molecular architecture of protein
networks in a manner that allows new developmental outcomes for both fungal cell adhesion and
root colonization. Incompatibility between ECM hyphae and the host roots detected during the
initial contacts is generally expressed in the form of polyphenol accumulation in host tissue and
thickening of host cell walls abutting the incompatible isolate [100,101]. These complex interactions
are evidently the result of early events in the mycorrhizoplane.
The development of refined molecular tools has led to new questions concerning the genesis
of the interfacial material and the activation of genes involved in cell wall and membrane synthesis [88].
Deposition of cell wall material requires, in fact, the combined activities of both polysaccharide-synthase

3855_C008.fm Page 215 Monday, April 9, 2007 4:07 PM

Mycorrhizal Fungi: A Fungal Community at the Interface between Soil and Roots

215

and lytic enzymes. Two xyloglucan endo-transglycosilases (XETs) genes have been isolated from
M. truncatula [102], one being only expressed in mycorrhizal roots. The authors suggest that the
gene product may be involved either in facilitating hyphae penetration by allowing localized cell
wall loosening or in modifying the structure of xyloglucans in the interface compartment. Lytic
and transglycosilation events during cell wall deposition may be facilitated by the interface pH that
is becoming more acidic owing to the activity of an H+-ATPase [103]. The transcript profile of M.
truncatula roots during the AM symbiosis with Glomus versiforme has been the object of extensive
investigations [104,105]. By using a cDNA arrays approach, a gene (MtCel1) induced specifically
during the symbiosis was predicted to be involved in cell wall modifications. In mycorrhizal roots,
MtCel1 expression is associated specifically with cells that contain arbuscules and, considering the
membrane domain, MtCel1 was suggested to be located in the periarbuscular membrane and
involved in the assembly of the cellulose/hemicellulose matrix at the interface [104].
New techniques based on genetic transformation, which allow in vivo observations, will be
very useful to study the building up of the interface compartment. By using transformed roots of
Medicago sativa that express different GFP-conjugated proteins labeling specific intracellular
structures (Section III.A), Genre et al. [73] demonstrate the presence of a so far undescribed
prepenetration cell rearrangement in root epidermis. This complex structure involves cytoskeleton,
membranes, and nucleus and may represent an early step of the interface buildup.

B. THE GENETIC BASIS

OF

FUNGAL COLONIZATION

Formation of functional mycorrhizas requires finely coordinated regulation of plant and fungal gene
expression. Activation of specific genes is likely to be the consequence of perception of primary
signals at the cell periphery and subsequent transduction of the signal into a cascade of events,
eventually reaching the nucleus of the cell to be colonized [16]. Such hypothesis can be currently
checked only for AMs, thanks to the availability of plant mutants unable to form symbiosis: these
mutant lines provide, in fact, a powerful tool to identify genetically defined steps in the development
of the symbiotic interaction. The genetic dissection of AM development has been pioneered by the
isolation of pea mutants impaired in AM symbiosis. These mutants were initially identified through
their altered root nodule symbiosis with rhizobium. Subsequently, it was found that a subset of the
nodulation mutants was also affected in the AM symbiosis [106]. This finding demonstrated an
overlap in the genetic programs for the two diverse symbiotic interactions [106–108]. Unfortunately,
the isolation of the affected genes from pea is hampered by its large genome size. Lotus japonicus
and Medicago truncatula represent more amenable legumes to isolate symbiotic mutants with the
final objective of cloning and functionally characterizing the responsible genes. A significant
discovery has been made with the identification of the so called “sym” genes, which are essential
for the establishment of the microbial symbiosis [15]. Analysis of mutants defective in nodule and
AM formation in legumes allowed the identification of a number of components of the signal
perception and transduction pathway shared by both symbioses: (1) a leucine-rich-repeat receptorlike kinase (LRR-RLK); (2) the DMI1 protein, a putative cation channel; (3) DMI3, a calciumand calmodulin-dependent protein kinase [15 and references there in, 109] and, (4) a putative K
channel, surprisingly located in the plastids [110]. The corresponding genes are constitutively
expressed in plant roots. Identification of such genes suggests a sequence of events leading to the
establishment of both symbioses (Figure 8.13). In this model, LRR-RLK binds signals through its
extracellular domain and transduces them to the intracellular kinase domain. The activity of LRRRLK and DMI1 then leads to the so-called electrochemical prelude: membrane depolarization,
calcium influx, and calcium spiking, consisting in prolonged oscillations of intracellular calcium
concentration and indicating a very quick change in gene expression. The DMI3 protein acts
downstream of the calcium spiking. Molecular events are mirrored by morphological changes,
which indicate the presence of “check points” required for the formation of a functional AM. For
example, LjSym4 [110] is required for the initiation or coordinated expression of the host plant
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FIGURE 8.13 Sym genes involved in the Nod factor and mycorrhizal signaling pathways. This signaling
pathway has been defined through genetics in the legumes Lotus japonicus and Medicago sativa. The genes
identified are defined in round boxes, whereas physiological or morphological landmarks of the Nod factor
signaling pathway are indicated in boxes. Mutations in all these genes have been characterized for calcium
spiking except SYMRK. In addition, it has been shown that mutations in NFR5 and NFR1 lack the calcium
flux, whereas mutations in DMI1 and DMI2 show the first phase of the flux response. Components of the
Nod factor signaling pathway are conserved with mycorrhizal signaling. (Modified from Oldroyd, G. et al.,
Plant Physiol., 137, 1205, 2005.)

cell’s accommodation program and allows the passage of both microsymbionts through the epidermis layer [111,112].

C. ECTOMYCORRHIZA DEVELOPMENT: A COORDINATED EXPRESSION
OF GENE NETWORKS
To gain a predictive understanding of the complex biological systems that evolve from mycorrhizal
interactions, a surge of studies based on functional genomics (large-scale EST sequencing, cDNA
array analysis of gene expression, proteomics) has allowed an assessment of the development and
functioning of AM and ECM symbioses on a larger scale [104,105,113,114]. Global gene expression
analyses [115–118] added new information to existing models of ECM development. Expression
profiling showed that developmental reprogramming takes place in host roots and colonizing
hyphae. A marked change in the gene expression in Eucalyptus/Pisolithus and Betula/Paxillus
symbiotic tissues was observed at multiple levels: (1) a general activation of the fungal protein
synthesis machinery and primary carbon metabolism probably supporting an intense cell division/proliferation, (2) the increased accumulation of transcripts coding for cell surface proteins in
fungal hyphae (e.g., hydrophobins) probably involved in the mantle and symbiotic interface formation, and (3) the upregulation of defense reactions and hormone metabolism in colonized roots
(Figure 8.14). Changes in transcript levels for symbiosis-regulated (SR)-genes found in cDNA array
studies [117,118] were confirmed by digital northern [119] and northern RNA blotting [for example,
see Reference 97 and Reference 98]. The fact that several of these cellular functions are regulated
in both the Betula/Paxillus and Eucalyptus/Pisolithus symbioses suggests the induction of common
genetic programs in various ECM systems. At the different developmental stages studied, development of Eucalyptus/Pisolithus and Betula/Paxillus symbioses does not induce the expression of
ECM-specific genes [115,116,118]. The apparent lack of ECM-specific genes is striking and
suggests that ontogenic and metabolic programs leading to the symbiosis development and functioning are driven by changes in the organization of gene networks (e.g., differential arrays of
preexisting transcriptional factors or transduction pathways), rather than the specific expression of
symbiosis-specific transcriptional factors or signaling components. A more complete analysis of
this key question will await the completion of larger sets of ECM expression profiles on a wider
range of associations using genome-wide microarrays [120,121].
Changes in morphology associated with mycorrhizal development are thus accompanied by
changes in transcript patterns and these changes commenced at the time of contact between the
two partners long before the formation of functional ECM. These gene profiling experiments have
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FIGURE 8.14 Schematic drawing describing the five major expression patterns of plant and fungal genes during
the development of the Eucalyptus/Pisolithus mycorrhiza. (Adapted from Duplessis, S. et al., New Phytologist,
165, 599, 2005.)

stressed the importance of coordination between development of mycorrhiza and the differential
gene expression in both partners. Understanding the synchronization of these events is essential
for understanding the determinants of symbiosis compatibility and mycorrhiza ontogenesis. Further
studies are now needed to investigate the expression of the identified SR-genes in environmental
samples.
If there is a basic repertoire of fungal symbiotic genes, it can be accessed only by comparing
whole genomes of saprobic (e.g., Coprinus cinereus, Phanerochaete chrysosporium) and pathogenic
(e.g., Magnaporthe grisea, Ustilago maydis) species with mycorrhizal genomes. The availability
of genome sequences from ecologically and taxonomically diverse fungi will not only allow ongoing
research on those species, but will enhance the value of other sequences through comparative studies
of gene evolution, genome structure, metabolic and regulatory pathways, and symbiosis/pathogenesis. One of the major strengths of rhizosphere studies for addressing these issues is that realistic
ecological interactions can be investigated in a restricted micro- or mesocosm under environmentally
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controlled conditions with organisms whose genomes have been completely defined [121] or
genetically modified. In the next few years, numerous fungal genomes are scheduled to be
sequenced, owing largely to the fungal genome initiatives at the Broad Institute (Cambridge, MA,
U.S. — http://www-genome.wi.mit.edu/annotation/fungi/fgi/) and the Joint Genome Institute
(Walnut Creek, CA, U.S. — http://www.jgi.doe.gov/). The ongoing sequencing programes include
well-studied models important to human health, plant pathogens, as well as mycorrhizal species
(e.g., the ectomycorrhizal Laccaria bicolor and Glomus intraradices) [121].
Whole genome availability will certainly allow an in-depth analysis of rapidly evolving genes
that may code for specific functions, such as symbiosis. Analysis of this wealth of information is
certain to provide breakthroughs in understanding of the molecular and cellular mechanisms
involved in the development and biochemical pathways in symbiotic partners. In addition, it will
allow us to answer fundamental questions about whether parasitic and symbiotic habits evolved
through gene acquisition and loss, or gene regulation. The promoter analysis of the current compendium of mycorrhiza-regulated genes will provide the basis for a more precise molecular
dissection of the complex genetic networks that control symbiosis development and function.
Determination of entire genome sequences, however, is only the first step in understanding the
inner workings of an organism. The next critical step is to elucidate the functions of these sequences
and give biochemical, physiological, and ecological meaning to this information.

V. THE ROLE OF MYCORRHIZAL FUNGI IN NUTRIENT CYCLING
AT THE SOIL–ROOT INTERFACE
Despite the fact that mycorrhizal fungi play an important role in N, P, and C cycling in ecosystems
in decomposing organic materials, the detailed function of fungi in nutrient dynamics in situ is still
unknown. Mycorrhizal fungi differ in their functional abilities and the different mycorrhizas they
establish thus offer distinct benefits to the host plant. Some fungi may be particularly effective in
scavenging organic N and may associate with plants for which acquisition of N is crucial [122];
others may be more effective at P uptake and transport. An important goal is therefore to develop
approaches by which the functional abilities of the symbiotic guilds are assessed in the field. In
any case, it is necessary to measure microbial activities below the ground to assess what is really
happening [123]. Analyses of 13C and 15N isotopic signatures have a significant potential to provide
information in this area [124], although further investigation is required to understand the isotopic
enrichment phenomenon [125]. Combined community/population structure and function studies
applying genomics may, in the future, significantly promote our understanding of the interactions
between mycorrhizal fungal species with their hosts, and with their biotic and abiotic environments
[113]. A first step toward this type of environmental genomics is to explore fungal communityfunctioning under simulated forest conditions using microcosm systems [126]. In these systems,
intact mycorrhizal root systems comprising individual species (e.g., abundant taxa likely to be
functionally important) or natural communities can be manipulated and analyzed to determine, for
example, C and N relations and host root–fungus metabolic activities that contribute to plant growth
or plant community productivity. Using cDNA array profiling, Morel et al. [127] compared the
levels of expression of approximately 1200 fungal genes in the ECM root tips and the connected
extraradical mycelium (EM) for the Paxillus involutus-Betula pendula ectomycorrhizal association
grown on peat in a microcosm system. Their results suggest that (1) there is a spatial difference in
the patterns of fungal gene expression between ECM and EM, (2) urea and polyamine transporters
could facilitate the translocation of nitrogen compounds within the EM network, and (3) changes
in lipid metabolism may contribute to membrane remodeling during ectomycorrhiza formation.
Symbiotic roots provide a niche for mycorrhizal fungi. To bring about a symbiosis, the host
plant must trade the fungus demand for carbon for respiration and growth, which is met primarily
by glycolytic and anaplerotic processes requiring carbon sources, against its provision of extra
nitrogen, phosphate, and minerals [128–130]. Hyphae prospecting the soil absorb nutrients by active
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metabolism and transport ions and assimilated metabolites to the host root via their strands and
rhizomorphs. This mechanism is crucial for the absorption of nutrients that are poorly mobile, such
as inorganic phosphate (Pi) and K+, or bound to soil particulates (NH4+). Because ions rapidly
absorbed by nonmycorrhizal plant roots become scarce in the rhizosphere, a zone of deficiency
forms and the root’s absorption rate mainly depends upon their diffusion rate rather than its own
activity. Mycorrhizal hyphae counteract this deficiency, because nutrients translocate through the
fungal cells to any sink, such as the root cells, more quickly than they diffuse in the soil [6]. This
faster translocation rate is sufficient to explain the enhanced absorption rates of symbiotic roots.
In exchange, the fungus receives their carbon compounds. These two-way flows of nutrients and
other metabolites take place when physiologically active cells of both partners are in intimate
contact [103].

A. NITROGEN ACQUISITION

IN

MYCORRHIZAL FUNGI

The morphological and physiological dissimilarities between mycorrhizal symbioses probably
determine their success and their distinct patterns in different ecosystems [6]. Nitrogen (N) available
to both AM and ECM plants should not be regarded a single pool open to free competition.
Specialization of its acquisition and utilization in a given habitat is an important feature of plant
and microbial community structure, whereas the fact that the ability to exploit its sources (and
those of other limited nutrients) is not the same in all species may result in niche differentiation.
If habitat specialization is a reflection of differences between mycorrhizal types, ECM and AM
species could co-occur, because they exploit different niches in the same ecosystem.
In the forest ecosystems of Eurasia and North America, where ECM associations are dominant,
there are often wide variations in the environmental concentration of N and its forms, and its limited
availability to plants is due to N microbial transformation in soil [131]. The leaf litter produced by
most tree species is relatively slow to decompose and thus forms a distinct layer of acidic,
organically enriched material. Acidity, a high C:N ratio, seasons marked by low temperatures, and
surface drying are major obstacles to nitrification and ammonification. Mineralization of N is so
slow in many forests that available N becomes the main growth limiting factor [6,131,132]. Most
trees have therefore elaborated mycorrhizal associations (Figure 8.15) and a wide range of alternative trophic adaptations (e.g., N2-fixing symbioses, cluster roots) to be able to compete for the
limited resources of specific nutrients [133]. The beneficial effect of AM colonization on N
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FIGURE 8.15 The different steps of nitrogen metabolism in the extraradical hyphae, ectomycorrhizal roots,
and roots of the host plant.
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acquisition has been overlooked [6]. Its significance in plant-N uptake in both agricultural and
natural ecosystems, however, is now becoming increasingly clear [134,135].
1. Utilization of Organic N
The low temperatures and low soil pH that usually prevail at higher altitudes and latitudes (e.g.,
heathlands) restrain nitrification and (to a lesser extent) ammonification [136]. Studies of N relations
in temperate and boreal ecosystems have demonstrated the importance of its organic forms for
plant nutrition [136]. Some ECM and ericoid fungi use complex organic N, such as proteins, and
their host plants have access to peptides and proteins. Soluble amino acids are also a substantial
source for all types of mycorrhizal associations in these ecosystems [129,136].
The extensive extramatrical mycelium of the ECM fungi is ideally placed for nutrient acquisition
in the top 10 cm of soil, where most of the local pools is sequestered in organic form [136]. A
major contributing factor in N acquisition by ECM trees is the continuous growth of this mycelium
into the patchily distributed soil resources, which it absorbs and transports for storage by the
colonized roots. Degradation of organic N residues gives rise to free amino acids and (through
microbial processes) to inorganic N forms, that is, NH4+, NO3−. ECM fungi contribute to N nutrition
of the host by conversion of litter and complex soil N into forms more readily utilized by either
the fungus or the host, and by absorption, assimilation, and translocation of inorganic N compounds
from the soil to its roots. Most ECM fungi readily take up amino acids, such as glutamine, glutamate,
and alanine, which predominate in soil solution, and peptides released by protein degradation
[129,136]. This ability is retained in the symbiosis state and supplies the host with organic N [136].
Absorption of soil proteins requires their enzymatic degradation to peptides and then amino acids.
Both ericoid and ECM fungi secrete a wide range of proteinases when grown on animal proteins
(casein, gelatin, albumin) and protein fractions from beech forest litter as the substrate [129].
Marked inter- and intraspecific variations in the ability to use protein N probably express genetic
differences between fungal strains and in the availability of host-derived carbon compounds.
Competition for protein N between saprotrophic and ECM fungi in forest soils is presumably very
tight, but symbiotic fungi are favored by the host’s continuous provision of the carbon compounds
needed to capture this N form through the synthesis of proteolytic enzymes.
AM fungi also increase decomposition and subsequent capture of inorganic N from organic
materials [135]; they show therefore a kind of response which (for long times) has been considered
characteristic of ECM fungi [7]. There is clearly a need to understand the mechanisms involved in
such organic N mobilization by AM fungi and to detect the molecular basis of such events. A
putative aminoacid permease, like those characterized in yeast, has been recently detected in Glomus
mosseae [137]; the analysis of its expression, exclusively located in the extraradical hyphae and N
dependent, might provide some insights into this still “hidden” capacity of AM fungi.
2. Uptake of NO3− and NH4+
AM and ECM mycelia are extremely active scavengers of inorganic forms of N, such as either NH4+
or NO3− [134,138]. Experiments performed on Pisolithus demonstrate that the fungus has access to
NH4+ and Ca2+ ions trapped in between the vermiculite 2:1 layer. As vermiculite samples were
separated from the mycelium by cellophane films, soluble fungal exudates may be considered responsible for phyllosilicate weathering. In the experiment, NH4+ ions, usually considered as retrograded,
were mobilized from the interlayer spaces and replaced by Mg2+, Al3+, Ca2+, and Na+ ions [139].
NH4+ absorbed by mycelia, or derived from NO3− reduction, is rapidly assimilated into glutamate
and glutamine, which are then used to synthesize other amino acids, such as alanine and γaminobutyrate, within the foraging hyphae. Next, assimilated N is either incorporated into mycelial
proteins or translocated to the host, glutamine being regarded as the main translocation form [140].
NH4+ and NO3− are apparently assimilated a long way from the mycorrhizal roots when the hyphal
web is permeating the rhizosphere and various soil horizons. In natural ecosystems, therefore,
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primary NH4+ assimilation is carried out by the fungus, then conversion to glutamine and its transfer
to the host occur [129]. In addition, both AM and ECM fungi mediate N-transfer between plants
through mycelial links [141]. In grassland and forest ecosystems, where plants are grown in very
close association, these webs may be crucial in between-plant N cycling.
The molecular bases of NO3− and NH4+ uptake have been deeply investigated in many ECM
[142] and AM fungi. Transporters and assimilating enzymes have been characterized in Pisolithus,
Laccaria, and Tuber; in this last ECM, glutamine synthase represents one of the most expressed
genes both during fruit body ripening [143] and N starvation [144]. The most detailed analysis has
been carried out in the ectomycorrhizal Hebeloma cylindrosporum [142]. This fungus contains at
least three ammonium transporters (Amts). The AMT1 cDNA encodes a 477-amino-acid protein
(50.9 kDa). Analysis of predicted sequences from cDNA showed 67.8 and 46.7% identity with
Amt2 and Amt3, respectively. The expression of AMT1 and AMT2 only in ammonium-limiting
conditions [142] is consistent with a role for the high-affinity ammonium transporter in scavenging
low concentrations of ammonium, whereas the low-affinity ammonium transporter Amt3 would be
required for growth in ammonium-sufficient conditions. Similar conclusions were drawn for MepA
and MeaA of A. nidulans [142]. The control of AMT1 and AMT2 mRNA levels by glutamine,
which was deduced from experiments with glutamine synthetase inhibitors and with glutamine as
sole nitrogen source, is similar to that observed in Saccharomyces cerevisiae. The control of AMT1
and AMT2 mRNA levels by the intracellular level of glutamine in H. cylindrosporum certainly
requires complex regulatory mechanisms, similar to those observed in other fungi. In S. cerevisiae,
nitrogen catabolic repression (NCR) is the mechanism designed to prevent or reduce the unnecessary
diversion of the cell’s synthetic capacity to the formation of enzymes and permeases for the
utilization of compounds that are nonpreferred N sources when a preferred N source is available.

B. UTILIZATION

OF

SOIL CARBON COMPOUNDS

BY

MYCORRHIZAL FUNGI

As described in (Section IV), mycorrhizas differ in their morphology. Some have abundant external
hyphae with high metabolic activity, whereas others are smooth ECMs with little or no exploratory
mycelium. These features reflect differences in the need for carbon and the way in which it is
shared between the symbionts. Carbon metabolism provides the mycelia and host cells of all types
of mycorrhizas with energy and reducing power, and the skeletons required for the synthesis of
various metabolites (e.g., amino acids). Pathways of hexose metabolism have been investigated in
symbiotic and in free-living ECM fungi in axenic cultures [130]. Carbon is acquired by the fungus
via: (1) host photosynthesis and translocation, (2) carbon dioxide fixation in hyphal and root cells,
and (3) assimilation following the degradation of soil carbon polymers. This section will focus on
assimilation, which takes place in both the rhizosphere and the hyphosphere.
ECM and ericoid fungi typically inhabit organic soil horizons containing high levels of lignins,
soluble phenolic acids, and polyphenolics derived from plant litter. Most ECM fungi so far investigated have limited polyphenol-degrading activities, whereas those of ericoid fungi are well developed. A few ECM fungi (e.g., Hebeloma crustuliniforme) have well-developed ligninolytic abilities
[145] and their use of lignin as a carbon source reduces the amount of C needed from the host
plant. A full complement of lignin-degrading enzymes has been identified in the recently sequenced
genome of Laccaria bicolor (http://genome.jgi-psf.org/Lacbi1/Lacbi1.home.html). Whether these
genes are expressed remains to be determined. The ecological significance of this ligninolysis of
ECM, however, is unknown.
Ericoid fungi, on the other hand, produce an array of hydrolytic enzymes during their extraradical phase and can thus exploit both simple and complex organic matter in the soil [146,147].
Hymenoscyphus ericae, the strain that has been best characterized, is able to grow on a variety of
complex organic substrates (see Reference 146) and seems well equipped to degrade most of the
polymeric components of plant and fungal cell walls included in the organic matter. Polysaccharides,
such as carboxymethyl cellulose, tylose, laminarin [148], and xylans [147] are utilized through the
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secretion of hydrolytic enzymes. Chitin, the structural polysaccharide of the fungal wall, is
degraded, as well as proteins and even lignin (see Reference 146). Pectin is another important
component of the plant cell wall debris and polygalacturonase, an enzyme involved in its degradation, is produced by a wide range of ericoid fungi [149]. Several polygalacturonase isoforms are
produced by ericoid isolates [149], depending on the species involved. These biochemical data may
be of great ecological significance together with the observation of multiple root occupancy by
genetic analysis of ericoid fungi [29]. Ericaceous plants may thus enhance their exploitation of
complex soil substrates by widening their metabolic capabilities through an association with several
fungi endowed with different functional enzymes.

C. UTILIZATION

OF

PHOSPHORUS

BY

MYCORRHIZAL FUNGI

Plants have developed different strategies to ensure and enhance Pi acquisition; modifying root
architecture and extension to explore larger portions of soil; and secreting organic acids or phosphatases that allow the release of bound Pi (150, see Chapter 2). As an alternative, they can establish
symbiotic association with soil microorganisms, in particular with mycorrhizal fungi. The major
aspects of this topic which has been extensively discussed in many recent reviews (for example,
see Reference 16) will be discussed here from a “rhizosphere” perspective.
1. Pi Uptake by ECM Fungi
The growth of ECM trees is frequently improved by their increased phosphorus (Pi) accumulation
[6] and this, in turn, is related to the intensity of the mycorrhizal infection. ECM fungi solubilize
insoluble forms of Al and Ca phosphates, as well as inositol hexaphosphates, through secreted
enzymes though a wide interstrain variability has been recorded [151]. Pi in soil solutions is easily
taken up by ECM hyphae and then translocated to the host roots. Its absorption and efflux are
probably regulated by intracellular Pi and inorganic polyphosphates (PolyP) pools. Excess intracellular Pi is stored as PolyP by most ECM fungi. Most of these PolyP are oligophosphates with
an average chain length of 10 phosphate residues [152]. NMR comparisons of PolyP in vivo with
those in model solutions suggest that they are low-soluble aggregates in ECM fungi [152]. PolyP
are the only macromolecular anions in the fungal vacuole [152], and their roles in basic amino
acid and cation retention and osmoregulation have been demonstrated both in vivo and in vitro.
Several low- and high-affinity Pi transporters have been identified in the genome sequence of
Laccaria bicolor [F. Martin, unpublished results] and other ECM fungi (e.g., Hebeloma cylindrosporum) (Section 5.3.2), but the molecular processes controlling Pi uptake in ECM fungi are
so far unknown.
2. Pi Uptake by AM Fungi
Orthophosphate uptake is greatly enhanced during an AM association [153,154]. There are many
possible explanations for this increased efficiency [6]. An AM fungal mycelium explores the soil
more efficiently than the root itself and spreads beyond the phosphate depletion zone [150]. It takes
phosphate from the soil and transfers it to the plant root [153] by using sources of Pi which might
not be available to roots [6]. The kinetics of Pi uptake into hyphae may differ from that of roots,
leading to a more effective absorption. For all these reasons AM fungi are considered powerful
tools for low-input agricultural practices. Mycorrhizal plants therefore can acquire Pi either directly
from the soil through plant specific phosphate transporters (PT), or through uptake and transport
systems of the fungal symbiont. It has been demonstrated that both systems can work simultaneously, but there is a preferential uptake via fungal hyphae. This seems to occur independently
from nutrients availability or growth effect, thus indicating that Pi transport in the AM symbiosis
plays a role less obvious than previously expected [16].
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FIGURE 8.16 Mycelium of Glomus mosseae stained with Toluidine blue O for the histochemical detection
of polyphosphate (S: spore, arrowheads: polyphosphate granules).

In the fungus-mediated uptake, Pi is absorbed into extraradical mycelium by means of a
high-affinity phosphate transporter [155–157] and accumulated in the vacuoles of extraradical
hyphae (Figure 8.16) in the form of polyP [158]. PolyP chains are supposed to be transferred
by means of a motile tubular vacuolar network [159] in the intraradical compartment, where Pi
ions resulting from polyP hydrolysis are assumed to be released by membrane passive carriers
into the periarbuscular space [160]. Mycorrhiza-specific PT, possibly responsible for plant Pi
uptake in arbuscule-containing cells, has recently been characterized in potato, barley, and M.
truncatula [161–164].
PT genes isolated from the AM fungi Glomus versiforme (GvPT), G. intraradices (GiPT), and
G. mosseae (GmPT) [155–157] encode for high-affinity proton-coupled transporters. They share
structural and sequence similarity with other plant and fungal high-affinity PT. The apparent Km
of GvPT, evaluated in a heterologous system, is in the micromolar range, a value comparable to
free Pi concentration generally found in soil solution. The fungal PT transcripts are predominantly
detected in extraradical mycelium, thus indicating a role in Pi acquisition from the soil. It has been
demonstrated that PT expression responds to external Pi concentrations and also to overall mycorrhiza Pi content [156,157]. Unlike GiPT, GmPT shows significant expression also in the mycorrhizal roots, opening new questions about the role and the functioning of the high-affinity PTs in
AM fungi.
Taken in their whole, these data provide a rather satisfying picture of the molecular mechanisms
that operate along the P fungus/plant pathway to guarantee the fungus–plant phosphate exchange.

D. THE WOOD-WIDE WEB CONCEPT
The hyphal organization of mycorrhizal fungi, their ability to grow in the soil, and the possibility
to establish symbiosis with the roots of one or more individual plants, leads to the formation of a
subterranean hyphal network that connects distinct plants within the community. Depending on the
specificity of the plant–fungus interactions, such hyphal connections, named by Simard et al. [165]
the “wood-wide web,” may involve plants of the same or different species. Although mycorrhizal
networks can be formed by both ECM and endomycorrhizal fungi, the functional and ecological
roles of the hyphal networks have been investigated mostly for fungi involved in ectomycorrhiza.
In particular, an exciting discovery was that, among nutrients, organic carbon is transferred from
one plant to another along the hyphae of the mycorrhizal fungal web, following the general rule
of a source-to-sink movement [165].
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The wood-wide web represents a highway of horizontal nutrient movement and a pool of organic
carbon in the ECM plant communities; it is therefore not surprising that some organisms have learned
to exploit it. In the recent years, it has become clear that many achlorophyllous plants, which are
heterotrophic because of the lack of photosynthesis, obtain organic carbon by connecting to the woodwide web through their mycorrhizal endophytes [7]. The mycorrhizal symbionts of achlorophyllous
plants are usually recalcitrant to isolation and growth in axenic culture, and their identification has
been greatly aided by molecular methods (for example, see Reference 33). A common feature of the
achlorophyllous plants so far investigated is that they all associate with fungi capable of forming
mycorrhiza on surrounding autotrophic species. Another feature common to achlorophyllous plants
is the unusually high degree of specificity toward their mycorrhizal symbionts. Exclusive associations
with a single (or a narrow range of) fungal species have been reported for several achlorophyllous
angiosperms forming associations as diverse as orchid, monotropoid, and arbuscular mycorrhiza (for
example, see Reference 33, Reference 36, and Reference 166), as well as for liverworts [167].
Studies on the biodiversity of mycorrhizal symbionts of achlorophyllous species have mostly
focused on orchids and monotropoids. Direct amplification and sequencing of fungal DNA from
roots have identified, as endomycorrhizal endophytes, fungi known to form ECM on tree species.
It is intriguing that the same fungus can display a completely different morphogenetic program
depending on the host plant, and form either intracellular symbioses or typical ECM. Tuber offers
a nice example of this strategy: it is an ECM fungus, but it has been recently detected in orchid
roots [34]. From an ecological point of view, the occurrence of a common symbiont in achlorophyllous and photoautotrophic host provides cues to understand the nutritional strategy of these
nonphotosynthetic species. A direct transfer of radiolabeled carbon from autotrophic plants to
achlorophyllous species has actually been demonstrated for the orchid Corallorhiza trifida [168],
as well as for the nonphotosynthetic liverworts Cryptothallus mirabilis [167]. Indirect evidence of
plant nutrition through the associated mycorrhizal fungus, a strategy named mycoheterotrophy by
Leake [169], also comes from the analysis of stable C and N isotopes [7].
Recent papers strongly suggest that understorey plants containing chlorophyll, but with inefficient photosynthesis due to environmental limitation, may adopt the same mycoheterotrophic
strategy as fully achlorophyllous species [35,36,170]. The wood-wide web appears to be an essential
component for the survival of these endangered plant species.

VI. DO MYCORRHIZAL FUNGI PROTECT THEIR HOST
FROM ELEMENTAL POLLUTANTS?
The inflow of high amounts of heavy metals, to land and water ecosystems, is currently regarded
as one of the most significant human factors affecting forest health and productivity. Because heavy
metals cannot be degraded, in situ bioremediation is currently based on the use of plants and
microorganisms to either decontaminate the soil from heavy metals, or to stabilize these compounds
in the soil to reduce leakage of metal ions.
The ability of mycorrhizal fungi to grow in polluted soils and withstand high heavy-metal
concentrations has been reported for both endo- and ECM fungi [171–174]. There are two major
strategies organisms can adopt to protect themselves against heavy-metal toxicity. Avoidance restricts
entry of metal ions into the cytoplasm, and relies on decreased uptake or increased efflux of metal
ions, or by their immobilization outside the cell. When present, the cell wall is an important site of
metal immobilization. Sequestration occurs to reduce cytoplasmic concentration of free metal ions,
either through the synthesis of chelating compounds or by compartmentalization into the vacuole
[175]. The cellular and molecular mechanisms of heavy metal tolerance in mycorrhizal fungi are
not fully understood, but the general mechanisms observed in fungi [176] have also been found in
mycorrhizal fungi [177,178]. More detailed studies have been carried out for some specific contaminants. For example, the mechanism of arsenic tolerance in ericoid mycorrhizal fungi has been
investigated by Sharples et al. [174]. This element enters the cell through the phosphate transporters,
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causing mycorrhizal fungi to enhance both phosphate and arsenate uptake. Sharples et al. [174]
found that active and specific efflux mechanisms are adopted by ericoid mycorrhizal fungi from
polluted sites, so as to decrease cellular concentrations of arsenic while retaining phosphate.
Metal-specific tolerance mechanisms have also been demonstrated for ECM fungi [179–181].
Increasing concentrations of toxic aluminum (Al) are being reported in the acidic soils of
temperate forests. ECM fungi on tree roots modify the compartmentalization of absorbed Al and
protect their host against its toxic effects [179,181], even if contrasting results have been reported
[182]. Al has been detected in P-rich granules in the vacuoles [180] and in cells walls [179] by
energy-dispersive X-ray microanalysis and electron energy loss imaging [179,181,183], suggesting that PolyP sequester heavy metal ions and Al is part of a fungus’s detoxification mechanism.
27Al NMR has shown that mixed solvation complexes of Al-PolyP occur in the vacuoles of fungal
cells [152].
Phytoextraction leads to the removal of toxic metals from the soil, thus recuperating land to
agriculture, whereas phytostabilization makes use of plants and microorganisms to immobilize
metals into insoluble or complexed forms, thus decreasing their toxicity and avoiding contamination of the water table [186]. In both strategies, the first goal that must be achieved is the
revegetation of contaminated sites with plants and microorganisms able to tolerate toxic concentrations of heavy metals. Because mycorrhizal fungi mediate the uptake and transfer of elements
from the soil particles to the roots of mycorrhizal plants, several studies have focused on their
role on heavy-metal uptake and transfer to the plant [5,171,177,178,185]. Increased tolerance of
both endo- and ectomycorrhizal plants in metal contaminated sites is well documented
[5,171,177,181,186,187,188], By contrast, the influence of mycorrhizal fungi on root metal uptake
and transfer to the leaves (phytoextraction) appears to be quite variable and specific of metal and
plant [187,189].
Although this paragraph is focused on inorganic pollutants, the possible exploitation of rhizosphere interactions for bioremediation of organic soil pollution should be mentioned. Saprotrophic
fungi as well as rhizobacteria seems to be playing a major role in rhizodegradation, but data on
the degradation of organic pollutants in soil planted with mycorrhizal plants suggest interesting
developments in this area [5,190,191].

VII. BACTERIA AND MYCORRHIZAL FUNGI
IN THE RHIZOSPHERE
Mycorrhizas are often described as tripartite interactions, because in natural conditions, bacteria
are associated to AM and ECM fungi as microbes that colonize the extraradical hyphae or as
endobacteria living in the cytoplasm of at least some fungal taxa.
Understanding of the interactions between the microorganisms found routinely in the rhizosphere is an essential prelude to describe the nature of the soil–plant interface. The interaction of
mycorrhizal hyphae with other microorganisms either directly, or indirectly by modifying host
physiology and the pattern of root exudation, was demonstrated long ago [192], and represent an
extensively investigated topic [193]. Associations between mycorrhizal fungi and soil bacteria,
particularly plant growth-promoting rhizobacteria (PGPR) such as rhizobia, pseudomonads, and
Azospirillum, have profound effects on plant health through beneficial synergisms. PGPR interact
with both mycorrhizal fungi and the plant root in a wide variety of ways.
Many experiments have demonstrated that bacteria stimulate mycorrhiza formation. Garbaye
[194] has elegantly shown how bacterial strains increase a root’s ability to establish an ectomycorrhizal symbiosis. He has also proposed a new bacterial category to describe this effect: the
mycorrhization helper bacteria (MHB). Similar effects have been reported for AM fungi, where
several rhizosphere bacteria appear to stimulate the growth and development of endomycorrhizal
fungi or increase root mycorrhization, as well as root architecture [5,9,195]. Several mechanisms
have been proposed to explain these effects — for example, the production of vitamins, amino
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acids, phytohormones, or cell wall hydrolytic enzymes. Some of these effects may directly influence
the germination and growth rate of fungal structures, whereas others may act on root development
and susceptibility to infection.
Better use of mycorrhizal fungi as biocontrol and biofertilizer agents requires a more mechanistic
understanding of the biological balance between them and rhizosphere bacteria. Because bacteria
form biofilms around the hyphae of ecto- and endomycorrhizal fungi [196,197], Perotto and Bonfante
[198] have suggested that their attachment to the root and fungal surface is a crucial moment of the
interaction. Investigation of the mechanisms by which this attachment takes place has shown that
several molecular components, including adhesive proteins, flagella, and extracellular polysaccharides, are involved [199]. Several bacteria described as good root colonizers also adhere to hyphae,
indicating that similar attachment mechanisms are adopted. For example, PGPR isolated as strong
root colonizers, such as strain WCS 365 of Pseudomonas fluorescens, form a coat around the hyphae
of AM fungi, as do strains of Rhizobium leguminosarum [196]. The significance of this bacterial
attachment to a solid surface is not clear. It may be a way to avoid dispersion by percolating soil
water. In addition, according to Boddey et al. [200], rhizobacteria interacting with mycorrhizal fungi
may use hyphae as a vehicle for their distribution or to enhance root colonization. In view of the
widespread distribution of mycorrhizal fungi and the ability of AM fungi to colonize most plants,
this strategy would offer these bacteria a good chance of finding new niches.
Mycorrhizal fungi may have an impact on genotypic and functional diversity of bacterial
communities, because some of them seem to be specific to mycorrhizal plants [201,202]. This
impact may be related to the plant root; mycorrhizal establishment changes the chemical composition of root exudates [5,201] and these are often a food source for soil bacteria. It may also be
related to fungal metabolism [203]. Similarly, fruit bodies of ECMs are specific niches for bacterial
communities. In truffle ascomata, α-Proteobacteria showing significant similarity values with members of the Sinorhizobium/Ensifer Group, Rhizobium and Bradyrhizobium spp. have been detected
as well as members of the β- and γ-Proteobacteria [204]. In Cantharellus sporocarps, the prominent
culturable bacterial population is P. fluorescens biovar I, an user of trehalose, the most abundant
storage carbohydrate in fruiting bodies [205]. Trehalose accumulated in ECM mycelium may play
a role in the structuration of ECM-associated bacterial communities as specific Pseudomonas strains
are able to use this disaccharide [203].
Andrade et al. [206] found that the composition, but not the size, of bacterial communities in
the rhizosphere and hyphosphere of Sorghum, in the presence and absence of mycorrhizal fungi,
varied both within and among AM fungal treatments, suggesting that fungal taxa may have a
qualitative effect on bacterial diversity. In addition, a Burkolderia cepacia strain was always present
in the rhizosphere [206]. This result is of particular interest because Burkholderia-related isolates
have been described as endosymbionts living in the cytoplasm of spores of Gigaspora margarita,
an AM fungus [207]. Bacteria-like organisms (BLOs) in the cytoplasm of AM fungi were first
observed ultrastructurally in the early 1970s [208], but confirmation of their prokaryotic nature
was prevented by their refusal to grow on cell-free media. A combined morphological and molecular
approach has now shown that the cytoplasm of G. margarita spores harbors a homogeneous
population of bacteria identified from the sequence of the 16S ribosomal RNA gene as Candidatus
Glomeribacter gigasporarum [209]. PCR assays with oligonucleotides specific for this sequence
have revealed these bacteria in all stages of the fungal life cycle (spores and symbiotic mycelia).
In addition, isolates of different origin from the three AM fungal families (Glomaceae, Gigasporaceae, and Acaulosporaceae) display bacteria when observed by confocal microscopy using a
fluorescent dye specific for bacterial staining. However, PCR amplification performed with universal
eubacterial primers and primers specifically designed for the endobacteria of G. margarita on DNA
preparations from AM spores demonstrated that the endobacteria were widespread among AM
fungi, whereas Candidatus G. gigasporarum is limited to some Gigasporaceae. Thus, it seems that
these intracellular bacteria may be a general feature of AM spores and not merely sporadic
components [210].
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Associations between endosymbiotic bacteria and the Homoptera, Blattaria, and Coleoptera
are common. One of the best known is that between Buchnera and the aphids [211]. Both partners
are obligate and mutualistic symbionts and the aphids cannot survive without the bacteria [211].
Buchnera, in fact, possesses genes involved in DNA metabolism, protein secretion, carbohydrate
degradation, and ATP generation, as well as synthesis of essential amino acid; one of its functions
is the biosynthesis of essential amino acids such as tryptophan, cysteine, and methionine for the
aphid [211]. Similarly, the results so far available for Candidatus G. gigasporarum strongly suggest
that this bacterium is also an obligate endosymbiont at least in some AM fungi. Candidatus G.
gigasporarum does not grow in pure culture, but the setting up of an isolation protocol has allowed
us to define some of its physiological features; it is morphologically described as a Gram−
microbe — it keeps its viability for some days but does not grow in culture, and its genome is
extremely reduced, consisting of a chromosome and a plasmid for a total size of 1.4 Mb [212].
Bacteria move along the fungal generations, following a vertical transmission mechanism [213].
The functional significance of endosymbiotic bacteria in AM fungi is not clear. Using the
Buchnera–aphid system as an analogy, we are investigating this issue. The finding that a genomic
library developed from G. margarita spores is also representative of Candidatus genome [214] will
help to establish the features of this rhizospheric bacterial population, which has so far remained
hidden inside its fungal hosts.
The occurrence of intrafungal bacteria, in both live and dead cells, has been recently observed
in pure culture and natural mycelial samples of the ECM fungus L. bicolor [215,216]. However,
contrary to the bacterial endosymbionts of the Glomeromycota, the endobacteria of L. bicolor are
not systematically present and homogeneously distributed in the mycelium. Moreover, they belong
to different bacterial groups, depending on the origin of the fungal samples; α-proteobacteria were
predominant in L. bicolor mycelium collected in artificial substrates and natural soils from nurseries
or forest, whereas Paenibacillus predominated in pure cultures of the fungus. These results suggest
an environmental acquisition of the endobacteria by the fungus from the reservoir of the soil
bacterial communities. So far, the role of these endobacteria is completely unknown, contrary to
some of the extracellular bacterial communities that inhabit the L. bicolor ectomycorhizosphere.
Indeed, the analysis of the functional diversity of the culturable Pseudomonas fluorescens population
associated to L. bicolor ectomycorrhizas revealed that this population presents a high potential for
phosphorus and iron mobilization, as well as against fungal phytopathogens, that would be beneficial
to plant nutrition and health [202].
In conclusion, the analysis of the multiple interactions established by mycorrhizal fungi with
plant and bacterial cells offers new cues for understanding the complexity of mycorrhizal symbiosis
as a tripartite multitrophic association. This aspect will lead to the definition of new parameters in
the design of mixed inocula containing mycorrhizal fungi and associated bacteria and opens up
new strategies for the practical use of mycorrhizal fungi in the control of soilborne pathogens, the
improvement of plant nutrition and growth, or generally speaking, in low-input agriculture and
sustainable forestry [201]. To select new beneficial strains of fungal-associated bacteria in the
future, screening strategies will rely on data from genome-wide transcriptomics [218].

VIII. CONCLUSIONS
Mycorrhizas are usually described as the result of a symbiotic interaction between plant and fungal
genomes. There is increasing evidence that many of the complex events described inside the root
(morphogenetic changes, regulated development, nutritional exchanges) are the consequence of
extraradical events, some of which have been highlighted here — genetic and functional diversity,
development of fungal structures outside the roots, role of mycorrhizal fungi in nutrient cycling,
plant protection against pollutants, and living substrate for bacterial populations.
Whereas there have been substantial advances in recent years in our understanding of developmental processes leading to the formation of mycorrhizal symbiosis, many questions concerning
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the morphogenesis of fungal structures in the rhizosphere remain unanswered. A major theme in
future studies in this research area will be the molecular signaling involved in host recognition and
the coordinated development of specialized symbiotic structures. The signals identified might be
analogous to those that regulate formation of other symbiotic tissues and may well offer insights
into the processes that regulate organogenesis in fungi and plants.
Mycorrhizal fungi are a crucial component of the rhizosphere, where they work at the soil–plant
interface and also free from the influence of the root by interacting with a number of other organisms
to create a living underground web [103]. The other topic of great interest will be, therefore, the
interaction between mycorrhizal fungi and rhizosphere microbes. A good knowledge of these
multiple interactions will offer new tools for the development of “biofertilizers” to be used in the
frame of sustainable agriculture. Lastly, it will be important to explore the potential of mycorrhizal
fungi as bioremediation agents in polluted soils. There is a strong research need in this field.
Molecular approaches based on DNA technology, genomics as well as the emerging fields of
the soil metagenomics [218] will be surely crucial to clarify at least some of these problems; an
improved knowledge will provide new stimuli for the better dissection of the role and functioning
of mycorrhizal fungi in the rhizosphere. Identifying genes of ecological and evolutionary relevance
is of high priority [219].
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I. INTRODUCTION
The progress in understanding the symbiosis between the various genera of rhizobia and their
legume host plants was significant during the past few years. It was promoted by several genome
projects on the bacterial side (Rhizobium NGR 234, Sinorhizobium meliloti, Mesorhizobium loti,
Bradryrhizobium japonicum), as well as on the plant side (Medicago sativa, Lotus japonicus) by
proteomics and by new methods in molecular cell biology. In the new seven volume series on
“Nitrogen Fixation: Origins, Applications and Research Progress,” this symbiosis plays a major
role in three volumes [1–3]. From all procaryotic genomes so far sequenced, three rhizobia species
have the largest genomes, with 9.1 Mb for Bradyrhizobium japonicum, 7.6 Mb for Mesorhizobium
loti, and 6.7 Mb for Sinorhizobium meliloti. On the other side, some animal pathogenic bacteria
have the smallest genome, such as Borrellia burgdorferi with 1.2 Mb and Chlamydia trachomatis
with 1.0 Mb [4].
This chapter covers the symbiosis in the following order:
•
•
•
•
•
•

The ecology of rhizobia and legumes
Signal exchange between host plants and rhizobia in the rhizosphere
Nod factor perception and related processes
Nodule and compartmentation development
Soil stress factors affecting the symbiosis
The ecological and agricultural impact of the symbiosis for the nitrogen cycle

237

3855_C009.fm Page 238 Friday, March 9, 2007 4:25 PM

238

The Rhizosphere: Biochemistry and Organic Substances at the Soil–Plant Interface

The rationale to combine molecular biology and the ecology of the symbiosis is that understanding the functions of genes and the signaling between the two symbiotic partners is the basis
to understand the ecological success of the symbiosis. The ecological and agricultural importance
of legumes [5], on the other side, is a major argument, to study the molecular biology of the partners
with all available methods.

II. THE ECOLOGY OF RHIZOBIA AND LEGUMES
The following genera of rhizobia are established with a still open number of species:
•
•
•
•
•

The
The
The
The
The

genus Rhizobium (Allorhizobium)
genus Sinorhizobium
genus Mesorhizobium
genus Bradyrhizobium
genus Azorhizobium

It is now confirmed that species from other genera can form nitrogen-fixing nodules on specific
legumes such as Mimosa sp. and Crotolaria sp:
•
•
•

The genus Ralstonia (Wautersia) [6]
The genus Burkholderia [7]
The genus Methylobacterium[8]

The species concept of rhizobia has critically been discussed by Pablo Vinuesa [9], Peter Young
[10], Kristina Lindström [11] and Esperanza Martinez-Romero [12]. The basic physiological characteristics of rhizobia as widely distributed soil bacteria have been described in detail by Werner
[13] and Bottomley [14]. New results have been found in the detailed studies on quorum sensing
in rhizobia, where the bacteria communicate with each other, before they reach the critical population density to communicate and invade their host plants [15]. In Rhizobium leguminosarum bv
viciae, four quorum sensing systems have been identified, three located on the symbiotic plasmid:
rai, rhi, and tra, whereas the cinRI system genes are located on the chromosome. The rhi system
comprises rhiR, which is a luxR homolog, rhiI (a luxI homolog), and the rhiABC operon, which
is controlled by Rhi R, whose expression is controlled by flavonoids (Figure 9.1). The gene rhiA
is well expressed in free-living cells in the rhizosphere, but repressed in bacteroids. Signal molecules
in quorum sensing are acylated homoserine lactones (AHLs). The gene rhiI is responsible for the
synthesis of short chain AHLs such as C6-HSL and C8-HSL [16]. Also, long-chain HSLs have been
identified such as 3-OH-C14:1-HSL, encoded by the cinRI locus [17]. The gene for the AHL synthase
(cinI) is regulated by the long-chain AHL. Mutations in the three quorum sensing genes rai, tra,
and cin do not affect nodulation [18]; however, mutations in the rhi system affect nodulation
efficiency. Sinorhizobium meliloti has two characterized quorum sensing systems. The genes sinR
and sinI encode the production of rather large AHLs with up to C18-HSL [19]. Both genes are also
required for exopolysaccharide (EPS)-synthesis regulation and may affect nodulation efficiency via
expR [20]. A completely different mechanism is apparently used by Bradyrhizobium japonicum for
quorum sensing. The population density is here mediated by bradyoxetin: 2-(4-((4-(3-aminooxetan2-yl)phenyl)(imino)methyl(phenyl l) oxetan-3-ylamine [21]. The response regulator nwsb for quorum sensing acts together with nolA to repress nod genes. The connection to nutrient supply for
the bacteria is given by the observation that synthesis of bradyoxetin is enhanced under Felimitation. Twenty years ago, the hypothesis was already published that Bradyrhizobium cells
invading root hairs of their host plant soybeans find in the first place there is a high Fe (and Co,
Ca, and Mo) concentration and, only later, the N/C exchange dominates the mutualistic interaction
[22,23].
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FIGURE 9.1 Rhizobium leguminosarum bv. viciae quorum-sensing network [15].

Biofilms composed of a large number of bacterial species are another fascinating new area
of microbial ecology. Here, the prokaryotic cells differentiate in layers and niches similar to
multicellular eukaryotic species, communicating with each other with a very complex set of
signal molecules [24,25]. The spatial arrangement of microcolonies, with clusters of different
species, competes for nutrients at, probably, rather low concentrations. The genes involved in
the transition of planktonic life to biofilm life are of special interest, for they have been overlooked
in decades of laboratory cultures, using only liquid cultures and fermenter techniques. Biofilms
on plant surfaces are even more complicated, because here the signaling from and to the plant
is also involved [26]. The composition of a biofilm from water tanks was a big surprise: members
of Rhizobiales were the most abundant group, not typical species from the aquatic environment
(Table 9.1).
Molecular techniques (including those for metagenomics) also permit the study of the large
number of unculturable microorganisms from soils as well as from many other habitats with their
genes, their proteins, and also with their metabolites [29,30]. By using DNA microchips from
biofilms, a large number of clones can be studied at the same time [31]. For the proteomic approach,
microarray techniques allow the screening of hundreds of different proteins, including enzymes
[32]. The ecological importance of legumes can be hardly overestimated. With more than 16000
species, this order is present worldwide in all ecosystems, from the arctic tundra with lupins to
tropical forests with a large number of legume tree species. The agricultural production of the most
important grain legumes is presented in Table 9.2.
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TABLE 9.1
Composition of Bacterial Families from a Biofilm
Taken from a Drinking-Water Reservoir
Sequences Belonging to the Families

Percentage of the Population

Rhizobiales
Pseudomonadales
Enterobacteriales
Burkholderiales
Actinomycetales
Xanthomonadales
Alteromonadales
Other groups

32
15
11
7
6
3
2
19

Note: Modified from results from W. Streits laboratory.
Source: Schmeisser, C. et al., Appl. Environ. Microbiol., 69, 7298, 2003;
Steele, H.L. and Streit, W.R., FEMS Microbiol. Lett., 247, 105, 2005.

Soybeans are by far the most important legume production crop, with about 189 million tons
per year harvested and cultivated on about 80 million hectares. This is a larger area than the
combined land area of Italy and Germany. The U.S., Brazil, Argentina, China, and India are the
largest producers. This crop is covered in several chapters in [1]. For many other countries,
especially in the tropics and subtropics, several other grain legumes listed in Table 9.2 are of
equal importance.
The land area covered with fodder and pasture legumes may be even larger than that used for
grain legumes production. When we assume that, on average, 10% of all pasture areas are covered
with legumes such as Trifolium sp., Medicago sp., or Stylosanthes sp., more than 300 million
hectares are covered with legumes [13]. Tree legumes, such as the (more than 1200) Acacia species
[39] may cover an even larger area but with a low density in many regions.

TABLE 9.2
World Production of Grain Legumes
Legume
Soybeans
Groundnuts
Dry beans (Phaseolus and Vigna)
Dry peas
Chickpeas
Dry faba beans
Lentils
Green beans
Green peas

Million Tons per Year
189
36
19
11
6
4
3
5
7

Source: FAO Statistical Yearbook, FAO, Rome, 2004.
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III. SIGNAL EXCHANGE BETWEEN HOST PLANTS
AND RHIZOBIA IN THE RHIZOSPHERE
A. FLAVONOID-DEPENDENT SIGNALING
After the publication of the first edition of this volume in 2001, with the chapter from the author
on “Organic Signals between Plants and Microorganisms,” a number of reviews have been published
on signal exchange and biochemical modification [33–35]. The most comprehensive contribution
came from Jim Cooper [36], covering the synthesis, release, biochemical modifications, geneinducing and regulating activities of flavonoids. The signal exchange starts with release of small
concentrations (micro- to nanomolar) of flavonoids or isoflavonoids from specific root zones. Some
of the compounds act also as chemoattractants from rhizobia. A selected list of nod-gene-inducing
compounds from legumes is summarized in Table 9.3.
The largest set of different nod-gene-inducing compounds has been identified in the root exudate
of Phaseolus vulgaris, Glycine max, and Medicago sativa. These are also the most prominent
research species of legumes, and they are very important crops in agriculture. The best-studied nod
gene inducers are luteolin (a flavone), daidzein (an isoflavone), naringenin (a flavanone), and
isoliquiritigenin (a chalcone). Completely different structures are present in the betains stachydrine
and trigonellin found in Medicago sativa exudates [40] and in aldonic acids found in Lupinus albus
[41]. The microsymbionts are able to degrade the nod-gene-inducing flavonoids and isoflavonoids.
As shown for luteolin degradation by Sinorhizobium meliloti and for daidzein by Bradyrhizobium
japonicum in Figure 9.2, caffeic acid, protocatechuic acid, coumaric acid, and phenylacetic acid
are major products of the degradation. These compounds can effect growth of several rhizospere
microorganisms and, therefore, also the survival and competition of rhizobia.
The major function of the compounds in Table 9.2 is certainly the triggering of the early
nodulation events (Figure 9.3).
In nano- to micromolar concentrations, they bind to the Nod D receptor in the rhizobia-cell
surface, triggering the induction of all other nod genes involved in the production of the nodulation
factors, called also nod factors (NF) or lipochitooligosaccharides (LCOs). Combinations of two or
three different flavonoids are, in some cases, more effective than single compounds, as shown for
the combination of daidzein and isoloquiritigenin in Rhizobium leguminosarum bv phaseoli [42].
The nod genes, the species in which they have been identified, and their functions are summarized
in Table 9.4.
Nod A, B, and C, responsible for the synthesis of the LCO backbone, and nod I and J, involved
in the final secretion of the LCOs, are common in all rhizobia; other nod genes involved in the
regulation of nod gene expression and in substitution reactions are only present in some rhizobial
species and absent in others. The general structure of NF is shown in Figure 9.4.
Recently, in a specific strain of Rhizobium etli, a nod factor with six glucosamine rings has
been identified as the major LCO [43].
The induction of genes responsible for type III secretion systems (TTSS) by flavonoids is only
recently established for several Rhizobium and Bradyrhizobium strains, such as Rhizobium NGR
234 [44,45], Bradyrhizobium japonicum [46] and Sinorhizobium fredii [47]. The TTSS of the last
two species have only little sequence homology. On the other side, TTSS genes of some rhizobia
have a high degree of homology to genes from the pathogen Yersinia [48]. It is also very interesting
that in the genome of Sinorhizobium meliloti [49], no TTSS homologues have been found. Proteins
secreted by the TTSS apparatus are called Nops (nodulation outer proteins), equivalent to Yops
(Yersinia outer proteins) [50]. At least five different Nops have been identified, with three of them
associated with pili, other Nops may be involved in the MAP–kinase pathway [51] (see next
paragraph). The function of Nops for the development of the symbiosis and nodule formation are
not yet understood; mutations in TTSS genes can in some cases increase nodule number, in other
cases decrease the number. In one case, where the wild-type cannot nodulate a specific cultivar of
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TABLE 9.3
Nod-Gene-Inducing Compounds from the Root Exudate of Legumes
Host Legume

Compound

Phaseolus vulgaris

Delphinidin (3,5,7,3’,4’,5’-hexahydroxyflavylium)
Kaempferol (3,5,7,4’-tetrahydroxyflavonol)
Malvidin (3,5,7,4’-pentahydroxy-3’,5’-dimethoxyflavylium)
Myricetin (3,5,7,3’,4’,5’-hexahydroxyflavone)
Petunidin (3,5,7,4’,5’-pentahydroxy-3’methoxyflavylium)
Quercetin (3,5,7,3’,4’-pentahydroxyflavonol)
Eriodictyol
Genistein
Naringenin (5,7,4’-trihydroxyflavonone)
Daidzein
Liquiritigenin
Isoliquiritigenin
Coumestrol

Glycine max

Daidzein (7,4’-dihydroxyisoflavone)
Genistein (5,7,4’-trihydroxyisoflavone)
Coumestrol (3,9-dihydroxycoumestan)
Isoliquiritigenin (4,2’,4’-triihydroxychalcone)
Genistein-7-0-glucoside
Genistein-7-0-(6’-0-malonylglucoside)
Daidzein-7-0-(6’-0-malonylglucoside)

Medicago sativa

Luteolin (5,7,3’4’ -tetrahydroxyflavone)
Chrysoeriol (3’-methoxy-5,7,4’-trihydroxyflavone)
Liquiritigenin (7,4’-Dihydroxyflavonone)
7,4’-Dihydroxyflavone
Methoxychalcone (4,4’-dihydroxy-2’-methoxychalcone)
Stachydrine (betaine)
Trigonelline (betaine)

Robinia pseudoacacia

Isoliquiritigenin
Naringenin
Apigenin
4,7-Dihydroxyflavone
Chrysoeryol

Vicia sativa

3,5,7,3’-Tetrahydroxy-4’-methoxyflavonone
7,3’-Dihydroxy-4’-methoxyflavonone
Four more partially characterized flavonones

Trifolium repens

7,4’-Dihydroxyflavone
Geraldone (7,4’-dihydroxy-3’-methoxyflavone
4’-Hydroxy-7-methoxyflavone

Cowpea

Daidzein
Genistein
Coumestrol

Pisum sativum

Apigenin-7-0-glucoside (5,7,4’-trihydroxyflavone-7-0-glucoside)
Eriodictyol (5,3,3’,4’-tetrahydroxyflavanone)

Lupinus albus

Erythronic acid (aldonic acid)
Tetronic acid (aldonic acid)

Sesbania rostrata

Liquiritigenin

Source: Modified from Cooper, J.E., Advances in Botanical Research, Vol. 41, Incorporating
Advances in Plant Pathology, 2004, p. 1; Werner, D., Fast Growing Trees and Nitrogen Fixing
Trees, Werner, D. and Müller, P., Eds., G. Fischer, Stuttgart, 1990, p. 3; Scheidemann, P. and
Wetzel, A., Trees, 11, 316, 1997; Sprent, J.I., Agriculture, Forestry, Ecology and the Environment,
Werner, D. and Newton, W.E., Eds., Kluwer Academic, Dordrecht, 2005, p. 113.
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FIGURE 9.3 Early signaling events in legume–rhizobia symbioses. Some pathways are not operative in all
symbioses. EPS — extracellular polysaccharide; KPS — capsular polysaccharide; LPS — lipopolysaccharide;
AHL — N-acyl homoserine lactone [36].

Glycine max (Mc Call), a mutant (in the rhe gene) can form nodules [47]. This indicates that the
so-called host specificity of rhizobia is in no way a sufficient parameter for systematics and
taxonomy, as used in the manuals of bacteriology for a long time. For type I secreted proteins,
which is flavonoid inducible (Figure 9.3), there is only one example: Nod O, which may be involved
in ion channels formation [52] and infection thread formation in root hairs [53].

B. OTHER COMPONENTS OF COMMUNICATION: CYCLIC GLUCANS, EPS, AND LPS
In rhizobia, the cyclic glucans are polymers of 17 to 40 units of glucose, linked by 1,2 or 1,3, or 1,6
glycosidic bonds and substituted by sn-1-phosphoglycerole or phosphocholine [54,55]. Besides the
major function in the free-living state in the soil against osmotic changes, they may have a specific
function in the communication with the host plant in suppression of the defence response [56].
Also, an increased solubility and transport of flavonoids and NF mediated by cyclic glucans are
discussed [57].
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TABLE 9.4
Biochemical Function of Nodulation Gene Products Involved
in Nod Factor Synthesis and Transport
Nod Gene

Species

Gene Product Function

Regulation of Nod Gene Expression
nodD
Common
nodW
Bj
nodW
Bj
nolA
Bj
nolR
Rm
syrM
Rm

LysR-type regulator
Two-component family sensor
Two-component family regulator
MerR-type regulator
LysR-type regulator
LysR-type regulator

Synthesis of the Chito Oligosaccharide Backbone
nodM
Rm,Rlv,Rlt
nodC
Common
nodB
Common

D-glucosamine synthase
UDP-GLcNAc transferase
De-N-acetylase

N-Substitutions at Nonreducing End
nodE
Rm,Rlv,Rlt
nodF
Rm,Rlv,RM,Ml
nodA
common
nodS
Rn,Rt,Ac,Bj,Rf

β-ketoacyl synthase
Acyl carrier protein
N-acyltransferase
S-adenosyl methionine methyl transferase

O-Substitutions at Nonreducing End
nodL
Rm,Rlv,Rlt
nodU
Rn,Rt,Ac,Bj,Rf

6-O-acetyltransferase
6-O-carbamoyltransferase

O-Substitutions at Reducing End
nodP
Rm,Rt
nodQ
Rm,Rt
nodH
Rm,Rt
nodZ
Bj,Rn
nodZ
Ac
nolK
Ac
nodX
Rlv TOM

ATP sulfurylase
ATP sulfurylase, APS kinase
Sulfotransferase
Fucosyl transferase
Glycosyl transferase
Sugar epimerase
Acetyl transferase

O-Substitutions at Nonterminal Residue
Rg

nod

3-O-acetyltransferase

Secretion of NF
nodI
nodJ
nodT
nodFGHI

Common
Common
Rlv,Rlt
Rm

ATP-binding protein
Membrane protein
Outer-membrane protein
Membrane proteins

Note: Abbreviations: Ac = Azorhizobium caulinodans; Be = Bradyrhizobium elkani; Bj = B. japonicum;
Re = Rhizobium etli; Rf = R. fredii; Rg = R. sp. GRH2; Ml = R. loti; Rlt = R. l. bv trifolii; Rlv = R.
leguminosarum bv viciae; Rm = R. meliloti, Rn = R. sp. NGR 234; Rt = R. tropici; Rg = R. galegae.
Source: From Werner, D. and Müller, P., Environmental Signal Processing and Adaptation, Heldmaier,
G. and Werner, D., Eds., Springer, Berlin, 2003, p. 9.
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FIGURE 9.4 General structures of the Nod factors produced by rhizobia. The presence of substituents
numbered R1 to R9 is variable within various strains of rhizobia. In the absence of specific substituents, the
R groups stand for hydrogen (R1), hydroxy (R2, R3, R4, R5, R6, R8, and R9), and acetyl (R7) [33].

The EPS genes in rhizobia are well studied. Figure 9.5 summarizes the data for Sinorhizobium
meliloti. Two types of EPS have been separated from Sinorhizobium meliloti, EPS I as a succinoglucan and EPS as a galactoglucan, with size classes ranging from 8 to 40 saccharides up to several
thousand units [56]. EPS mutants in Bradyrhizobium japonicum elicit a pronounced defence
response [58], indicating a role of EPS in suppression of host defence response. Symbiosis and
parasitism are also in many other regulatory networks closely related [59,60]. The exo P cluster of
Rhizobium NGR 234, which has a very broad host range, infecting more than 112 legume genera,
differs from the cluster in Sinorhizobium meliloti, with a very narrow host range, by the lack of
exoH and exo TWV [61,62].
The typical structure of lipopolysaccharides (LPS) is composed of three major components:
the core chain, the lipid A, and the O-antigen chain [63,64]. The genes for the synthesis of the core
chain and the O-antigen chain have localized in Rhizobium etli on a plasmid [65]. The LPS in
rhizobia is more heterogeneous than the EPS. Three different components of rhizobial lipid are
shown in Figure 9.6.
A glucose-amino-disaccharide backbone carries one very long (C 27 or C 28) hydroxy-fatty
acid and four other shorter fatty acids. In different species of Rhizobium, the disaccharide can be
phosphorylated, galacturonated, or modified to deoxygluconate [66]. It is not unexpected that the
LPS from Agrobacterium tumefaciens is very similar to the structures found in Rhizobium species
[67]. The repression of host plant defense responses by complete LPS structures has already been
assumed some time ago [68]. More recently, it has been shown that the LPS from Sinorhizobium
meliloti can suppress the defense response in Medicago sativa cell suspensions after addition of
a yeast extract elicitor [69,70]. For the early stages of infection, LPS are not essential; however,
a mutation in the C27/C29 fatty acid had a phenotype of delayed nodulation [71]. To understand
this effect, it is very important to know that LPS can move in the form of vesicles from the surface
of the microsymbiont to, or even into, the plant surface layers [72]. The next stages of nodule
development are definitely affected by the LPS structures. LPS mutants in the core or the Oantigen formed only pseudonodules or ineffective nodules in Phaseolus vulgaris and Sesbania
rostrata [73,74]. During the infection process and the differentiation of bacteroids, the LPS may
be changed. Specific flavonoids can affect the microsymbiont to produce a more hydrophobic LPS
by integrating more 2-O-methyl-fucose instead of rhamnose [75,76]. A modification of the LPS
to a reduced rhamnose content resulted also in ineffective (not nitrogen fixing) nodules. Studies
on the signaling sequence indicate that NF and LPS are consecutive signals in the symbiosis
development [77].
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FIGURE 9.6 Structure of lipopolysaccharide (LPS) with core oligosaccharide, oligosaccharide repeat unit,
and lipid A from Rhizobium etli (communicated by Elmar Kannenberg, Tübingen).

IV. NOD FACTOR SIGNALING AND RELATED PROCESSES
A summarizing scheme for nod factor and AM signal pathways in legumes is presented in Figure 9.7
from a review by Udvardi and Scheible [78]. The NF and equivalent mycorrhizal signals are
perceived by receptor-like kinase proteins NFR (nod-factor receptor) or SYMRK (symbiosisreceptor kinase) [79,80].
The phosphorylated proteins then trigger a Ca2+ influx from the environment or from other
compartments such as plastids. A perinuclear Ca-spiking outside and inside the nucleus of the host
plants can activate a nuclear calcium/calmodulin-dependent protein kinase (CcaMK) that activates
two transcriptional activators NSP1 and NSP 2 (GRAS-type regulators), which trigger the transcription of early root hair nodulins and other early nodulins (enods). Nodulins are symbiosisspecific proteins in nodules. The calcium/calmodulin-dependent protein kinase gene from Medicago
truncatula has been designated as dmi3 and sequenced [81]. A mutant in this gene can still bind
nod factor, but cannot transduce the signal downstream of the Ca-spiking. A very similar publication
with the same host plant was published by other authors including statement for AM-symbiosis
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FIGURE 9.7 Possible signaling pathway triggered by bacterial nod factor in plant root cells. Nod factors are
perceived at the cell surface by receptor-like kinase proteins (NFR — Nod factor receptor complex, and
SYMRK — symbiosis receptor kinase). Protein phosphorylation may then lead to influx of extracellular
calcium (Ca2+) or release of intracellular calcium stores by channel proteins into the cytoplasm. Rhythmic
calcium spiking, especially around and possibly within the nucleus, may activate a nuclear calcium/calmodulindependent protein kinase (CCaMK), which in turn could activate the GRAS-type transcriptional regulators
NSP1 and NSP2 by phosphorylation. NSP1 and NSP2 then induce transcription of early nodulation genes,
leading to root hair deformation and formation of nodules. CCaMK probably also activates expression of
genes required for fungal (mycorrhizal) [78].

[82], but both groups do not recognize the work with Lotus japonicus on this signaling pathway.
The same situation can be found in competing groups working with different species of rhizobia;
some laboratories working with Sinorhizobium meliloti neglect work done with Bradyrhizobium
japonicum and vice versa. The function of the dmi2 gene was also studied in Medicago truncatula,
but with reference to other systems [83]. This gene is not induced by NF; however, it is very
significantly induced in the primordia of nodules and it is suggested that it plays a role in the
continuing dialogue between the plant and the microsymbionts. The expression of dmi2 was not
effected by mutations in other symbiotic genes such as dmi1, dmi3, nsp1, and nsp2. Mutants in
dmi2 can grow normal with a mineral nitrogen source. It is very interesting that a dmi2 mutant is
also more sensitive to touching of leaves than the wild-type, indicating a role also in other plant
organs than nodules and roots [84]. The NSP 1 and NSP 2 proteins belong to the GRAS protein
family, present only in plants and apparently not in prokaryotes and in animals [85]. The name
GRAS is derived from the first identified proteins (GAI, RGA, SCR). So far, 33 different GRAS
proteins have been identified in Arabidopsis. They are composed of 400 to 770 amino acids. Their
major sequence character is a VHIID motif, flanked by two leucine-rich areas. The C terminal of
the proteins is highly conserved, the N-terminal rather variable. After the second leucine-rich
domain, a tyrosine phosphorylation site is also widespread in these proteins. GRAS proteins are
involved in such different areas of plants development as the following:
•
•
•
•
•
•

Root and nodule development
Meristem development in general
Shoot meristem development
Phytochrome signaling
Gibberellin signal transduction
Meiosis development
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They are probably essential regulatory proteins for the communication of all plant organs,
which have to communicate during growth and development. It has been shown that GRAS proteins
have transactivation domains and can thereby act as activators of transcription [86,87]. A phylogenetic tree of the GRAS protein family is given in Figure 9.8.
The GRAS protein NSP2 is localized in the endoplasmic reticulum (ER) and relocalized to
the nucleus after nod-factor application [88]. In this respect, it is very important to remember that
the ER plays also a decisive role in the development of the symbiosome (peribacteroid) membrane
[89,90]. Therefore, it is very likely that GRAS proteins may play also a role in the differentiation
of the symbiosome membrane, which is in addition under the control of several genes from the
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FIGURE 9.8 Phylogenetic tree of GRAS proteins. The rooted tree summarizes the evolutionary relationship
among the 33 members of the Arabidopsis thaliana GRAS protein family (At) including several GRAS proteins
from Petunia x hybrida (petunia: Ph), Lycopersicon esculentum (tomato: Lelium longiflorum (lily: Ll), Oryza
sativa (rice: Os), Hordeum vulgare (barley: Hv) and Zea mays (maize: Zm). The program used for sequence
aligment was CLUSTAL W. Phylogenetic analysis was done using the DAMBE4 Program (Xia and Xie 2001)
with the neighbor-joining method using a human (Homo sapiens) STAT protein (Hs SRC; NP004374) as an
outgroup. AtSCL 33 was regarded as two independent proteins, AtSCL 33a and b [85].
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rhizobia, as shown for signal peptidase genes in the symbiosis of Glycine max and Bradyrhizobium
japonicum [91,92]. NSP 1 is constitutively expressed, preferentially in roots [93]. Besides plantspecific gene families such as GRAS, gene families, active for example, in mammalian cells during
membrane differentiation such as the GRIP-proteins [94], may be of interest for symbiosis
development.
The infection process during symbiosis starts in most cases in root hair cells. The method to
isolate root hair cells in large quantities with a freeze fracture method was developed by Röhm
and Werner [95], and the first root hair specific proteins were identified with this method. After
nod-factor treatment, a more than 100-fold increase in early nodulin protein with a molecular weight
of 11 kDa (ENOD 11) was found in Medicago truncatula root hairs and an increase by a factor
of 30 for ENOD 40 [96]. Inhibition of the phospholipase D and phospholipase C blocked the ENOD
11 activation [97]. In Lotus japonicus, two ENOD 40 proteins were expressed with a different
pattern after infection with the bacteria [98]. The regulation of the ENOD 40 promoter is speciesspecific in Medicago sativa and Trifolium. The cytokinin BAP induces the expression, whereas in
Lotus japonicus no such effect was observed [99]. Root hairs themselves are highly differentiated
plant surface cells with functions in nutrient uptake, water uptake, and root exudation. Their growth
rate and also their microtubule dynamics is reduced by addition of NF (LCOs) [100].
Inside the root hairs as receiving cells, the communication with the plastids is also essential.
Two new genes, called Castor and Pollux, have been characterized in Lotus japonicus, involved in
ion fluxes between cytosol and plastids (Figure 9.9). Mutations in either gene have a Nod− and
Myc− phenotype. Homologues of this gene exists not only in other legumes such as Pisum sativum,
Glycine max, and Medicago truncatula, but also in Oryza sativa (rice) and Arabidopsis thaliana.
This indicates, that a widespread gene has developed in legumes to a symbiosis-specific gene,
localized in plastids [101,102].
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FIGURE 9.9 Lotus component corresponding to the NSP2 of Medicago truncatula [101,102].
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Using C-DNA techniques, huge numbers of genes overexpressed or repressed during the
symbiosis development have been detected, but the real functions remain open. More than 100
overexpressed genes have been found in Lotus japonicus after infection by Mesorhizobium loti
[103]. These genes include those for 32 nodulins, and proteins involved in (1) defense responses,
(2) phytohormone synthesis, (3) cell wall synthesis, (4) membrane transport, (5) signal transduction,
and (6) transcriptional regulation.
In Medicago truncatula, the other model legume, 46 sequences were differentially expressed
after inoculation with Sinorhizobium meliloti [104], functioning in (1) ribosome biogenesis, (2)
defense response, (3) stress response, (4) signal transduction, and (5) transcriptional regulation.
As already pointed out for related signal pathways between the rhizhobia–legumes symbiosis
and the arbuscular mycorrhiza–legume symbiosis (Figure 9.7 and Figure 9.9 [105]), the Frankiahost plant and the rhizobia–legume symbiosis also share some transcriptional regulations, as
indicated for the subtilisin-like Serine protease gene cg 12 [106]. Even nematodes can elicit the
same signal transduction as NF, as shown with Lotus japonicus [107].

V. INFECTION AND NODULE COMPARTMENTATION
DEVELOPMENT
The further steps of symbiosis development become more and more complex, because the number
of microsymbionts per host plant cell increases and all other cell organelles have to respond to the
new organelle, the symbiosome. But before this step, the invasion through the infection thread is
an essential process, as shown in Figure 9.10 [108].
The infection thread is a cylinder, growing inside root hairs toward the root cortex, surrounded
by a probably modified host plasma membrane and a probably modified cell wall. The infection
threads grow with a speed of around 10 µm/h in Medicago [109]. Inside this compartment, extensins
(glycoproteins) are continuously changing their cross-linking, triggered by H2O2, producing a more
solidified matrix from a fluid matrix [110]. In this solidified matrix the rhizobia stop to divide,
which means that according to this model, only around 25 to 50 bacteria at the tip of the infection
threads are actively dividing in the infection thread [108]. The matrix material consists of glycoproteins with dominating hydroxyproline residues and arabinogalactan glycosylations.
The next steps of nodule initiation and development are closely linked to the cell cycle
regulation. In the nodule development of Medicago truncatula, more than 10 layers of root cortex
cells are invaded by the infection threads and the bacteria continue to produce NF, which send out a
mitogenic signal; the root cortex cells do not divide but undergo several rounds of endoreduplication,

FIGURE 9.10 Model for the growth of an infection thread [110].
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FIGURE 9.11 Mitotic cell cycle and endoreduplication cycle in nodule development (Figure supplied by
Adam and Eva Kondorosi).

ending in polyploid and significantly enlarged root cells [111]. The DNA content of the cells can
increase from 2 to 64 C, after five rounds of endoreduplication [112].
The basic mitotic cell cycle is controlled by cyclin-dependent cyclin-kinases, where the transition of G1-S in affected by cyclin D, the transition of S-G 2 by cyclin A, and the G2-M transition
by cyclin B (Figure 9.11). The NF (LCOs) reactivate cells arrested at the GO phase by inducing
the cyclin A2. The promoter of the cycA2 gene has a number of auxin-responsive elements.
Application of auxins led to a strong expression of cycA2 in front of the xylem poles, the site of
nodule initiation [113]. The switch from the mitotic cycle to the endoreduplication cycle is mediated
by the switch gene ccs52A. The gene product provokes a degradation of cyclin B converting the
mitotic cell cycle to the endoreduplication cycle. In ccs52A antisense plants, the nodules were
much smaller, the degree of polyploidy was significantly reduced, and the cells included no nitrogenfixing bacteroids [114]. The gene ccs52A is expressed in determinate as well as in indeterminate
nodules.
The next level of signaling determines the number of nodules per plant. It is evident here that
the shoot-to-root communication should play an important role, as the number of nodules determines
(with a large variation of the efficiency of the single nodules) how much nitrogen per plant is fixed,
and the whole plant must control how much nitrogen it needs during the various growth phases.
The latest model of autoregulation of nodulation, based on the long time work of the laboratory
of Peter Gresshoff is presented in Figure 9.12.
Nod factors perception is attenuated by a signal coming from the shoot/leaves, mediated by
NARK (nodule autoregulation receptor kinase), which also receives a signal from the roots [115].
With grafting experiments it was shown that the genotype of the shoot controls the number of
nodules on the root system [116]. The NARK receptor kinase consists of a signal peptide, leucinerich repeats, one transmembrane domain, and the kinase sequence [117]. The similar har 1 gene
was cloned from Lotus japonicus [116,118], with the largest level of identity to the CLAVATA1
receptor kinase of Arabidopsis, which is involved in the negative regulation of apical meristems of
shoots. The phytohormone jasmonate suppresses nodule formation and could be part of the signaling
pathway [119].
Compartmentation in the infected nodule cells with the development of stable symbiosomes
are the next even more complex steps in the symbiosis development. A fully infected large host
cell of Glycine max nodules contains more than 10000 symbiosomes, functioning for more than
two weeks in a largely unexplored cooperation with all other cell organelles such as mitochondria,
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FIGURE 9.12 Autoregulation of nodulation circuit in legumes [115,116].

amyloplasts, ER–Golgi complex, and the cell nucleus (Figure 9.13). There is no other example in
cell biology of such a massive invasion of other cells and genomes into a eukaryotic host cell
leading to a stable symbiosis [13]. For comparison, the number of plastids per eukaryotic cell is
in the range between 1 and around 400. With chemically induced mutants of Bradyrhizobium
japonicum already in the 1980s, a number of unstable symbiosome membranes and host-cell
compartmentations have been found as phenotypes of the symbiosis [120–123]. With TnphoA

FIGURE 9.13 Optimal infected nodule cells with several thousand symbiosomes per host cell in nodules of
Glycine max.
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FIGURE 9.14 Optimal branched arbuscule from an AM fungus inside the host cell.

insertion mutagenesis, new genes relevant for the later stages of symbiosis and beyond the known
har, nod, nol, noe, and nif genes could be identified with the sip ( signal-peptidase) genes. A specific
symbiotic phenotype could be produced by mutation in the sipS gene, because Bradyrhizobium
japonicum contains, with sip F, a second functional signal peptidase, which allows an undisturbed
growth in the free-living stage [91,92,124]. The release from the infection thread and the stability
of the bacteroides in the symbiosomes were affected in sip S mutants. The genome regions around
sip F were studied further by the use of multipurpose transposon Tn KPK2, producing ineffective
(not nitrogen fixing) nodules [125]. Also, outside the symbiotic region of the Bradyrhizobium
japonicum USDA 110 genome, the new genes srrB and srrC were found, producing a phenotype
with a very low number of symbiosomes per infected cell [126]. The sum of all symbiosomes in
the infected nodule cell is functionally comparable to the arbuscule in the arbuscular mycorrhiza
symbiosis (Figure 9.14). However, we still know much less about this compartment, because it is
not yet possible, to isolate arbuscules in a similar manner as symbiosomes for functional and
biochemical studies. On the other side, the molecular genetics of this symbiosis has made significant
progress in the past few years [79,127].

VI. SOIL STRESS FACTORS AFFECTING THE SYMBIOSIS
Our knowledge about the symbiosis development described so far is to a large extent based on
laboratory experiments and observations. The real world of legumes and rhizobia are, of course,
the various ecosystems such as arable agricultural land, pastures, savannahs and forests, where the
standard development is affected by a large number of environmental factors such as:
•
•
•

Soil water stress (osmotic stress)
Nutrient stress
pH stress and competition stress
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The best-studied system for osmotic stress in rhizobia is Sinorhizobium meliloti, which accumulates very different compatible solutes such as glutamic acid, glycine betaine, proline betaine,
trehalose, and N-acetylglutaminylglutamine amide [128,129]. The basic understanding of osmoregulation is even more advanced in Escherichia coli and Bacillus subtilis [130,131]. In Bacillus
subtilis, there are two classes of osmotically regulated genes:
•

•

Genes that are permanently switched on at high osmolarity are the Opu Transporters and
genes for the proline biosynthesis. Altogether more than 100 genes belong to this group,
most of them have unknown functions. A central role has the two-component regulatory
system DegS/DegU [132].
Genes that are only transiently upregulated, such as the yhaSTU genes, responsible for
K+/Na+ export. Mechanosensitive channel proteins hereby play an important role.

Besides osmotic adaptation, the tolerance to desiccation is another important factor to water supply
and shortage. But the genetics and biochemistry of desiccation in rhizobia is poorly studied [133]. A
decrease in unsaturated fatty acids under these conditions has been reported [134]. When we include
the plant partner it is remarkable that N2 fixation is more sensitive to desiccation than photosynthesis
and nitrate assimilation [135]. Nutrient stress and limitation has a fundamental impact on growth and
development of the host plants as well as the microsymbionts. The limitation of a single essential
element of the around 20 essential soil elements also finally limits the symbiosis. In the keynote
lecture of the International Nitrogen Fixation Conference in Peking [23], it was remembered that
already 20 years ago [136] it was demonstrated, that root hairs of soybeans contain almost 10 times
more calcium, cobalt, and iron than soybean roots and 3 to 8 times more than wheat root hairs.
Soybean roots contain also about 10 times more molybdenum than wheat roots (Table 9.5). For all
these essential elements, rhizobia have an unusual high requirement for growth and differentiation.
The central hypothesis from these (limiting) data is that the symbiotic interaction does not start with
a carbon/nitrogen exchange, which takes place only in already developed nodules, but with the supply
of essential trace elements by the host plants to the rhizobia in a competition-limiting environment
[136]. In the past few years it has been established that calcium spiking in root hairs of legumes plays
a central role in the signaling pathway for NF reception (see Figure 9.7) [137]. In many soils, the
limitation of available phosphate is a major constraint, and also for this element, the symbiotic bacteria
and the legume host plants compete. The phosphorus concentration in fix+ nodules is about 60%
higher than in root tissue, but the same as in fix – nodules [138]. On the other side, the chloride
concentration in both types of nodules is reduced by about 80% compared to roots (both 20 d old).
The acquisition of phosphate is, in many cases, a limiting factor of legume development [139].
Therefore, the tripartite symbiosis of legumes with AM fungi and rhizobia is of special interest,
because the AM fungi reduce the phosphate limitation and the rhizobia the nitrogen limitation [140].

TABLE 9.5
Calcium, Iron, and Cobalt Accumulation in Root Hairs of Soybean (Glycine max)
Ppm (Dry Matter)
Element
K
S
Fe
Co
Ca
Mo

Soybean Root Hair

Soybean Root

Wheat Root Hair

11740 ± 2450
530 ± 165
414 ± 138
7.9 ± 3.8
22000 ± 460
3.1 ± 0.5

12840 ± 2640
560 ± 170
31 ± 5
0.88 ± 0.4
287 ± 70
5.4 ± 0.7

4670 ± 1010
180 ± 55
120 ± 35
2.6 ± 0.8
246 ± 60
0.6 ± 0.12

Source: From Werner, D. et al., Z. Naturforsch., 40c, 912, 1985.

Wheat Root Hair
4780
190
44
1.3
288
0.5

±
±
±
±
±
±

990
60
26
1.1
70
0.3
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Besides the nutrient acquisition, the AM-fungal symbiosis also protects the host plants against
drought stress [141] and also salinity stress [142]. Also PGPR (plant growth promoting rhizobacteria) can assist AM fungi in solubilizing phosphate for the host plants [143,144]. The complexity
of the interactions has further increased by the observations that endosymbiotic bacteria are present
within certain species of AM fungi, such as Gigaspora and have been identified as the new species
Candidatus Glomeribacter gigasporum [145]. The bacteria are stable cytoplasm components, are
transmitted over vegetative spore generations [146], and are considered as obligate endosymbionts
[147]. Bacterial responses to pH, in general, have been summarized in detail by R.K. Poole [148].
The sensor/regulator pair ActS/ActR has been studied in most detail in Sinorhizobium meliloti
[149]. The most interesting special feature of rhizobia compared to other rhizosphere bacteria is
that they inhabit in both parts of their life cycle an acid environment — as free-living bacteria in
the rhizosphere before infection and as bacteroides in the symbiosome. This has been used to
identify additional new genes responsible for the later stages of nodule colonization, by producing
acid-sensitive mutants in the free-living stage and test them in competition experiments during
nodule compartmentation. With the acid-tolerant strain Rhizobium CIAT 899, the gene atvA (“acid
tolerance and virulence”) was identified, with a strong homology to the acvB gene in Agrobacterium
tumefaciens [150]. A serine/alanine exchange in the lipase motive of the protein leads to an acidsensitive phenotype with a significantly reduced competitiveness for nodule occupancy. Mutation
in the upstream localized lpiA gene also leads to much reduced competitiveness. Also, mutants
with an increased acid tolerance have been created. A leucine biosynthesis mutant was able to
survive at pH 3.5, which the wild-type strain could not [151]. The wild-type could survive and
grow down to pH 4.0. The mutant was able to raise the pH of the medium from 3.5 to 3.8 as a
leucine auxotroph, where the wild-type did not raise the pH of the medium. It is known that
catabolization of amino acids leads to an alkalinization of the medium. This mechanism may explain
that in the rhizosphere of many legumes amino acid auxotrophs can be found. Two other genes
involved in acid tolerance have been most recently also identified in Rhizobium tropici — the gene
sycA has strong identity with a CIC chloride channel and the second gene in the same operon olsC
is homologous to aspartyl-asparginyl-ß-hydroxylase [152]. This hydroxylase modifies two ornithine-containing membrane lipids of the microsymbionts. Both genes are involved in acid tolerance
in the free-living state as well as in colonization of the infected cells by affecting competitiveness.
The organization of these genes is shown in Figure 9.15.

3500

orf4

EcoR1

pBBR-1,6BE

FIGURE 9.15 Genetic and physical maps of the 3,761-bp EcoRI-ClaI region from Rhizobium tropici CIAT899
analyzed in this study (accession number AY954450). Selected restriction sites are shown. Four open reading
frames (ORF) (represented by arrows) were detected. The site of the Tn5 insertion located in sycA between
nucleotides C1763 and T1764 is indicated by an open triangle. Nonpolar deletion mutants lacking the regions
shown in white were generated in sycA and olsC. Predicted promoters are shown as thin arrows. The dotted
line represents the intergenic spacer between sycA and olsC subjected to reverse transcriptase–polymerase
chain reaction (RT-PCR) analysis (shown in D). The dashed line shows the location of the 1.66-kb BamHIEcoRI fragment cloned into pBBR-MCS5 and used to complement strain 899-olsC∆1 [152].
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The two soybean-nodulating rhizobia also differ in their acid tolerance, Bradyrhizobium
japonicum can still grow at pH 4.5 but not under alkaline conditions of pH 9.0, whereas
Sinorhizobium fredii will not grow at pH 4.5 but at 9.0 [153]. From genistoid legumes, the new
acid-tolerant species Bradyrhizobium canariense has been isolated and characterized [154],
which can nodulate Chamaecytisus proliferus, Teline stenopetala, and Lupinus luteus, but not
Glycine max and Glycine soja. This new species has been characterized in relation to population
genetics and the phylogeny with all other Bradyrhizobium species: Bradyrhizobium japonicum,
Bradyrhizobium elkanii, Bradyrhizobium liaoningense, Bradyrhizobium yuanningese, and
Bradyrhizobium betae [155].

VII. THE ECOLOGICAL AND AGRICULTURAL IMPACT OF THE
SYMBIOSIS FOR THE NITROGEN CYCLE
A detailed description of the agricultural relevant nitrogen fixation of legumes has been published in the volume Nitrogen Fixation in Agriculture, Forestry, Ecology and the Environment
[156–160]. The two other major processes in the nitrogen cycle have been covered in the same
volume: nitrification by Fiencke et al. [161] and denitrification by van Spanning et al. [162].
Increased nitrogen fixation for legume crop production will most likely come from traditional
techniques rather than from genetic engineering in the next few years. Too many promises have
been made during the last ten years from these techniques, which are extremely useful for
studying the molecular mechanism of symbiosis development, but have almost nothing contributed to increased legume production so far. The one classical technique is the use of improved
inoculum production and application of competitive and stress-tolerant strains of rhizobia
selected for very different soil types, climates, and host cultivars [163]. The other technique
comes from modern plant breeding with the following elements, as summarized by Peter Graham
et al. [164]:
•
•
•
•
•

Use of genetic variation with traits associated with nitrogen fixation and symbiosis
Use of progress in understanding pathogen resistance in legumes
Understanding trait genetics
Development of field-based and inexpensive methods for progeny selection
Better use of new insights in source/sink relationships and organ development

VIII. CONCLUSIONS
The symbiosis between different species of rhizobia with their limited or very large number of
legume host plants species has reached the stage, where we know a large number of genes
involved and the signal molecules exchanged in the chemical dialogue, the symbiotic partners
speak to each other. Involved in the symbiosis are the development of an organelle-like structure,
the “bacteroid” and the development of a new and unique plant organ, the “nodule.” Therefore,
it is also a perfect model system of evolution of organelles and organs. The symbiosis attracts
many researchers, because the bacteria as well as the plants involved have been used for genome
projects and also because of their agricultural and ecological importance for the nitrogen nutrition
of plants. Nitrogen fertilizers present the largest cost factor in agriculture besides labor. Also
fascinating is the aspect that the arbuscular mycorrhiza, the other ecologically very important
root symbiosis of higher plants (in phosphate mobilization), uses some similar signaling pathways
in addition to others.
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I. INTRODUCTION TO BIOCONTROL-RELATED PHENOMENA
IN THE RHIZOSPHERE
In the past decades, the severity of several plant diseases has been decreased by the use of (partially)
resistant crops or by the use of chemical pesticides. Even with these measures in place, plant
diseases can be responsible for a loss of 20 to 30% of the crop yield. It should be noted that not
all pathogens can be controlled by resistance or by chemicals. Chemical control is increasingly
banned because of negative effects of some chemicals on human beings and the environment. The
major alternative for chemical control is the use of resistant plants. However, resistance comes at
a cost of an average of 3% of crop yield. Moreover, genetically engineered resistant plants are not
accepted by many countries, including those of the EU.
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Biological control is an environmentally friendly alternative for chemical control [1]. Biological
control of soilborne plant diseases is defined as the exploitation of the natural ability of soils to
suppress disease [2–9]. Alternatives to soils, for example, rockwool, can also become diseasesuppressive; rockwool on which cucumber plants have been grown can suppress cucumber root
and crown rot caused by Pythium aphinidermatum [10,10a]. Soils can develop resistance to disease
naturally or after inoculation with a biocontrol agent (BCA). Several hundreds of such BCAs are
presently already on the market [11]. Presently, biocontrol is less consistent than chemical control.
To make biocontrol more reproducible, it is important to know the mechanisms used by BCAs as
well as the influence of abiotic, biotic, and ecological factors, which influence biocontrol efficacy
[12,13].
Many aspects of the rhizosphere will be treated in other chapters of this book. Therefore, we
will focus here only on topics relevant to understanding biocontrol. In this chapter, we will focus
on mechanisms of biocontrol, on nutrients available in the rhizosphere for pathogens and biocontrol
agents, on chemical signaling between microbes with each other and with the plant in the rhizosphere, and on microbial biosensors that can be used to improve our knowledge of the rhizosphere
environment. The work in Leiden focuses mainly on TFRR (tomato foot and root rot) as a model
disease. It is caused by the pathogenic soilborne fungus Fusarium oxysporum f. sp. radicislycopersici, a major pathogen [14]. Many examples presented in this review have been taken from
this model system.
Plants usually grow in the very complex environment of the soil, but some commercial crops
are grown also on rockwool, perlite, or tuff. One gram of soil contains approximately 1010 bacteria
of which only 0.1 to 10% can be cultured [1a]. Moreover, it contains 1 to 5 km of hyphae, 30,000
protozoa, and 50 to 100 nematodes. Biocontrol of soilborne diseases takes mainly place in the
rhizosphere [1,15,16]. Rhizosphere organisms not only interact with the root but also with each
other. For example, bacteria form biofilms on hyphae. In the past decade, chemical signaling
between rhizosphere organisms has been shown to play a major role in their activities. Furthermore,
predation of bacteria by protozoans, called bacterial grazing, is believed to be the major factor
whereby the biomass produced by bacteria reenters the food web [16a,17]. Apart from grazing, the
level of exudate nutrients is another control factor that determines the bacterial load on roots.
The most important target soilborne pathogens are the bacteria Erwinia and Streptomyces, the
fungi Fusarium [14], Rhizoctonia and Verticillium, and the funguslike oomycetes Phytophtora and
Pythium [10]. It is interesting to note that a Pseudomonas strain exists, which is pathogenic for
both animals and plants and uses common bacterial virulence factors to attack both types of
organisms [18,19]. This suggests that the virulence factors have evolved early in evolution.
The best known BCAs [11] are the bacterial species Bacillus [20–22], Burkholderia, Pseudomonas, and Streptomyces, and the fungal species Gliocladium [23,24] and Trichoderma [25].
In the past two decades, many new techniques have become available for the study of biocontrol.
To track biocontrol microbes they can be marked, for example, with different autofluorescent
proteins, such as green fluorescent protein (GFP) and subsequently visualized by fluorescence
microscopy or confocal laser scanning microscopy [26,27]. The use of reporter genes has made it
possible to measure the activity of selected genes in biocontrol agents, and to assess their individual
contribution to the biocontrol phenotype [28]. Furthermore, bioreporter strains for habitat exploration [29] are being used to understand the performance of the biocontrol agent in the context of
the chemical, physical, and biological conditions that these microorganisms encounter in the
rhizosphere. Genetic techniques also play a major role in the study of rhizosphere microbiology.
They can be used to monitor the influence of the introduction of BCAs on populations of culturable
and unculturable microbes [30]. Many of these techniques are based on the fact that 16S ribosomal
RNA (rRNA) genes contain conservative as well as variable regions. Sequencing the 16S rDNA
provides the most complete information. Several other methods based on the sequence also provide
useful information. Denaturing gradient gel electrophoresis (DGGE) [30] is a culturing-independent
method that can be used to obtain population profiles based on interspecies differences in 16S
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rDNA sequences. Amplified ribosomal DNA restriction analysis (ARDRA) is a fast way to identify
strain differences by generating profiles of their rDNA restriction fragments. FISH (fluorescence
in situ hybridization) is used to identify microbes with microscopy or flow cytometry using rRNAtargeted probes that may range from species-specific to kingdom-specific.
Genomics is going to play an increasingly important role in understanding and monitoring
biocontrol because sequences of pathogens and biocontrol agents are rapidly becoming available.
High-throughput methods such as microarray technology will become increasingly important for
appreciating the identity and activity of the vast amount of microorganisms that inhabit the rhizosphere and for assessing the effect of BCAs on the activity of target organisms.

II. RHIZOSPHERE COMPETENCE
Competitive root tip colonization plays an important role in various mechanisms of biocontrol (see
Section III) [31–36]. It is crucial for a biocontrol microbe that it is able to establish itself in the
rhizosphere and to compete with the indigenous microflora for nutrients and niches on the root.
The Leiden laboratory has especially been involved in dissecting the process of competitive root
tip colonization by identifying genes and traits required for tomato rhizosphere colonization by P.
fluorescens biocontrol strain WCS365. A review covering the majority of the results [35] has been
published a few years ago and therefore the topic will only be treated briefly here. The newer data
will be discussed more extensively.
Many studies on the mechanism of action of competitive rhizosphere colonization have initially
been carried out in a gnotobiotic system with sterile quartz sand as the substrate and plant nutrient
solution without a carbon source as growth medium. Therefore, seed and root exudates served as
the carbon source. Two different microbes, for example a wild type and a putative colonization
mutant, are coated on seeds or seedlings (one of several possible ways to apply them) and, after
growth of the plant, the root tip was inspected for its microbial population using selective medium
to discriminate the two populations [37]. In this way, it is possible to identify competitive colonization mutants or to test which one of two wild-type strains is the best colonizer. Although the
gnotobiotic system is much simpler than realistic production systems, it appeared to have a highly
predictive value. All important conclusions from the gnotobiotic system were verified in potting
soil and, practically, all of them also appeared to hold in this system [38,39].
It appeared that biocontrol pseudomonads are not plant-specific in their competitive colonization
ability although some quantitative differences in colonization ability for roots of different plants
exist. Similarly, competitive colonization traits on one plant also appeared to be colonization traits
on most tested other plants, although to a different extent. Pseudomonads are excellent colonizers
whereas bacilli are poor colonizers.
Analysis of the composition of tomato seed and root exudates revealed that organic acids are
better represented than sugars and amino acids [16]. Citric acid, malic acid, and lactic acid are the
major organic acids [16]; glucose, xylose, and fructose are the major sugars [13,40]; and aspartic
and glutamic acid are the major amino acids [41]. Moreover, it appeared that putrescine is the
major nitrogen-containing tomato exudate compound [42]. The important role of exudates for
rhizosphere competence was shown by Kuiper et al. [43] and Kamilova et al. [13], who showed
that selection for enhanced colonizers selects for strains that function well in the rhizosphere [44]
and efficiently use exudate components for growth in the rhizosphere. Consistent with the finding
that organic acids are better represented in exudates than sugars is the finding that a mutant that is
not able to utilize sugars colonizes the root as efficiently as the wild type [40], whereas a mutant,
which is a poor utilizer of organic acids is unable to compete for the root tip [45]. Based on these
results, it was concluded that utilization of organic acids is the nutritional basis for rhizosphere
colonization [33,35,44,45].
Motility is a major competitive colonization trait [46]. Recently, we could show that chemotaxis rather than nondirectional motility is required [47,48]. The major chemoattractants for
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Pseudomonas fluorescens WCS365 toward tomato exudates appeared to be the organic acids, malic
acid and citric acid, and the amino acid L-isoleucine, whereas exudate sugars, representing a
significant part of the total exudates [40], are inactive as chemoattractants [47].
Several other cell surface components are also involved in competitive colonization, such as
pili [49], part of the O-antigen of the lipopolysaccharide [39,50] and cellulose [35].
Being able to synthesize crucial small molecules, including those for building its own macromolecules, is important for rhizosphere competence because mutants unable to synthesize amino
acids, vitamins, and uracil are poor colonizers. Interestingly, putrescine was identified as a major
exudate component based on the observation that one of the competitive colonization mutants was
impaired in maintaining optimal intracellular levels of putrescine. Subsequent studies showed the
presence of putrescine but not of the other polyamines in tomato exudate and that high intracellular
putrescine concentrations are bacteriostatic for biocontrol strain WCS365 [42].
The molecular analysis of one colonization mutant indicated that Sss, a member of the lambda
integrase family of site-specific recombinases, is involved in rhizosphere competence [38]. The
genes xerC of E. coli and sss of P. aeruginosa promote reciprocal recombination between two
small DNA fragments, which can result in inversion or excision of the DNA fragment situated
between the two small recognition sites. We favor the hypothesis of Dybvig [51] that subpopulations
generated by DNA rearrangements enable a bacterial population to respond adequately to environmental changes. According to this idea, the Sss mutant is locked in a nonrhizosphere competent
genetic configuration [38]. These DNA rearrangements often result in a change in colony morphology designated as colony phase variation. Later experiments by Rivilla’s group supported this
notion and extended it by the observation that in addition to Sss, another site-specific recombinase,
XerD, is also involved in phase variation [52].
More detailed experiments revealed that colony phase variation in Pseudomonas can affect
expression of genes involved in the production of a lipopeptide biosurfactant, and of the exoenzymes
chitinase, lipase, and protease [53,54]. The lipopeptide was shown to be involved in biocontrol
whereas the other factors might also be involved in biocontrol [55].
Genes involved in phase variation of pseudomonads in the rhizosphere include, next to the sitespecific recombinases encoded by sss [38] and xerD [52], the gac two-component system gacAgacS, rpoS, and mutS [56,57]. Mutations in the gac system prevent synthesis of the lipopeptide
and exoenzymes mentioned previously. Because these mutants have a growth advantage, it can be
expected that the biocontrol-positive phase has advantages in the presence of the pathogen, whereas
the biocontrol-negative phase has competitive advantages in the absence of the pathogen. It is likely
that the biocontrol-positive phase has similar competitive root tip colonization disadvantages as an
sss mutant [38]. Colonization strategies of pseudomonads have been correlated with differential
expression of flagellin [58,59] and of indole-3-acetic acid (IAA) [58].
Protein secretion plays an important role in competitive root tip colonization; mutants in secB
and in the type three secretion system (TTSS) [35,60] are impaired in competitive root tip colonization. Whereas the interpretation for the general secretion component secB is difficult, we favor
the following explanation for the role of the TTSS in competitive colonization. Based on sequence
similarities and on microscopic data, it is generally accepted that the TTSS and the flagellar
apparatus have evolved after duplication of genes for the flagellar apparatus [61]. We hypothesize
that prior to the evolution of the fine-tuning of the secretion of effector protein, the needle of the
TTSS was open and was used by the microbe to get access to the juices of the eukaryotic host as
a source of nutrients [45]. This conclusion is consistent with the fact that a TTSS is present in
many plant-colonizing pseudomonads [62,63].
Endophytic colonization is getting more and more attention [64,65]. The cell wall degrading
enzymes endoglucanase and endopolygalacturonase of Burkholderia sp. PsJN have been suggested
to play a role in gaining entry into root internal tissues of grapevine [66]. Ethylene suppresses
endophytic colonization of Klebsiella pneumonia. Moreover, plant defense responses seem to limit
endophytic colonization.
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The search for genes that contribute to rhizosphere competence has been facilitated by the
ability to create random or targeted mutations in genes of interest, and comparing the behavior of
wild-type and mutant strains in a rhizosphere setting. This has led to the identification of loci that
are believed to contribute significantly to the ability of rhizomicroorganisms to establish themselves
in the rhizosphere. A major drawback of the mutation approach is that only genes with a substantial
contribution to rhizosphere competence are identified by this method. To circumvent this problem,
other approaches have been developed and tried that ask the question what genes are expressed
during rhizosphere colonization of competent microorganisms. The idea behind this strategy is that
at least a subset of these genes should contribute incrementally to rhizosphere competence. One
early example is the work by van Overbeek and van Elsas [67], who inserted a promoterless lacZ
gene into random chromosomal locations of P. fluorescens R2f, and tested the resulting strains for
expression of β-galactosidase in response to wheat root exudates. One exudate-inducible strain was
challenged with a suite of individual compounds, and proline was the only one that invoked
expression of the lacZ fusion, suggesting (1) that proline is present in root exudates, and (2) that
the ability to utilize this amino acid may be a determinant of rhizosphere competence. More recently,
in vivo expression technology (IVET) has been used to identify genes that are specifically induced
by Pseudomonas strains during root colonization [68,69]. IVET [71] is often based on the in vivo
survival of auxotrophic mutants of a wild-type bacterium as a result of, in this case, rhizosphereinducible promoter sequences upstream from a promoterless gene that complements the phenotype
of the auxotroph. Analysis of these rhizosphere-induced (rhi) genes [68] or genes with root-adapted
promoters (rap) [69] revealed various genes involved in functions such as nutrient acquisition,
stress response, secretion, chemotaxis, and motility. Most surprisingly, in both studies many genes
with as-of-yet unknown function were identified, suggesting that our understanding of genes that
contribute to rhizosphere competence is far from complete.

III. MECHANISMS OF BIOCONTROL
Biocontrol traits of microbes have been attributed to a variety of mechanisms [60,71–73].

A. ANTIBIOSIS
This is the process of the production and delivery of molecules that kill or decrease the growth of
the target pathogen, and is the best-known mechanism by which microbes can control plant diseases
[74,75]. The reason why this mechanism is best known presumably is that it is easier to do a
preselection for microbes that inhibit the target pathogen in vitro and subsequently test the antibiosispositive strains in a biocontrol test than to do biocontrol tests on all isolates.
The best-known antibiotics produced by Gram-negative bacteria are phenazines, 2,4diacetylphloroglucinol [76–79], pyrrolnitrin [80–82], pyoluteorin [83–86], oomycin A [87], ammonia [88] and hydrogen cyanide [89]. Some biocontrol bacilli produce the antibiotics zwittermycin
A and kanosamine [90]. Trichoderma and Gliocladium can produce antimicrobial compounds such
as gliovirin and gliotoxin [24].
The structures and mode of action of many antimicrobial compounds have recently been
extensively reviewed [60,69]. The role of the antibiotic in the biocontrol by such strains has been
elucidated by testing the biocontrol ability of mutants in one of the structural genes for antibiotic
production [71]. In the case of the PCN (phenazine-1-carboxamide) producer P. chlororaphis
PCL1391, it was shown that colonization of the root surface by the bacterium is required to control
the disease. This result was interpreted in the sense that PCN should be delivered along the whole
root surface to protect the plant against the Fusarium pathogen, which can be present deep in the
soil [32]. It is likely that in most cases, when antibiosis is the mechanism, root colonization is
required as the delivery system of the antibiotic. In this respect it should be noted that some bacilli
also produce antibiotics, whereas bacilli are extremely poor colonizers compared to pseudomonads.
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Because the antibiotic 2,4-diacetylphloroglucinol also appeared to act as an inducer of systemic
resistance [91], it may be that biocontrol bacilli rather use the latter mechanism than antibiosis.
More recently, biosurfactants have received considerable attention as antimicrobial compounds
[92–95]. Because pathogens often form a biofilm on the root surface, it is interesting to note that
some biosurfactants prevent biofilm formation and even degrade existing biofilms [92,96]. Rhamnolipid biosurfactants appear to be important for the development of mushroomlike structures in
biofilms [97]. Cyclic lipopeptides surfactants such as viscosinamide [93] and tensin [94] are produced
by P. fluorescens and have antifungal activity against Rhizoctonia solani and Pythium ultimum [95].
More recently, it was shown that a cyclic lipopeptide of P. fluorescens is involved in reducing hyacinth
root rot and acts by causing lysis of zoospores of Pythium intermedium [98]. Moreover, the cyclic
lipopeptide amphisin was shown to play a role in the colonization of sugar beet seeds [98a].

B. DEGRADATION

OF

AHLS

The synthesis of many antibiotics is dependent on the density of the producing bacterial population
[99–101]. This phenomenon is designated as quorum sensing, involving extracellular molecules
called acyl-homoserine lactones (AHLs) and is treated in detail elsewhere in this book (see
Chapter 11). It is interesting to note that biocontrol pseudomonads form biofilms on the root which
are covered by a mucoid layer [26,102]. In the biofilm, the bacteria will easily reach the required
population density, whereas the mucoid layer may decrease or even prevent the diffusion of the Nacyl-homoserine lactones required for quorum sensing [102].
N-acyl-homoserine lactones are required for the synthesis of several antifungal metabolites and
exoenzymes, factors that can play a role in biocontrol. Bacteria have been isolated which degrade
N-acyl-homoserine lactones [103,104] using N-acyl-homoserine lactinase, encoded by the gene
aiiA, which opens the lactone bond of the AHL ring [103] and therefore can interfere with biocontrol.
This form of biocontrol is promising for protecting plants against maceration by Erwinia carotovora
and Erwinia amylovora, which produce, in a quorum-sensing-dependent way, macerating enzymes
as virulence factors [105]. Analogues of N-acyl-homoserine lactones have been synthesized, which
antagonize bacterial quorum sensing [105].

C. PREDATION

AND

PARASITISM

The best example of predation and parasitism is biocontrol by Trichoderma fungi. Recently an
excellent review appeared [106]. In addition to being parasites of other fungi, Trichoderma induces
resistance responses, enhances root growth and development, crop productivity, resistance to
stresses, and uptake and use of nutrients [106].

D. COMPETITION

FOR

FE3+ IONS

Competition for Fe3+ ions was one of the first described mechanism of biocontrol (Chapter 7 and
Reference 107 to Reference 114). Iron is an essential cofactor for growth of all organisms. However,
the amount of solubilized iron available to organisms in soil is low at neutral and alkaline pH
values. Fluorescent Pseudomonas species, growing under iron limitation, produce large amounts
of siderophores, which are Fe3+–chelators, which bind Fe3+ with a very high affinity. The Fe3+siderophore complexes are bound to protein receptors at the bacterial surface, which are also induced
under iron-limiting conditions. Some strains in addition have the ability to take up siderophores
produced by other organisms [115,116]. When the iron uptake system of the pathogen is less
efficient than that of the BCA, the pathogen will be impaired in its growth.

E. INDUCTION

OF

SYSTEMIC RESISTANCE

After contact with a necrotizing pathogen or a nonpathogenic biocontrol bacterium, a state of
physiological immunity can be induced in plants, which protects the plant against subsequent viral,

3855_C010.fm Page 273 Monday, April 9, 2007 4:11 PM

Biocontrol of Plant Pathogens: Principles, Promises, and Pitfalls

273

bacterial, or fungal attacks [117,118]. This phenomenon of systemic resistance is characterized by
remote action, long-lasting resistance, and protection against a large number of other pathogens.
The immunity caused by infection with a necrotizing pathogen is known as systemic acquired
resistance (SAR). At the physiological level, salicylic acid accumulates and the production of
pathogenesis-related (PR) proteins is induced. Certain nonpathogenic root-colonizing bacteria and
fungi are able to induce resistance toward a variety of diseases in several plants. This phenomenon
is designated as induced systemic resistance (ISR) [119–121]. Systemic resistance can be shown
when the biocontrol strain is physically separated from the pathogen. When the biocontrol strain
is present on the root, the pathogen is either applied on leaves [122–124] or, using a split root
system, on the other part of the root [13]. Most resistance-inducing microbes described so far are
Gram-negative bacteria, especially Pseudomonas and Serratia strains [120]. However, a number
of Gram-positive bacteria also can induce resistance [125].
Systemic resistance cannot only be activated by living cells but also by a collection of chemically
diverse cellular components such as lipopolysaccharide [126,127], flagella [120,126], salicylic acid
[128], the siderophores pyochelin and pyocyanin [124], the cyclic peptide syringolin [129], 2,4
diacetylphloroglucinol [91], an N-trialkylated benzylamine derivative produced by P. putida [130],
and the cyclic lipopeptide massetolide A, which induces systemic resistance in tomato [131].
Recently, it was shown that also N-acyl-homoserine lactones of Serratia liquefaciens induce resistance toward Alternaria alternate in tomato [131a]. Volatiles from Bacillus spp. have also been
reported to induce ISR [131b]. In contrast to BCAs, in which the action is based on antibiosis (see
Section III.A), biocontrol based on ISR does not require extensive colonization of the whole root
system [132].
The response of the plant toward interaction with chitin fragments [133], LPS [127], and flagella
or their flg22 peptide (which represents the elicitor-active epitope of flagellin) has been studied.
Flagellin perception by Arabidopsis thaliana triggers resistance to pathogenic bacteria by restricting
bacterial invasion and induces the expression of defense-related genes [134,135]. Flg22 seems to
belong to a group of elicitors corresponding to what is called pathogen-associated molecular patterns
in human pathogenic bacteria and fungi, to which also bacterial LPS and the fungal components
chitin and ergosterol belong. In mammals, these are recognized by so-called Toll-like receptors
[136]. Resistance proteins in plants have homology with these Toll-like receptors in mammals, for
example, in A. thaliana fla22 is recognized by FLS2. Toll-like receptors play a role in innate
immunity of mammals [134]. The induction of systemic resistance in the plant and innate immunity
in mammals are evolutionary-related processes [137,138]. The fact that systemic resistance in the
plant can be induced by the large number of chemically unrelated bacterial components mentioned
earlier was initially surprising because it was difficult to incorporate in a simple model. However,
because there are many Toll-like receptors which have a certain specificity for certain elicitors, it
is tempting to speculate that the induction of systemic resistance by different bacterial components
is mediated by Toll-like receptors (see Figure 10.1). In this model, efficient systemic resistance
would depend on the right combination of elicitors, perhaps even in the right concentrations.
A very thorough study on the mechanism of action of ISR was done with P. fluorescens
biocontrol strain WCS417r. Verhagen et al. surveyed the transcriptional analysis of 8,000 Arabidopsis genes after treatment of the root with the biocontrol strain. Whereas they observed a
substantial change in the expression of 97 genes in the root, none of the tested genes was changed
in the leaves. However, after challenge inoculation of the WCS417r-treated plants with the leaf
pathogen P. syringae pv. tomato DC3000, 81 genes showed augmented expression in ISR-expressing
leaves, suggesting that these genes were primed to respond faster or more strongly upon pathogen
attack. The majority of the primed genes were predicted to be regulated by jasmonic acid or ethylene
signaling [139]. One of these genes encodes the MYB72 transcription factor in the root. Upon
challenge with strain WCS417r, a knockout mutant in this gene did not show ISR anymore. Evidence
was obtained that MYB72 is an intrinsic part of local, ethylene-dependent signaling events that
eventually leads to systemic expression of ISR in the leaves [140].
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FIGURE 10.1 Are innate immunity in animals and systemic resistance in plants related? A. Innate immunity
in animals can be induced by a variety of molecules (or parts thereof) from microbes. These molecular
structures can be of bacterial, fungal, or viral origin. They are common for many different microbes, so that
infection, in principle, by any microbe can be detected. The structures include lipopolysacharide, flagellin,
zymosan, and nucleic acids and are not specific for pathogens although they are often called PAMPs (pathogen
associated molecular patterns). These structures are recognized by so-called TLRs (Toll-like receptors) in the
host membrane and the recognition eventually leads to inflammation and clearing of the infection. This form
of pathogen control is designated as innate immunity. Ten TLRs are known in humans. Unmethylated DNA
(CpG) binds to TRL 9, lipopeptide to TRL 1, peptidoglycan to TRL 2, double stranded DNA to TRL 3,
flagellin to TRL 5, zymosan and lipopeptide to TLR 6, and bacterial endotoxin (or lipopolysaccharide; LPS)
to TRL 4. (Figure after Clark, W. ASM News, 70, 317, 2004.) B. Plants recognize microbes in a similar way
as animals (see Section III.A). Recognition of a wide range of structures, produced by beneficial microbes,
by plant resistance proteins, which share homology with TLRs, results in systemic resistance as outlined in
Section III.A.

F. COMPETITION

FOR

NUTRIENTS

AND

NICHES

Competition for nutrients and niches has been claimed for a long time as a mechanism of biocontrol.
Although the claim sounds logical, experimental support for this claim hardly exists. We reasoned
that, if this is indeed a mechanism of biocontrol, the procedure described by Kuiper et al. [43] for
the enrichment of enhanced root tip colonizing bacteria from the total rhizosphere microbial
population can be used to isolate such strains. Kamilova et al. [13] showed that this is indeed the
case. These authors used total rhizosphere microbes to inoculate seeds and, after growth of the
seedling, selected those microbes that reach the root tip. After repeating this procedure twice, they
could show that among five isolates from the root tip, four showed some form of biocontrol.
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One strain, P. fluorescens PCL1751, was selected for further studies, which suggested that the strain
indeed uses the mechanism “competition for nutrients and niches” [13]. This method for the
isolation of biocontrol bacteria has the advantages that (1) it is a method by which biocontrol strains
can be selected (instead of screened for), and (2) the selected strains usually do not produce
antibiotics. Antibiotic production is a disadvantage for registration as a BCA.

G. OTHER POSSIBLE MECHANISMS
It has repeatedly been published that fungal hyphae can be colonized by bacteria in vitro
[141–147]. Bolwerk et al. [148] showed that also in the rhizosphere bacteria can form biofilms
on hyphae. Nelson et al. [149] produced evidence that the ability of Enterobacter cloacae to
function as a BCA on seed surfaces is related to its ability to bind to hyphae of Pythium and
to inhibit further hyphal infection and development at the seed surface. Support for this
interpretation was recently obtained from an observation of Kamilova et al. [149a], who
incubated the biocontrol bacterium P. fluorescens WCS365 and hyphae of Fusarium in exudate,
both individually and in combination. Compared to incubation of each of the microbes alone,
incubation of the mixture resulted in a ten-fold decrease of viable fungi. This strongly suggests
that the bacteria kill the fungi. Therefore, colonization of hyphae and subsequent steps may be
a trait contributing to biocontrol [150].
Bolwerk et al. observed that Trichoderma strains inhibit Fusarium spore germination. Mutant
studies indicated that endo- and exochitinases are involved in this process [151]. Therefore, inhibition of the pathogen’s spore germination may be a mechanism involved in biocontrol.

H. OTHER REMARKS

ON THE

MECHANISMS

OF

BIOCONTROL

1. It should be realized that the results of biocontrol experiments are not very accurate, in
the sense that, if the results show one major mechanism of biocontrol, they certainly do
not exclude other mechanisms. The poor accuracy only makes it difficult to prove that
the strain also uses a second mechanism.
2. Care should be taken with the interpretation that a biocontrol strain is always beneficial.
Examples are known of biocontrol strains that suppress disease in one plant but can be
growth-inhibiting for another plant. For example, Slininger and Shea-Andersh [152] have
shown that phloroglucinol production by certain P. fluorescens strains applied on wheat
seeds reduced germination up to 40 to 50%. However, growth conditions could be found
to optimize survival of the strain and to minimize antibiotic production, thereby optimizing conditions for seed coating and subsequent biocontrol [152].
3. Biocontrol products do not always cause consistent results. We believe that an important
reason is that tests for antibiosis are an easy way to preselect potential biocontrol strains,
and that, therefore, there exists a bias toward BCAs that act through antibiosis. The
production of antifungal factors is subject to a large number of factors, such as the
following:
a. Syntheses of the most-often found antifungal metabolites phloroglucinol and phenazine are subject to regulation by a variety of environmental factors [153], such as pH,
ions [153,154], and composition of the growth medium [12,155,156], all of which
can play a role under the changing conditions in the rhizosphere.
b. Syntheses of the most-often found antifungal metabolites phloroglucinol [1,37,157]
and phenazine [8,99,101] are subject to a variety of genetic factors [3,158–161].
c. Synthesis of phenazine requires quorum sensing through N-acyl-homoserine lactones
[99]. Rhizobacteria have been found which degrade N-acyl-homoserine lactones
[103,104].
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d. Various organisms produce substances that inhibit synthesis of antifungal metabolites.
For instance, the pathogenic fungus Fusarium produces fusaric acid, a phytotoxin that
inhibits the syntheses of the antifungal factors phloroglucinol [162] and phenazine
[163]. The molecular explanation is that fusaric acid is a quorum-sensing inhibitor
because it inhibits N-acyl-homoserine lactone synthesis.
e. Many pseudomonads show colony phase variation. It was observed that the syntheses
of antifungal metabolites are subject to phase variation [55,164]. Because this phenomenon also plays a role in the rhizosphere [141], it can have a negative influence
on biocontrol.
f. Also metabolites in the rhizosphere can influence antifungal factor synthesis. The
antifungal factor 2,4-diacetylphloroglucinol induces its own synthesis, whereas its
synthesis is suppressed by the bacterial metabolites salicylate and pyoluteorin. In the
biocontrol strain Pf-5 the antifungal factors pyoluteorin and 2,4-diacetylphloroglucinol mutually inhibit one another’s production [37].
4. Other reasons why biocontrol is not always working optimally are that at least three
organisms, the substrate, as well as biotic and abiotic factors influencing the interactions
between organisms and substrate are involved. Considering this complexity, one might
say that it is a miracle that biocontrol often works!
5. Goodman’s group [165–167] has found that biocontrol efficacy is influenced by the plant
cultivar.

IV. BIOREPORTERS AND BIOCONTROL
Bioreporters [29,168,169] have contributed considerably to our understanding of biocontrol. With
bioreporter technology it has become possible to answer questions that prior were amenable to
speculation only. Are BCAs delivered along the root in a manner that maximizes their effect on
the target pathogen? Once they are in place, do they find themselves in an environment that allows
them to survive and carry out their appointed tasks, and if so, is the biocontrol phenotype expressed
at the right time and with the desired effect?
In the context of this chapter, it is most convenient to classify bioreporters into three categories.
The first are those that allow for visualization of the BCA in vivo. The most commonly used reporter
gene for this purpose is gfp, as it does not require substrate or cofactors and because it allows the
visualization of individual BCA cells. In combination with a constitutive promoter, the gfp gene
is expressed independently of environmental factors, and accumulation of its product (GFP) renders
the cells green fluorescent and readily detectable by fluorescence microscopy or confocal laserscanning microscopy. This has been exploited to study rhizomicroorganisms at the highest most
relevant resolution, that is, at the micrometer scale of individual cells, to reveal, for example,
preferred sites of colonization and clustering into microcolonies. A detailed discussion of insights
obtained by bioreporters follows in Section VIII. Other types of GFP-like fluorescent proteins are
also available, and this has allowed for the simultaneous observation of more than one microorganism in the rhizosphere [27,170] (also see Section VIII). The lux gene is another reporter gene
that has been used for detection of microorganisms in the rhizosphere, but its use seems to be
restricted to low-resolution applications, for example, for the detection of BCA populations along
entire root systems [171–175].
The second class of bioreporters allows monitoring the general well-being or activity of BCAs
in the rhizosphere. The rationale behind this is that presence and correct localization alone are no
guarantee for proper functioning of the BCA; it should also be fit to perform. There are several
dyes available that can be used to determine whether bacteria or fungi are dead or alive, and for
bacteria the metabolic activity can be estimated from their ribosome content as determined by
FISH. However, both methods are rather invasive (i.e., requiring the addition of dyes and FISH-probes,
respectively) so that their applicability in in vivo situations is rather limited. Bioreporter technology
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offers several alternatives to these methods. One is based on constitutive expression of the lux
genes, which only results in bioluminescence when the cells are metabolically active, because of
the high energy requirement of light generation. Several groups [176–179] have used this bioreporter
system to show that, in general, the metabolic activity of Pseudomonas inoculants is higher in
rhizosphere soil than in bulk soil, and in the rhizosphere, metabolic activity decreases over time
after introduction of the inoculated BCA [28]. Another bioreporter system for assessing metabolic
activity is based on the expression of lux genes [172,180] or unstable GFP [181,182] from a growthrate-dependent ribosomal promoter. This approach has been used in the rhizosphere of barley
seedlings [182] to reveal that the activity of P. putida in natural rhizosphere settings was highly
variable among individual cells and that the majority of cells seemed to be in a starved state.
A third group of bioreporters is aimed at providing information on specific activities of BCAs
in the rhizosphere. Besides gfp and lux, other reporter genes can be used for this, including lacZ,
xylE, gusA, and inaZ. Although these reporters do not allow direct assessment of reporter gene
activity in individual cells, each of them have their particular advantages [183]. For example, InaZ
offers the greatest sensitivity and widest range of detection [183a], LacZ measurements can be
performed with fluorogenic substrates to exploit the low detection limit of fluorescence [183b],
and XylE has the advantage of a low background activity in most microbial habitats including the
rhizosphere [183c]. A newer type of reporter system, based on recombination in vivo expression
technology or RIVET [184] has been described and tested in the rhizosphere of barley by Casavant
et al. [170,185]. It is based on the conditional expression of gfp by a cascade of events that involves
activation of the site-specific recombination machinery of bacteriophage P22, consequent excision
of the cI repressor gene, resulting in derepression of gfp expression from a cI-regulated promoter.
In bioreporters of specific activity, the expression of the reporter gene is driven by promoter
sequences that are selected based on their biological function. For example, to test whether a
particular gene that is suspected to be involved in BCA performance is indeed expressed in the
rhizosphere, it is possible to fuse the promoter of that gene to a reporter gene, introduce this fusion
into the BCA and compare reporter gene activity in the rhizosphere or in the presence of rhizosphere
factors (such as exudates or rhizomicroorganisms) to that in vitro [44,186–196]. Another possibility
is to choose a promoter that is known to be responsive to a certain component or condition with
the intention to assess the rhizosphere for the presence of that component or condition. For example,
several bioreporters are available that have been designed for the detection of specific sugars or
amino acids and they have been used to demonstrate the presence of, for example, sucrose [197],
galactose, melibiose, raffinose [198], arabinose [170], proline [67], and tryptophan [197] in the
rhizosphere of various plants. Other examples of bioreporters that have been used in the rhizosphere
are responsive to the bioavailability of carbon [175,199], nitrogen [199, 200], phosphate
[173,178,199,201,202], oxygen [203], and iron [204–207]. Several bioreporters have been developed for the specific detection of pollutants in the rhizosphere such as (chloro) biphenyl [181,208],
naphthalene [44], and toluene [185], and of heavy metals such as copper [209], mercury, and
arsenite [210].
Many factors should be taken into consideration when interpreting the output of bioreporters
[29]. For the purpose of this chapter, we would like to stress two such factors. First of all, a
considerable number of the bioreporters that have been used in the rhizosphere and that are described
here are based on the insertion of a promoterless reporter gene in a chromosomal locus with a
rhizosphere-inducible phenotype. It is crucial that the gene activity of such reporters is understood
in light of the possibility that inactivation of the inserted gene may have an effect on the bioreporter’s
rhizosphere competence, on its ability to report properly, or on both. In this respect, it would be
perhaps more appropriate to work with bioreporters that carry a promoter-gene fusion on a chromosomally neutral location or on a plasmid. The second point of caution concerns the observation
that many of the bioreporters for the availability of, for example, nitrogen, phosphate, and iron are
based on what are essentially stress-related promoters. For example, most of the bioreporters for
iron are based on genes that produce siderophores, the synthesis of which is induced under
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conditions of iron limitation. In other words, when iron is abundant, these bioreporters will not
show reporter gene activity, whereas when iron becomes limited they do. Given the observation
that a significant population of bioreporter cells in the rhizosphere is dead or in a state of viablebut-not-culturable (VBNC) [28], and assuming that dead or VBNC bioreporters probably exhibit
no reporter activity independent of iron availability, it would actually be very difficult to discriminate
between dead or VBNC bioreporters and bioreporters that experience no iron limitation. In such a
case, a correct interpretation of reporter data would require additional information, such as whether
or not cells are dead, VBNC, or alive and active. As has been suggested before [29], the activity
of a bioreporter should always be interpreted within the context of its biology.

V. NATURAL ROLES OF SMALL MOLECULES
IN THE RHIZOSPHERE
Rhizodeposition is the process of excretion of plant compounds into the rhizosphere. This deposition
can be quite substantial: for example, plants may excrete as much as 40% of their photosynthate
into the rhizosphere [211]. Low-molecular-weight exudate components, such as organic acids
[16,45], sugars [40], and amino acids [41], as well as the polyamine putrescine [42] are the major
known nutrient sources for biocontrol agents and pathogens. Some exudates may act not only as
food source but also as attractors. It was shown that the biocontrol agent P. fluorescens WCS365
moves toward the root because it shows a chemotactic response toward some organic acids and
toward amino acids whereas no chemotaxis was observed toward sugars [47]. Chemotaxis toward
fungal hyphae is thought to be the first step in the colonization of hyphae by biocontrol bacteria.
Fusaric acid appears to be the major chemoattractant secreted by Fusarium for chemotaxis of
P. fluorescens WCS365 [48].
Our understanding of both the quality and the quantity of plant compounds in the rhizosphere
has grown with the publication of several bioreporter studies. The availability of nitrogen in the
barley rhizosphere, as recorded by a P. fluorescens bioreporter of nitrogen, was found to be higher
in sterilized than in unsterilized soils [202]. This implies that competition for nitrogen in the natural
rhizosphere of barley is quite likely to occur. P. fluorescens DF57 reported phosphate starvation in
a gnotobiotic but not a natural root system of barley [178], suggesting that the presence of an
indigenous microbial population prevents phosphate starvation by strain DF57. Several factors
influence root exudate composition, including plant nutrition and stress. For example, high nitrate
concentrations decrease carbon flow from the roots of common barley, probably due to changes in
root architecture, that is, shorter root length and reduced number of root tips [201]. When exposed
to pollutant stress, Plantago lanceolata roots exuded increased amounts of carbon, as measured by
a lux-based bioreporter [179]. In turn, differences or changes in root exudation may influence gene
expression in the microbial population and thus affect biocontrol efficacy. The production of 2,4diacetyl-phloroglucinol (DAPG) by P. fluorescens CHA0, as measured by a bioreporter strain, is
greater in the rhizosphere of maize and wheat than in bean and cucumber [193]. Also, plant age
has a profound effect on the effect of phlA expression in the rhizosphere, as does infection with
the target pathogen [193]. Expression of the phenazine antibiotic locus in P. aureofaciens PGS12
differs on germinating seeds from sugar beet, radish, or wheat [190]. Other factors in the rhizosphere
may also affect the availability of nutrients. A good example is the observation that the availability
of nitrogen to P. fluorescens in soil amended with straw is decreased by the presence of Trichoderma
harzianum [200]. This has been explained by the production of cellulases by the fungus, subsequent
mobilization of carbon from the straw, and an increase in the demand for nitrogen [200].
Bioreporter studies also have shown that plant exudates are not distributed evenly across the
root surface. On the roots of alfalfa, galactosides such as galactose occurred patchily around zones
of lateral root initiation and around root hairs, but not around root tips [198]. Sucrose and tryptophan
showed very different distribution patterns on roots of the annual grass Avena barbata, with sucrose
most abundant at the root tip and tryptophan higher up in the root system [197]. With common
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barley (Hordeum vulgare), arabinose could not be detected at the root tips, but instead near the
root–seed junction and on the seminal roots [170]. Surprisingly, and in contrast to this result,
exudation of carbon from barley roots as determined by another bioreporter strain was greater at
the tip than on other regions of the root [202]. Perhaps such contradictory results are due to
differences between plant cultivars in terms of rhizodeposition or to differences in experimental
parameters. Intriguingly, the differences may also be explained as a difference in how two very
different types of bioreporters, one a Sinorhizobium meliloti [170], the other a P. fluorescens [202],
experience the barley rhizosphere.
A P. syringae GFP bioreporter revealed substantial heterogeneity in the availability of iron in
the rhizosphere of bean plants [204], suggesting that competition for iron may achieve different
levels in different parts of the root system. This study also demonstrates the added value of using
GFP-based reporters. Earlier work [205] had suggested that the rhizosphere is generally not an
environment that is limiting in iron availability, but this conclusion was based on inaZ bioreporters
that could not be interrogated individually but only as a population. Thus, while the average cell
is not limited in iron, the heterogeneity observed with the GFP-based bioreporter indicates that
there are subpopulations, some of which are and some of which are not iron-limited. Most interestingly, similar types of bioreporters could be used to show that Pseudomonas bacteria can use
the siderophores of other bacteria [206] or even of plants [206,207] to sequester iron.
The microscale heterogeneity in the chemical composition of the rhizosphere (which is in large
part determined by rhizodeposition), together with the observation that the expression of many
biocontrol genes is influenced by the chemical composition of the rhizosphere, seems to also suggest
that efficacy of biocontrol can be interpreted on a micrometer scale. Hence, consideration for the
microscale heterogeneity may be warranted in understanding some of those cases in which the
biocontrol does not seem to work as would be expected from a macroscale point of view.
N-acyl-homoserine lactones [212] are produced by several rhizobacteria [102,103,213–217].
They play a role in many rhizosphere processes, such conjugation between microbes [218] and
the syntheses of several exoenzymes [219], antibiotics [101,219] and biosurfactants [220]. They
influence both beneficial [99,221,222] as well as pathogenic [223, 224] traits. The biosurfactant
rhamnolipid produced by P. aeruginosa increases the solubility and thereby the bioactivity of the
cell-to-cell signal molecule Pseudomonas quinolone signals [225]. Production of the phenazine
antibiotic produced by the biocontrol microbe P. aureofaciens 30 to 84 is positively affected by
a rhizosphere subpopulation that secretes AHLs [226] but is negatively affected by a second
subpopulation. The signal responsible for the latter effect was not identified and is not extractable
with ethyl acetate [100].
Interference with quorum sensing by other organisms is widespread in nature [157,227]. Several
rhizosphere bacteria disrupt the quorum-sensing process by degrading the N-acyl-homoserine
lactone signal [105]. Moreover, a halogenated furanone compound produced by the marine alga
Delisea pulchra [228] as well as garlic extract and 4-nitro-pyridine-N-oxide are active as quorum
sensing quenchers [229]. Also the inhibition of phenazine-1-carboxamide synthesis by the Fusarium
phytotoxin fusaric acid interferes at or before the level of inhibition of quorum sensing [156].
Also, plants seem to have the potential to interfere with bacterial communication through the
production of molecules that mimic AHLs. All three E. coli lux bioreporters recognizing different
types of AHLs became bioluminescent when inoculated onto seedlings of pea (Pisum sativum)
[196], suggesting that the plants are able to produce AHL-like substances. Interestingly, the reporter
signal intensity differed for different sections of the root, which may indicate that the production
or secretion of such mimics by the plant can vary locally. It was also shown that the plant can
interfere with the perception of AHL by bioreporter strains [196], by as-of-yet unknown mechanisms. It is presently unclear if and how plant-produced AHL-mimics influence biocontrol.
IAA is a plant growth hormone produced by various microorganisms associated with plants
roots. In fact, many BCAs are capable of producing IAA or auxin-like compounds [230–242]. Several
of these BCAs have a plant growth promoting effect, probably by the production of IAA at
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stimulatory concentrations. In most cases, it is not clear whether this effect is responsible for, or
linked in any way to, biocontrol. In at least two instances, it has been recorded that the ability to
produce IAA did not seem to contribute to biocontrol efficacy [234,241]. However, at least in one
case, IAA was shown to have an antifungal activity against the dry rot causative pathogen Gibberella
pulicaris and to suppress dry rot infection of wounded potatoes [232]. Interestingly, introduction of
the gene for ACC (1-aminocyclopropane-1-carboxylic acid) deaminase into BCA P. fluorescens
CHA0 improves its ability to protect cucumber against Pythium damping-off, and potato tubers
against Erwinia soft rot, but not tomato against Fusarium crown and root rot [243]. ACC deaminase
degrades a precursor of the plant hormone ethylene, and this promotes root elongation of plant
seedlings due to the reduced ability to synthesize ethylene. Thus, plant hormone manipulation may
be one of the mechanisms contributing to some of the biocontrol phenotype of P. fluorescens CHA0.

VI. ENHANCING OF BIOCONTROL EFFICACY
BY MANIPULATION
Interference with N-acyl-homoserine lactone-mediated communication can be predicted to have
positive as well as negative effects, depending on whether the manipulation influences beneficial
or pathogenic traits [244]. The natural communication processes mentioned in Section V can be
engineered for biocontrol purposes. Tobacco plants genetically modified to produce an N-acylhomoserine lactone are able to complement N-acyl-homoserine lactone mutants of P. aureofaciens
and Erwinia carotovora in the rhizosphere [245]. Similarly, modified potato plants have become
more susceptible to infection by E. carotovora [219]. In contrast, Mae et al. [246] found that
incorporation of the N-acyl-homoserine lactone biosynthetic gene in plants results in enhanced
resistance toward the pathogenic bacterium Erwinia carotovora. It is clear that this type of genetic
engineering is still far away from being applicable.
The level of antifungal metabolites can be manipulated by genetic engineering. This can be
illustrated by the following examples:
1. Interference with phase variation by introducing sss genes [38] in multiple copies can
increase biocontrol efficacy of some strains [132].
2. Transformation of the 2,4-diacetylphloroglucinol producing P. fluorescens Q8r1-96 with
genes encoding phenazine-1-carboxylic acid biosynthesis enhanced the biocontrol properties of the strain to the extent that a one to two orders of magnitude lower dose of cells
is required for biocontrol of Rhizoctonia root rot [247].
3. Incorporation of the phzH gene in strains that already are able to synthesize phenazine-1
carboxylic acid enable the modified strains to control tomato foot and root rot because
the new constructs can synthesize phenazine-1-carboxamide, which is more effective
than phenazine-1-carboxylic acid in biocontrol of tomato foot and root rot [248].
4. By bringing the genes for pyrrolnitrin synthesis under the control of p.tac, the pyrrolnitrin
level, and therefore the biocontrol efficacy of the BCA could be enhanced [249].
5. Exu- and rhizosphere-induced promoters have been identified [67–69]. They can be handy
if one wants to express a gene in the plant environment.
6. Rhizosphere microbes can substantially influence one another’s functioning. Strains of
the fungus Aspergillus, isolated from the rhizosphere, were tested for their ability to
influence the production of the nematocidal compound 2,4-diacetylphloroglucinol and
the biocontrol performance of P. fluorescens biocontrol strain CHA0. It appeared that A.
niger enhanced the Phl production and biocontrol activity whereas A. qudrilineatus
repressed such activities [250].
Cocktails of BCAs have been tried by several groups with the idea to combine different
mechanisms of biocontrol in one product. For example, biocontrol of the root knot nematode
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Meloidogyne javanica by P. fluorescens CHA0 is improved by the presence of Trichoderma
harziarum. The effect is explained by showing that the culture filtrate of Trichoderma enhances
the expression of the genes encoding the synthesis of 2,4-diacetylphloroglucinol [195]. The Leiden
group has tested a variety of cocktails and the result was that, at best, a level of biocontrol could
be reached that was the same as that of individual strains.
Survival and efficacy of a biocontrol product can be severely influenced by additives. Chemically characterized compounds, such as a saponin from pepper (Capsicum frutescens L), benzaldehyde, chitosan [251], and 2-deoxy-D-glucose are being studied as natural fungicides [252].
Moreover, bacteria can be selected or constructed that are able to utilize a nutrient that most other
rhizosphere bacteria cannot use [253–256]. This has also been referred to as creating a “biased
rhizosphere” [257]. Finally, nutrients such as amino acids, gelatin, glucose, lactose, wheat bran,
and maize cobs can affect activity of biocontrol organisms by providing a food base to aid
proliferation [258].

VII. WAR IN THE RHIZOSPHERE: ATTACK AND DEFENSE
Until a few years ago, the pathogenic fungus was considered as a simple victim of the biocontrol
process. In particular, Brian Duffy’s and Jos Raaymakers’ groups have put the role of the fungus
in a different perspective [259]. Several fungi have developed ingenious strategies to defend
themselves. These strategies can be different in strains of the same species [260]:
1. Repression of the synthesis of biocontrol traits is a widely distributed strategy. Expression
of the chitinase genes ech42 and nag1 of the biocontrol fungus Trichoderma atroviride
strain P1, which contribute to biocontrol activity, is inhibited by the Fusarium mycotoxin
deoxynivalenol [261]. Similarly, the phytotoxin fusaric acid produced by many Fusarium
strains inhibits syntheses of the antimicrobial factors 2,4-diacetyl phloroglucinol [37]
and phenazine-1-carboxamide [12,163] in different Pseudomonas biocontrol strains. For
the phytopathogenic fungus Pythium ultimum, it has been shown that it is able to
downregulate the expression of ribosomal RNA in BCA P. fluorescens F113 [262]. It
has been suggested that this reduces the ability of the bacterium to respond adequately
to conditions that would otherwise support rapid growth. Interestingly, mutants of strain
F113 affected in rRNA expression were not different from the wild type in controlling
the fungus [263], indicating that downregulation by the fungus is not occurring during
biocontrol. Fungal stimulation instead of repression of bacterial gene expression has also
been observed: root infection of tomato and cucumber by P. ultimum stimulated expression of the phlA gene for DAPG production in P. fluorescens CHA0 [193].
2. Detoxification of antifungal metabolites is another strategy [259]. For example, many
Fusarium oxysporum strains tolerant to the antifungal metabolite 2,4-diacetyl phloroglucinol deacetylate the latter compound to the less fungitoxic derivative monoacetyl phloroglucinol [260].

VIII. VISUALIZATION OF BIOCONTROL
Rhizomicroorganisms constitutively expressing GFP can be thought of as bioreporters of microlocation (see Section IV). They have proven to be instrumental in understanding the rhizosphere at
the micrometer scale, as they have shown how microorganisms are distributed along the root surface
and in relation to root features and other root microorganisms.
Bacteria on the root occur hardly as individual cells but are mostly arranged as biofilms, covering
only a small part of the root [102,264–268]. Some areas, including the root tip, are almost devoid
of microbes [102,264–268]. Pseudomonads are mainly present at junctions between root epithelial
cells and at sites where side roots emerge [36,266]. They are often covered by a mucoid layer [102],
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most likely consisting of root material [271], which may facilitate the quorum-sensing-dependent
conjugation process [102,272].
The process of colonization of tomato roots upon bacterization of seeds with the P. fluorescens
BCA WCS365 has been studied in a gnotobiotic system [41]. Bacteria multiply fast on the seed
and colonize the growing roots but the number of colony-forming units on the lower parts of the
root can be four orders of magnitude lower than that at the root base [41,102]. When bacterial
numbers become higher, the colonizing bacteria start to form biofilms or microcolonies consisting
of hundreds or even thousands of cells, especially along the junctions between epidermal cells as
shown by scanning electron microscopy [102]. Distribution patterns of other Pseudomonas biocontrol strains and of P. mendicina, Acidovorax facilis and Xanthomonas oryzae were indistinguishable from that of P. fluorescens WCS365 [102]. In contrast, Acinetobacter radioresistens and
Rhizobium strains appeared to be poor colonizers of the tomato root; they colonize the root in lower
numbers and do not form a biofilm. Rhizobia show no preference for the junctions between
epidermis cells like pseudomonads do [102].
Infection of the tomato root by the pathogenic fungus Fusarium oxysporum f. sp. radicislycopersici was studied using confocal laser electron microscopy (CLSM) and a GFP-labeled fungus
[273]. This marker appeared to be stable and did not influence pathogenicity. The fluorescent signal
was clearly visible in the hyphae as well as in the chlamydiospores and conidia [273]. The processes
of attachment, colonization, infection, and disease development on tomato roots were visualized
at the cellular level. For technical reasons, visualization using CLSM requires the use of a simple
biocontrol system. Attachment starts at the root hairs. Interestingly, like for biocontrol
pseudomonads, the junctions between the epidermal cells are the preferred colonization sites [273].
Agents that control TFRR should interfere in these steps. How the BCAs Pseudomonas fluorescens WCS365, P.chlororaphis PCL1391 [148], the nonpathogenic strain Fusarium oxysporum
F047 [148] T. atroviride P1, and T. hazarzianum [151] colonize the rhizosphere and how they
control TFRR has recently been visualized. In this gnotobiotic biocontrol assay, the seeds or
seedlings are inoculated by the Pseudomonas bacteria, whereas spores of the pathogen Fusarium
oxysporum f. sp. radicis-lycopersici were mixed through the sterile quartz sand. After attachment
to the root hairs, hyphae from the pathogen colonize the intercellular junctions on the root surface.
When added alone, cells of Pseudomonas fluorescens WCS365 and P. chlororaphis PCL1391
colonize the same sites and subsequently form biofilms on the root [26,27]. The fact that totally
different microbes occupy the same sites on the root can be explained by assuming that these are
the sites where nutrients are exuded from the root. When both pathogen and BCA were present,
the BCA reaches the root first and severely delays and diminishes the hyphal biomass that can
reach the root and that can infect the root. The BCAs not only form biofilms on the root but also
on the hyphae. It has been suggested that colonization of hyphae contributes to biocontrol [148,150].
Analysis of viable counts of BCA and pathogen after incubation in exudates has shown that the
bacterium increases in numbers whereas the number of hyphae decreases [13].
For control of TFRR by the nonpathogenic Fusarium F047 (F047) an excess of at least 50-fold
of F047 over Forl is required. Alone, F047 hyphae attached earlier to the root than Forl hyphae.
When both microbes are present, root colonization by the pathogen was reduced and arrested at
the stage of initial attachment to the root. Furthermore, results indicated that prior to competition
for the root surface, a process takes place that is negative for the pathogen. It appeared that the
percentage of F047 spores that germinates in exudates is higher than that of the pathogen Forl [274].
Control of TFRR by Trichoderma strains T. atroviride P1 and T. harzianum T22 showed
competition for sites on the root hairs. Both trichodermas are poor colonizers of the main root.
Moreover, it was shown that the culture supernatant of Trichoderma spp. reduces germination of
Forl spores and that an endochitinase and an exochitinase are involved in both reduction of spore
germination as well as in disease suppression [151].
Visualization of the biocontrol process is not limited to localizing and following BCAs on
root surfaces. With bioreporter strains carrying fusions of reporter genes to inducible promoters
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(see Section IV), it is also possible to follow general or more specific activities of BCAs or other
rhizomicroorganisms as they colonize the rhizosphere. The picture that emerges is generally one of
heterogeneity; only a fraction of the total BCA or rhizomicroorganism population in the rhizosphere
scores positive for the activity that is being assessed. Sometimes, but not always, this activity can be
correlated to the microlocation of the BCA. Some examples are given here. In the rhizosphere of barley,
P. putida CRR3000 cells were found to colonize root sites such as hairs and tips, being most abundant
in the crevices between neighboring plant root epidermal cells [182]. Yet, only a fraction of all CRR3000
cells was actively growing, namely those that were associated with the sloughing root sheath cells, and
only in the first two days after inoculation [182]. Boldt et al. [181] were able to see actively growing
Pseudomonas cells only at the root tips and sites of lateral root emergence of alfalfa. In P. fluorescens
DR54, genes for motility were expressed at the base of the barley root system, in single cells or in
microcolonies along the root cells, root hairs, or mucus layers, whereas P. fluorescens DF57 expressed
genes for nitrogen starvation patchily along the roots of barley seedlings [200].
It is important to realize the implication of this observed apparent heterogeneity to BCA activity
in the rhizosphere. If we see, for example, in the same rhizosphere setting, heterogeneity in activity
A with one bioreporter and also heterogeneity in activity B with another bioreporter, does that
mean that we are possibly dealing with four subpopulations of BCA cells, namely those that are
active for A and B, those that are inactive for A but active for B, those that are active for A but
not B, and those that are not active for A and not for B? Which one of these has the biocontrol
activity? Or is activity A always correlated (positively or negatively) with activity B? For example,
does biocontrol activity require high or low carbon, actively growing or resting cells, siderophore
production or not? These are still unanswered questions with great implications for the understanding of and ability to improve on biocontrol strategies. There are currently no rhizosphere bioreporters
that report on more than one activity on a single-cell basis, so it is, as of yet, practically impossible
to answer some of these questions. This is challenge for the future.

IX. MONITORING THE BIOCONTROL PROCESS
Monitoring the biocontrol process allows for the identification of possible causes of BCA failure
or for the improvement of existing biocontrol strategies. First, it is important to know the enemy,
that is, to characterize the target of the BCA. Its presence and abundance in natural rhizosphere
settings can be determined in many different ways, including plating and molecular techniques
[275]. Most common is the use of rRNA specific primers for the semiquantitative detection of the
pathogen. Rhizosphere-specific behavior of the pathogenic target can be studied using bioreporter
technology, for which excellent examples are available [27]. A similar set of tools can be used to
assess the presence, abundance, and persistence of the BCA after introduction into the rhizosphere
[276,277]. Several so-called biological containment systems have been developed that ensure
survival of the BCA only in the presence of the plant (for example, Reference 278), and validation
of such systems relies heavily on very sensitive methods for detection of the BCA. Bioreporter
technology can be and has already been used to see whether the BCA actually comes into close
proximity to the target, whether it is active, and whether it expresses the genes that are essential
for biocontrol activity (Section IV). Success rate of the biocontrol process is usually assessed by
scoring the incidence or severity of disease symptoms. By relating this information to abundance
and activity of both pathogen and BCA throughout the process, the contribution of individual steps
in the biocontrol process can be assessed and possibly refined.

X. COMMERCIALIZATION OF BIOCONTROL
The road from a good laboratory biocontrol result to a commercial product is a long one [279].
The best biocontrol strain, preferentially active on several plants and against several pathogens
under realistic practical conditions, has to survive and be active under a variety of conditions.
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Production in bulk amounts has to be inexpensive [150]. The cells should survive formulation,
which usually involves drying [280], and have a shelf life of approximately 14 months to enable
the grower to use material left over from the previous year. The biocontrol microbe should be
formulated in such a way that its application is compatible with agricultural or horticultural practice.
Formulation procedures are often company secrets and very few informative publications on this
topic exist [281,282].
Registration is a point that needs attention from the beginning. Major aspects are taxonomy
and antibiotic production. Relationship with a pathogen or growth at the temperature of the human
body can be a problem. Also, the production of antibiotics that cause cross resistance with applied
antibiotics is problematic. Moreover, the antibiotic should not cause environmental damage. For
example, it should not be harmful toward beneficial organisms. It is advisable to become aware of
the registration procedure in the countries where the product should be applied in a very early
stage. Once a product is on the market, it is important to be able to monitor the effect on the plant
as well as the viability and activity of the biocontrol agent.
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I. INTRODUCTION
The rhizosphere, or soil immediately surrounding plant roots, houses complex communities
that include plant roots, soil bacteria and fungi, nematodes, annelids, and arthropods. Within
these communities, plant roots interact with competitors, mutualists, parasites, and pathogens.
297
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These interactions are sometimes purely mechanical in nature, such as tissue damage by herbivores
or pathogens. Other interactions are mediated entirely by the effects on limiting resources, such as
resource uptake, microbial decomposition, microbial nutrient immobilization and transformation,
and carbon and nutrient transfer among organisms. However, numerous interactions between plant
roots and other organisms are also mediated by chemical signals produced by plants and the
organisms with which they interact. These signals operate to induce changes in the behavior,
morphology, physiology, or biochemistry of the organisms exposed to them, sometimes with
positive consequences for those organisms, and sometimes with negative consequences. As such,
these signals constitute a complex, underground chemical system through which plants and soil
microbes communicate and influence their biotic and abiotic environment.

A. CHEMICAL SIGNALING

AS

BELOWGROUND COMMUNICATION

The American Heritage Dictionary [1] defines communication as the “exchange of thoughts,
messages, or information, as by speech, signals, writing, or behavior.” Secondary metabolites
released by one organism that alter the behavior, morphology, physiology, or biochemistry of other
organisms may be viewed as signals mediating the exchange of messages that evoke particular
responses; in other words belowground communication. Such communication may develop through
evolutionary pressure on the signaler, involving the release of signals directed at specific organisms
to benefit the signaler. Alternatively, such communication may involve organisms that eavesdrop
on chemical conversations between others to gain information for their own benefit or are innocent
bystanders inadvertently affected by a chemical message that was sent to affect a different organism.
Whittaker and Feeny [2] proposed several terminologies to describe six types of chemical signals.
Among chemical signals with interspecific effects (i.e., allelochemicals), allamones benefit the signaler
but not the recipient, kairomones benefit the recipient but not the signaler, synomones benefit both
the signaler and the recipient, and depressants benefit neither the signaler nor the recipient. Among
chemical signals with intraspecific effects, autotoxins negatively affect the producing population;
autoinhibitors positively affect the producing population by negatively affecting some of its members,
serving as an adaptive mechanism for population control, and pheromones positively affect both the
signaler and the receiver, mediating reproduction and social behavior, and communicating the presence
of food or danger. All of these chemical signals are distinct from hormones, which serve as chemical
signals between cells within organisms. However, hormones may have evolved in multicellular
organisms from cell-to-cell signals (i.e., pheromones) in primitive colonies of single-celled organisms.
In this chapter, we describe recent research on chemical-mediated communication in the
rhizosphere, including both communication between plants and communication between plants and
soil microbes. We begin with a brief review of the presence and behavior of chemical signals in
the rhizosphere. Then, we discuss recent discoveries on the biology, chemistry, and mode of action
of chemical signals that mediate negative interactions in the rhizosphere, first between plants and
then between plants and soil microbes (Figure 11.1). Negative communication between plants
includes phytotoxins with interspecific effects (allamones), phytotoxins with intraspecific effects
(autotoxins and autoinhibitors), and chemical signals involved in parasitic plant–host interactions
(allamones and kairomones). Negative communication between plants and soil microbes includes
plant defense compounds (allamones), pathogenic virulence factors (allamones), and pathogenic
compounds that elicit plant defenses (kairomones). In addition, we discuss new research on chemical
signals that mediate positive interactions between plants and between plants and soil microbes
(Figure 11.1). Positive communication between plants includes warning signals that induce plant
defenses (kairomones and synomones) and signals involved in root growth into the soil matrix
(kairomones, synomones, and autoinhibitors). Positive communication between plants and soil
microbes includes chemical signals that mediate mutualistic associations between plant hosts and
extracellular plant-growth-promoting rhizobacteria (ePGPR), intracellular nitrogen-fixing bacteria,
and mycorrhizal fungi (synomones).
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FIGURE 11.1 Modes of chemical-mediated communication between plant roots and between plant roots and
soil microbes. Block arrows indicate different types of interactions. Negative interactions mediated by belowground chemical signals include (1) interspecific interference among plants (i.e., allelopathy), (2) intraspecific
interference among plants (i.e., autoinhibition), (3) host infection by parasitic plants, (4) host infection by
pathogenic soil microbes, and (5) plant defense against soil pathogens. Positive interactions mediated by
belowground chemical signals include (6) facilitation by other plants, which is often mediated by induced
herbivore resistance or reduced herbivore populations, (7) growth promotion by extracellular plant-growthpromoting bacteria, which is also often mediated by biological control of soil pathogens, (8) symbiotic
relationships between plants and nitrogen-fixing bacteria, and (9) symbiotic relationships between plants and
mycorrhizal fungi. Dashed arrows indicate the source and recipient of the chemical signals involved in each
interaction. In many cases, both organisms involved in these interactions are known to both send and respond
to chemical signals.

B. CHEMICAL SIGNALS

IN THE

RHIZOSPHERE

Plant roots contribute an estimated 5 to 21% of photosynthetically fixed carbon to the rhizosphere [3].
This, surprisingly, large quantity of carbon is released into the soil in the form of root debris, border
cells, and root exudates. The relative quantities of these materials in the rhizosphere are described
in detail in Chapter 1 and vary considerably with environmental conditions, plant species, and plant
physiological status as discussed in Chapter 2. Root exudates include carbohydrates, mucilage, and
a variety of secondary metabolites. Secondary metabolites are low-molecular-weight compounds
that are produced by metabolic pathways, other than the primary pathways, involved in carbohydrate, protein, lignin, fat, and energy production. Whereas primary metabolites occur in most or
all living organisms, specific secondary metabolites may occur in many or only a few organisms.
Thus, secondary metabolites are responsible for much of the chemical diversity of plant root
exudates. More than 100,000 secondary metabolites for plants have been identified [4]. These
include an array of organic acids, flavonoids, tannins, terpenoids, alkaloids, polyacteylenes, and
simple phenolics [5,6] in root exudates.
Secondary metabolites in root exudates have the potential to perform numerous important
functions in the rhizosphere. When plant secondary metabolites were first discovered in root
exudates, they were presumed to be merely waste products of metabolism disposed of by excretion.
However, as research on secondary metabolites has progressed, and the techniques for examining

3855_C011.fm Page 300 Monday, April 9, 2007 4:12 PM

300

The Rhizosphere: Biochemistry and Organic Substances at the Soil–Plant Interface

their biochemical effects have become more sophisticated, it has become clear that many plant
secondary metabolites may play important roles as chemical signals in the rhizosphere. Specifically,
plant secondary metabolites may be involved in interspecific and intraspecific interference between
plants, antimicrobial activity, plant induction of disease resistance, attraction and repulsion of
pathogens and mutualists, development of symbiotic associations between plants and microbes,
and regulation of microbial populations that influence nutrient cycling [6,7,8], and can affect
microbial diversity (see Chapter 3).
Organic compounds are also released into the rhizosphere by populations of soil bacteria and
fungi with a similarly wide array of potential roles as signals in the rhizosphere (Figure 11.1). Soil
microbes produce and secrete secondary metabolites that mediate microbial interactions, including
both antibiotics and chemicals involved in microbial associations, such as quorum sensing and
biofilm formation [9,10]. Other secondary metabolites produced by soil microbes directly affect
plant growth, including phytotoxins, plant hormones, and plant growth promoters [11,12]. Still
others reduce plant disease responses, thus facilitating either pathogen infection or infection by
symbiotic bacteria or fungi [13].

C. SIGNAL MOBILITY, PERSISTENCE,

AND

ACTIVITY

IN THE

RHIZOSPHERE

For chemical signals to mediate belowground root–root or root–microbe communication, the signals
must be able to travel the distance between organisms, be of sufficient concentration to elicit a
response, and persist in an available and active state for sufficient time in the soil to affect the
signal recipient. Consequently, plant and microbial compounds that, under artificial conditions,
appear to have the potential to act as chemical signals are not necessarily active under rhizosphere
conditions.
Several factors that are discussed in detail in Chapter 1 can operate to limit the stability, mobility,
concentration, and activity of secondary metabolites in the rhizosphere. First, microbial degradation
can rapidly reduce concentrations of at least some secondary metabolites. Soil microbes often rely
on plant root exudates as a major source of carbon, including low-molecular-weight organic
compounds such as secondary metabolites [14]. Second, some secondary metabolites are chemically
unstable and may transform rapidly following exudation. Such chemically unstable secondary
metabolites are less likely to play important roles in belowground communication, but might be
effective if exuded in conjunction with a stabilizing agent, if the degradation products are stable
and active, or if the distance between sender and recipient is small. Third, secondary metabolites
can be adsorbed by soil particles resulting in reduced signal mobility and activity. Charged and
hydrophobic (e.g., phenolics) secondary metabolites, which include many putative chemical signals,
are readily adsorbed by soil particles, particularly in soils with high humic content or cation
exchange capacity [15]. Chemical signals that must be taken up by the recipient will not be effective
if bound to soil particles. However, signals that induce a biochemical response by activating a
receptor on the exterior of the recipient may still be active even when bound to soil particles, so
long as the structural components of the compound that are responsible for activating the receptor,
remain unbound.
Thus, the mode of action of a chemical signal, in addition to its behavior in soil, must be
understood to predict its activity under different soil conditions. Most measurements of secondary
metabolite concentrations do not distinguish between organic compounds in soil solution and
organic compounds adsorbed to soil particles. Strong extraction procedures may increase the yield
of the target signal but may also increase the occurrence of artifacts if the compound is not active
when bound to soil particles.
The further a chemical signal must travel through the soil to reach a recipient, the more likely
it is to encounter a biotic or abiotic factor that alters its structure, concentration, or activity. Chemical
communication between roots, and between roots and soil microbes, is thus most likely to occur
in the rhizosphere, where the individuals involved are in close proximity and local microsites of
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concentrated chemicals signals are most easily generated. Soil microbial populations are often
concentrated in the rhizosphere as a result of abundant carbon in plant root exudates [16], leading
to a high potential for chemical signals to travel between roots and soil microbes and for microbes
to degrade chemical signals. Chemical communication between plants may be most frequent
between individuals with roots that are close together. For most of the rhizosphere signals discussed
in the literature, little is known about concentrations or activity in soil. In Chapter 1, Uren proposed
that the right set of circumstances at the root interface, such as low oxygen conditions generated
by root exudation, may allow some secondary metabolites to avoid oxidation and microbial degradation. Such conditions may be necessary for some secondary metabolites to act as chemical
signals in the rhizosphere, particularly the many secondary metabolites that are chemically unstable
or readily degraded by microbes.

II. NEGATIVE ROOT–ROOT COMMUNICATION
A. ALLELOPATHY
Phytotoxic secondary metabolites have the potential to mediate interspecific plant–plant interference
(i.e., allelopathy) by reducing competitor establishment, growth, and survival. To date, hundreds
of plant-produced phytotoxins have been identified [17]. These compounds vary substantially in
chemical structure, modes of action, and effects on plants [18]. Different phytotoxic allamones
inhibit seed germination, root growth, shoot growth, and plant survival with effects on metabolite
production, photosynthesis, respiration, membrane transport, and within-plant chemical signaling
[6,17,18]. Plant-produced phytotoxins are released into the soil as root exudates, as leachates from
live and dead plant tissue, as green leafy volatiles, and as decomposition products from dead plant
material [6,18].
Whereas all phytotoxic allamones have the potential to act as chemical signals in the rhizosphere, only root-exuded phytotoxins are involved specifically in root–root communication. Many
plants are known to rhizosecrete potent phytotoxins (Figure 11.2). Examples include, but are not
limited to, trees such as Juglans nigra L. [19], crops such as Cucumis sativa L. [20], Oryza sativa
L. [21], Sorghum spp. [22], and Triticum aestivum L. [23], and invasive weeds such as Centaurea
maculosa Lam. [24,25], C. diffusa Lam. [26], and Acroptilon repens (L.) DC [27]. The modes of
action of the phytotoxins associated with many of these examples are well understood [6]. In
particular, recent research on two of the species, C. maculosa and Sorghum bicolor, has elucidated
much of the biochemical and genetic basis of allelopathy in these species.
Centaurea maculosa, a perennial forb native to Eurasia, is a highly invasive weed in North
American grasslands [28]. The competitive success of C. maculosa in North America may be
mediated in part by root exudation of a phytotoxin that reduces the growth and survival of North
American grassland species [24,25,29–31]. C. maculosa roots exude a racemic mixture of (+)catechin and (−)-catechin (Figure 11.2). Both enantiomers are phytotoxic, although (−)-catechin is
substantially more potent than (+)-catechin [24,32]. Treatment of susceptible plants with (−)catechin or the racemic mixture, (±)-catechin, in vitro inhibits root elongation, can result in plant
mortality, particularly among dicots, and can reduce shoot length and germination [24,25,30,31].
Perry et al. [31] found that (±)-catechin treatment inhibited root elongation of 13 out of 20 native
North American grassland species examined, suggesting that C. maculosa (±)-catechin production
may contribute to C. maculosa invasions of North American grasslands.
Efforts to quantify (±)-catechin production have yielded mixed results. Early studies indicated
that young Centaurea maculosa plants grown at high densities in vitro could produce as much
as 80 µg ml−1 of (±)-catechin [24]. In contrast, in a more recent study, C. maculosa plants grown
individually in vitro produced a maximum of 2.5 µg ml−1 of (±)-catechin [33]. Further, several
studies have reported very high soil (±)-catechin concentrations (> 1 mg g−1) in well-established
field populations of C. maculosa [24,25,34]. However, one recent study failed to detect any
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FIGURE 11.2 Phytotoxic compounds in the root exudates of some allelopathic plants. For some species (e.g.,
Centaurea maculosa, Sorghum bicolor, and Juglans nigra), the phytotoxin shown makes up a large portion of
the root exudates and is the only phytotoxin identified in the root exudates. For other species (e.g., Oryza sativa,
Triticum aestivum, and Cucumis sativa), the phytotoxin shown is one of several identified in the root exudates.

(±)-catechin in soil in two C. maculosa populations [33], and another study that included a wide
range of sites sampled on a number of dates, detected soil (±)-catechin in only one site and on
only one sampling date (L.G. Perry, unpublished data). The reasons for these differences in
results among studies are uncertain. All studies to date of soil (±)-catechin concentrations have
examined bulk soil rather than rhizosphere soil, and therefore they may not have evaluated (±)catechin concentrations under the most relevant circumstances (see Chapter 1). A better understanding of (±)-catechin dynamics in the rhizosphere is needed to evaluate whether and when
(±)-catechin is present at sufficient concentrations in root–root interactions to influence C.
maculosa’s neighbors.
The exact cellular target of (±)-catechin has not yet been identified, but many of the initial
physiological responses to (±)-catechin in susceptible plants are well understood, including several
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biochemical signals and changes in gene expression that appear to initiate root cell death [25]. In
Arabidopsis thaliana and Centaurea diffusa Lam. roots, cytoplasmic condensation begins in the
root tip and root elongation zone within 10 min of (±)-catechin treatment, and then travels up the
main axis of the root to mature root tissues within 1 h. Fluorescent viability staining with fluorescein
diacetate indicates that cell death begins in the root tip soon after cytoplasmic condensation, within
15 min of (±)-catechin treatment and reaches mature root tissue within 1 h. Bais et al. [25] examined
the production of biochemical signals in A. thaliana and C. diffusa roots immediately after (±)catechin treatment, including production of reactive oxygen species (ROS) and fluctuation in
cytoplasmic calcium and pH. ROS are strong electron donors and are involved in signal transduction
processes leading to numerous plant physiological responses to stress, including hypersensitive
responses to pathogen infection leading to cell death [35]. Cytoplasmic calcium signals are also
often induced by plant stress and are involved in plant responses to high salinity, heavy metals,
and oxidative damage [36,37]. Fluctuations in cytoplasmic pH occur in conjunction with signal
transduction processes in plants and are involved in regulation of root growth [36,38]. ROS
production, cytoplasmic calcium concentrations, and cytoplasmic pH were all strongly influenced
by (±)-catechin treatment in susceptible plant roots [25]. ROS signals, visualized using the fluorescent dye 6-carboxy-2′,7′-dichlorodihydrofluorescein diacetate-di(acetoxymethly ester), increased
12-fold in the root tip within 10 sec of (±)-catechin treatment. Following the same pattern as cell
death in response to (±)-catechin, ROS production first increased in the root tip, then in the
elongation zone, and then traveled in a wave up the main axis of the root. Cytoplasmic calcium
concentrations, visualized using the fluorescent dye indol-1, increased substantially in the root tip
within 30 sec of (±)-catechin treatment, and then dissipated within 10 min of (±)-catechin treatment.
Cytoplasmic pH declined from 7.2 to 5.6 within 15 to 20 min of (±)-catechin treatment, perhaps
indicating loss of membrane function in conjunction with cell death. Treating susceptible plant
roots with an antioxidant, ascorbic acid, prevented the induction of ROS production, increased
cytoplasmic calcium, and cell death [25], suggesting that cell death in response to (±)-catechin may
result from oxidative stress similar to hypersensitive responses to pathogen infection [35].
Bais et al. [25] used a 12,000-gene oligoarray to examine gene expression in (±)-catechintreated Arabidopsis thaliana plants relative to untreated Arabidopsis plants, 10 min, 1 h, and 12 h
after treatment. A number of genes associated with oxidative stress were upregulated within 1 h
of (±)-catechin treatment, including glutathione transferase (GST), monooxygenase, lipid transfer
protein, heat shock protein, DNA-J protein, and blue copper-binding protein [25], suggesting further
that oxidative stress may play an important role in (±)-catechin phytotoxicity. Genes involved in
phenylpropanoid and terpenoid phytoalexin pathways, some of which produce enzymes that serve
as antioxidants [39], were also upregulated 1 h after treatment. Importantly, 10 other genes were
strongly upregulated within the first 10 min of (±)-catechin treatment, and then not upregulated
1 h and 12 h after (±)-catechin treatment, suggesting that these genes may be involved in the initial
plant responses to (±)-catechin that lead to cell death [25]. Several of these genes are associated
with calcium signaling and oxidative stress, and four are of unknown function. Further examination
of the role of these genes in plant responses to (±)-catechin may yield insights into the genetic
basis of (±)-catechin phytotoxicity and (±)-catechin resistance.
Another example of plants that rhizosecrete potent phytotoxins is the Sorghum genus. The
Sorghum genus includes important crop and cover crop species such as S. bicolor L. and S. sudanese
(Piper) Stapf, and important weeds such as S. halepense (L.) Pers. Most Sorghum species rhizosecrete large quantities of the phytotoxin sorgoleone (2-hydroxy-5-methoxy-3-[(8′Z, 11′Z)-8′, 11′,
14′-pentadecatriene]-p-benzoquinone) (Figure 11.2). HPLC analyses suggest that sorgoleone is the
most abundant compound in Sorghum spp. root exudates [40]. Sorgoleone production by Sorghum
spp. can be very high. Most Sorghum species produce between 1.3 to 1.9 mg g−1 of fresh roots,
whereas S. halepense produces as much as 14.8 mg g−1 [40]. Sorghum spp. also produce a number
of other compounds similar to sorgoleone, with similar activities, but in smaller quantities that also
may play a role in Sorghum spp. allelopathy [40,41]. Sorgoleone appears to be synthesized in the
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endoplasmic reticulum of Sorghum spp. root hairs, and then transported to between the cell wall
and plasmalemma of the root hairs prior to exudation [42]. An exogenous application of 80 µg g−1
sorgoleone to soil substantially reduces the growth of susceptible plants, indicating that sorgoleone
is phytotoxic under relatively realistic conditions [42]. However, Sorghum spp. rhizosphere and
bulk soil concentrations of sorgoleone have not been determined. Exogenously applied sorgoleone
degrades substantially in soil within the first week after application, but can persist at low concentrations in soil for several weeks [42], and might accumulate in soils if continuously exuded at
high concentrations. A gene involved in sorgoleone biosynthesis was recently identified [43], which
may create opportunities to use transgenic plants to examine directly the importance of sorgoleone
production to outcomes of plant interference.
Sorgoleone appears to influence the physiology of susceptible plants in a number of ways.
Numerous studies suggest that sorgoleone inhibits electron transport in both photosynthesis and
respiration in susceptible plants [6], although one recent study found no effect of sorgoleone on
photosynthesis [44]. In addition, sorgoleone inhibits the enzyme hydroxyphenylpyruvate dioxygenase in Arabidopsis thaliana, which is involved in carotenoid biosynthesis [45]. Sorgoleone also
disrupts photosystem II (PSII), which is responsible for organizing the ligands that bind the pigments
and other cofactors involved in photosynthesis, but this effect will be relevant only if sorgoleone
is transported in planta from soil to leaf tissue [46]. As an electron acceptor, sorgoleone may also
disrupt redox reactions in the root plasma membrane [44], although this effect of sorgoleone has
not been demonstrated. Finally, sorgoleone substantially reduces H+-ATPase activity in Zea mays
L. root microsomal membranes [44], as is discussed in Chapter 6. H+-ATPase activity in roots is
necessary for maintenance of the electrochemical gradients in the rhizosphere that drive nutrient
uptake. Sorgoleone inhibition of H+-ATPase activity likely reduces nutrient and water uptake in
susceptible plants, perhaps also accounting for effects of sorgoleone on photosynthesis and respiration [44].
Plant species often vary substantially in susceptibility to particular phytotoxins [31,47]. However, the mechanisms through which many species resist the effects of phytotoxic allamones have
not yet been determined. Some plants may resist phytotoxic allamones via sequestration or secretion
of the phytotoxins once they are taken up [48]. Other plants detoxify phytotoxins by altering the
chemical structure of the compounds enzymatically. For example, a number of plants detoxify
benzoxazinoid phytotoxins via glucosylation, or the attachment of one or more sugar moieties to
the compound [49]. Two phytotoxic benzoxazinoids, 2,4-dihydroxy-1,4-benzoxazin-3-one
(DIBOA) and 2,4-dihydroxy-7-methoxy-1,4-benoxazin-3-one (DIMBOA) are rhizosecreted by both
Secale secale L. and Elytrigia repens (L.) Gould [50,51]. The detoxification mechanisms used by
Zea mays L. for DIBOA, DIMBOA, and benzoxazolin-2(3H)-one (BOA), a degradation product
of DIBOA, are well understood. DIBOA, when released into the soil, is quickly converted to BOA.
BOA, when incubated with Z. mays, undergoes N-glucosylation, ultimately resulting in production
of isomeric 1-(2-hydroxyphenylamino)-1-deoxy-β-glucoside 1,2,-carbamate, a less toxic compound
[52]. Two glucosyltransferases in Z. mays, Bx8 and Bx9, have been identified as highly specific to
DIBOA and DIMBOA [53]. Transgenic Arabidopsis thaliana plants containing the Z. mays genes
for Bx8 and Bx9 are resistant to DIBOA and DIMBOA, indicating an important role of these
enzymes in phytotoxin detoxification [53]. The glucosylation products are apparently released in
Z. mays root exudates and then may be degraded microbially [52]. Mechanisms of plant resistance
to other well-known phytotoxic allamones, such as (±)-catechin and sorgoleone, are not yet understood but may involve similar processes.
Because plants are able to develop resistance to phytotoxins, the importance of allelopathy in
structuring plant communities may often be limited to only some interspecific interactions [54]. In
particular, the effectiveness of a phytotoxin against a particular species is likely to depend on the
historical selection pressures for resistance to the phytotoxin. Plant species with relatively little
previous exposure to a phytotoxin are less likely to be resistant and, therefore, more likely to be
displaced by the phytotoxin than more experienced species. Thus, allelopathy may be particularly
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effective for exotic allelopathic plants in their invaded ranges, where the native species have not
been exposed previously to the phytotoxic allamone (i.e., the novel weapons hypothesis, sensu
Callaway and Aschehoug [55]). Several studies comparing the effects of exotic plants and their
phytotoxins on congeners, from their native and exotic ranges, have supported the novel weapons
hypothesis [56]. The invasive plant Centaurea diffusa Lam. reduced the growth of three naive
species from its invaded range significantly more than three congeneric experienced species from
its native range [55]. Adding activated carbon to the soil to adsorb organic compounds removed
this difference in part by improving the growth of the naive species, suggesting that C. diffusa
allelochemicals had a greater negative effect on the naive species than on the experienced congeners.
North American populations of the invasive plant Alliaria petiolata (Bieb.) Cavara and Grande also
inhibited a naive North American species more than an experienced European congener, but
European populations of A. petiolata did not affect the species differently, only partially supporting
the novel weapons hypothesis [57].
Recent studies have also suggested that plants may rapidly evolve partial resistance to novel
phytotoxic allamones following invasions by allelopathic exotic species. Callaway et al. [58] found
that offspring from populations of North American grasses that had experienced Centaurea maculosa invasion were less inhibited by interactions with C. maculosa than offspring from populations
of North American grasses that had not encountered C. maculosa. Although Callaway et al. [58] did
not attempt to rule out maternal effects as a cause of this trend, their results suggest that North
American grasses may be evolving resistance to C. maculosa allelopathic interference. Similarly,
Mealor et al. [59] found that offspring from populations of one North American species that had
experienced invasions by Acroptilon repens (L.) DC., another exotic species that may be allelopathic
[27], were less inhibited by interactions with A. repens than offspring from populations that had
not previously encountered A. repens. Mealor et al. [59] compared offspring from plants grown in
a common garden, thus demonstrating evolution of increased resistance to A. repens in one species.
The apparent importance of historic coexistence in these potentially allelopathic interactions suggests
an important role of coevolution in determining effects of chemical communication.

B. AUTOINHIBITION
In addition to the interspecific effects of phytotoxic root exudates, some root exudates have
intraspecific effects (i.e., autotoxicity and autoinhibition). Distinguishing between autotoxicity,
which negatively affects population dynamics, and autoinhibition, which positively affects population dynamics, is difficult and has not yet been achieved for any plant species. Consequently, we
use autoinhibition to refer to both autotoxicity and autoinhibition. Autoinhibition has long been
suggested as a mechanism to explain declining yields in agricultural fields planted with the same
crop species over many years [60]. Whereas autoinhibition in agricultural crops has often been
attributed to phytotoxins in decomposing leaf and stem tissue [60], some phytotoxins responsible
for autotoxicity are also released in crop root exudates. For example, Asparagus officinalis L. root
exudates are toxic to A. officinalis seedlings [61] and may increase A. officinalis susceptibility to
the fungal pathogen Fusarium oxysporum spp. Asparagi [62]. Similarly, cinnamic acid and perhaps
other compounds in Cucumis sativus L. root exudates reduce photosynthesis and uptake of several
important nutrients by C. sativus plants [20,63].
Autoinhibition may also play a role in natural plant communities, particularly among weedy
species. Indeed, several invasive plants reported to be allelopathic are also autoinhibitory, including
Amaranthus palmeri S. Wats. [64,65], Centaurea maculosa Lam. [24,34], Cirsium arvense (L.)
Scop. [60,66], Elytrigia repens (L.) Gould [51,67], Lantana camara L. [68,69], and Parthenium
hysterophorus L. [70]. For most of these species, it is not known whether the phytotoxins responsible
for allelopathy are the same as those responsible for autoinhibition. Further, as in agricultural
examples, most known instances of autoinhibition in natural communities involve phytotoxins in
leaf volatiles or decomposing plant residues [60]. However, phytotoxic root exudates involved in
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allelopathy can also be autoinhibitory. Very high concentrations of (±)-catechin, the phytotoxic root
exudate produced by C. maculosa, inhibit C. maculosa seedling root elongation by as much as
75% [34]. Provided that (±)-catechin is held in solution at high concentrations, it also induces
C. maculosa seed dormancy, reducing seed germination by as much as 50%.
Whereas autoinhibitory chemicals have been identified in many plants, proving that these
chemicals explain the population dynamics of the plants that produce them under natural conditions
can be difficult. Experiments to examine the ecological role of autotoxins by manipulating autotoxin
behavior or abundance in the field have rarely been done. However, there is evidence to suggest
that autoinhibition influences Centaurea maculosa population dynamics [34]. In well-established
C. maculosa populations in North America, C. maculosa adults are often widely spaced, separated by
unoccupied space or by a few small seedlings. Perry et al. [34] found that adding activated carbon,
which adsorbs organic compounds, to soil around adult C. maculosa plants in the field increases
C. maculosa seedling density, suggesting that autoinhibition is one of the factors that limits C.
maculosa seedling establishment in established populations. Whether (±)-catechin concentrations
in C. maculosa populations are sufficiently high to explain these field results is uncertain. Early
measurements of soil (±)-catechin suggested that (±)-catechin concentrations could be very large
[25,71], but more recent studies have been unable to repeat these results (L. G. Perry, unpublished
data) [33]. (±)-Catechin in the rhizosphere may still be responsible for C. maculosa autoinhibition
but may not be detectable in bulk soil, or a different compound may be responsible for C. maculosa
autoinhibition.
Plants may benefit from autoinhibitory chemical signals in several ways. Adults that produce
autoinhibitory root exudates may reduce the establishment of intraspecific competitors [72].
Similarly, seedlings that rhizosecrete autoinhibitors may benefit from reducing interference from
establishing siblings or other intraspecific neighbors [73]. In instances where autoinhibitors delay
seedling establishment by inducing seed dormancy, autoinhibitors produced by adults may serve
as a positive signal to protect their offspring from establishing in areas with intense intraspecific
competition [70]. In some cases, autoinhibition also may occur simply because plants produce
phytotoxins designed to inhibit interspecific competitors (i.e., allomones) but invest only in partial
resistance to the phytotoxins to avoid the metabolic cost of full resistance.
Whereas many cases of autoinhibition have been reported, many allelopathic plants also appear
to at least partially avoid the negative effects of their phytotoxins. The mechanisms through which
plants resist their own phytotoxins are not fully understood and probably vary considerably among
species and phytotoxins. Some plants appear to avoid autoinhibition by sequestering phytotoxins
in vacuoles or specialized structures such as trichomes [74], although this mechanism of resistance
has not been demonstrated for phytotoxic root exudates. Other allelopathic plants appear to avoid
autoinhibition by producing and releasing nontoxic compounds that are then degraded enzymatically, microbially, or oxidatively to produce phytotoxic compounds. For example, Polygonella
myriophylla (Small) Horton leaves accumulate arbutin, a glycoside of the phytotoxin hydroquinone
[75]. Arbutin is not phytotoxic and therefore does not inhibit P. myriophylla. However, microbial
degradation of arbutin from P. myriophylla leaves in the soil releases the phytotoxins hydroquinone
and benzoquinone, leading to inhibition of neighboring plants [75]. Glycosides may play a similar
role in plant resistance to autoinhibition from phytotoxic root exudates.

C. HOST–PARASITIC PLANT INTERACTIONS
Secondary metabolites in root exudates also may be used by parasitic plants to detect potential
hosts and induce infection. Communication between parasitic plants and their hosts involves a
complex combination of chemical signals from both the host and the parasite that induces the
development of structures for transferring water, nutrients, and carbon (Figure 11.3). Approximately
4000 plant species have been identified as facultative or obligate parasites [76]. The signaling
pathways involved in parasite establishment and host infection are particularly well understood for
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FIGURE 11.3 Chemical signals involved in interactions between the parasitic plant Striga asiatica and a
common Striga host, Sorghum bicolor. Chemical signals mediate both Striga germination and Striga formation
of haustoria, a specialized root structure involved in host infection. Striga seed germination is induced near to
host roots by (1) host root signals such as sorghum xegnosin. Other host root exudates such as resorcinol stabilize
sorghum xegnosin. Striga haustorial formation is induced by a complex series of signals. (2) Striga seedlings
release hydrogen peroxide, which (3) activates host peroxidases, transforming host pectins into benzoquinones
such as 2,6-dimethyl-1,4-benzoquinone (DMBQ), 2-methoxy-1,4-benzoquinone (MBQ), and 1,4-benzoquinone
(BQ). (4) The host benzoquinones act as chemical signals, (5) altering Striga gene expression and inducing
accumulation of expansin proteins in the root tip, ultimately leading to haustorial formation.

the plants Striga asiatica (L.) Kuntze and S. hermonthica (Del.) Benth [77]. However, other parasitic
members of the Scrophulariaceae family (e.g., Triphysaria versicolor Fisch. & C.A. May and
Orobanche spp.) are thought to participate in similar chemical interactions with their hosts [78].
The Striga species are obligate plant parasites unable to survive for more than 5 d after
germination without attachment to a host [77]. The Striga seeds are extremely small and therefore
have limited carbohydrate reserves for initial growth, although they can survive in the soil for
decades before germinating [77]. Consequently, it is critical for the survival of the Striga seedling
that their seeds germinate very near to a potential host. To ensure that germination is limited to
areas near potential hosts, Striga seeds germinate only when in the sustained presence of relatively
high concentrations of particular host root exudates [79]. The many potential hosts of Striga do
not all produce the same signal for Striga germination. Rather, the compounds responsible for
inducing Striga germination differ among host species and do not even appear to share any particular
inducing structure. To date, only one Striga germination inducer in host root exudates, sorghum
xenognosin (SXSg), has been isolated and characterized (Figure 11.3). Similarities in the chemical
behavior of SXSg and other reagents that induce Striga germination suggest that Striga germination
inducers participate in oxidation/reduction reactions that generate aryloxy radical intermediates,
which, might in turn, induce germination [77]. However, this proposed mechanism for Striga
germination induction has not yet been proven.
Interestingly, both SXSg and a Striga germination inducer produced by Zea mays L. are
relatively unstable compounds. Striga may benefit from the chemical instability of these germination
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inducers, because unstable inducers are less likely to accumulate in the soil indicating incorrectly
that a host is nearby. SXSg decomposes so rapidly in aqueous solution that it would not be expected
to travel the distance from sorghum roots to nearby Striga seeds or to be present for sufficient time
(10 to 12 h) to induce Striga germination [80]. However, SXSg is not as unstable when in Sorghum
root exudates as it is when in pure solution. Another less abundant compound in Sorghum root
exudates, resorcinol, stabilizes SXSg sufficiently to allow it to induce Striga germination (Figure 11.3)
[80]. Resorcinol has no direct effect on Striga germination but enhances the effect of SXSg [80].
The role of resorcinol in Striga germination emphasizes the potential importance of combinations
of chemicals in root exudates.
Once Striga germinates, it must quickly produce specialized root structures (i.e., haustoria)
necessary to penetrate the epidermis of the host root and connect to the host vascular system.
Haustorial development in Striga occurs in approximately 1 d and involves cessation of root
elongation, radial meristematic swelling, and haustorial hair formation at the bulbous root tip [77].
A complex series of chemical signals (Figure 11.3) and genetic responses are involved in Striga
haustorial formation to ensure that haustoria develop in the proper location relative to the host
[77,81]. Whereas Striga germination involves host-derived signals, Striga haustorial development
appears to begin with a parasite-derived signal. According to the current conceptual model of Striga
haustorial development, Striga begins the sequence of signals with constitutive release of hydrogen
peroxide at the parasite root tip. The importance of hydrogen peroxide in haustorial development
was demonstrated by treating Striga roots with catalase, which degrades hydrogen peroxide and
prevents haustorial development [82]. Hosts also produce hydrogen peroxide upon wounding or
other forms of stress but do not produce hydrogen peroxide constitutively.
Hydrogen peroxide is a necessary cofactor for many peroxidases [77]. The parasite peroxides
induce root peroxidases to act on pectins in the host cell walls resulting in the oxidative release of
benzoquinones [81]. Both the host and the parasite produce peroxidases that could generate
benzoquinones, but the hosts produce a greater abundance of peroxidases, suggesting that the
peroxidases involved may most often originate in the host [82]. The pectins that are reduced to
benzoquinones are known to originate in the host, because haustorial development does not occur
in the absence of host material, even when hydrogen peroxide and parasite peroxidases are present.
The benzoquinones produced by the peroxidases are thought to induce haustorial development
in parasite roots via redox reactions with a receptor in the parasite root. Two lines of evidence suggest
that redox reactions are involved. First, the benzoquinones that initiate haustorial development
possess similar oxidative reactivity (electromotive potential, or Em, between −280 and +20 mV),
which is consistent with the hypothesis that the benzoquinones act as single electron carriers [83].
Second, the semiquinone intermediate involved in the redox reactions would be expected to bind to
a redox binding site on the parasite root. To demonstrate that binding was possible between a semiquinone intermediate and the binding site, Smith et al. [83] generated a synthetic semiquinone intermediate with Em > 20 mV. The synthetic intermediate inhibited haustorial formation, perhaps by binding
to the parasite receptor.
The biochemical and physiological processes through which Striga haustoria develop following
initiation by host benzoquinones are not fully understood. However, the benzoquinones involved
are known to directly or indirectly induce expression of two genes coding for protein expansins in
Striga roots [84]. Benzoquinones without the necessary oxidative reactivity or chemical structure
to bind to the parasite receptor block upregulation of the expansins genes, indicating that the specific
host benzoquinones that initiate haustorial development are necessary to induce the observed changes
in gene expression [84]. Expansins facilitate plant cell growth by disrupting the hydrogen bonds
between cellulose microfibrils and the polysaccharide matrix in the cell wall, thus reducing cell
wall resistance and allowing cell expansion [85]. The gene saExp3, which codes for the expansin
present in Striga seedlings during initial root development, is downregulated in response to host
benzoquinones, whereas two other genes, saExp1 and saExp2, that code for expansins are upregulated [84]. saExp1 and saExp2 are relatively unusual expansin genes and may play a role in the
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unique structure of haustoria. Transcripts of saExp1 and saExp2 accumulate in Striga root cells in
a linear manner to a threshold concentration over the course of several hours. The exact time
necessary is dependent on the benzoquinone signal identity and concentration [84]. Once the
threshold concentration of expansin transcripts is reached, the root tip begins to swell and haustorial
development begins. Interestingly, if the benzoquinone signal is removed temporarily, before accumulation of the expansin transcripts is complete, the transcripts appear to remain present for a few
hours, allowing transcript accumulation to continue as though undisturbed when the signal is
returned. If, however, the signal is removed for longer periods, signaling definitively that a host root
is not present, the expansin transcripts decay and haustorial development must be reinitiated [84].
Additional chemical signaling may occur between plant parasites and their hosts as the process
of infection continues. For example, treatment of Triphysaria versicolor with host root exudates
induces expression of a gene for enzyme asparagine synthetase, which may play a role in facilitating
nitrogen transfer from the host to the parasite after infection is complete [86]. Numerous other
genes that may be involved in benzoquinone detoxification, signal transduction, and haustorial
initiation, as well as genes of unknown function, are also induced in T. versicolor upon exposure
to the benzoquinones that initiate haustorial development [78,86]. Further examination of these
genetic responses to chemical signals in host–parasite interactions will likely yield further insights
into the biochemical mechanisms of host infection.
Host resistance to Striga infection also appears to be mediated by chemical signals in root
exudates. Many nonhosts of parasitic plants appear to resist infection via hypersensitive responses
that lead to cell death in the area of infection and block resource supply to the parasite [87,88].
However, at least one nonhost of S. hermonthica appears to resist Striga infection by producing
chemical signals that inhibit haustorial development [89]. When Striga attaches to Tripsacum
dactyloides L., it is able to develop a connection with T. dactyloides xylem but haustorial tissue
differentiation is impaired. Further, once Striga has attempted an attachment to T. dactyloides it
loses the ability to develop normal secondary haustoria with Zea mays, a common Striga host.
These results suggest that T. dactyloides roots produce a chemical signal that causes systemic
inhibition of haustorial development in Striga. Among Striga hosts, there is also considerable
variation in susceptibility to Striga infection. Some relatively resistant S. bicolor genotypes appear
to limit Striga infection by producing low concentrations of Striga germination inducers [90,91].
Others may resist Striga infection via low production of the chemical signals involved in haustoria
development or production of Striga germination and growth inhibitors [59,92,93].

III. NEGATIVE ROOT–MICROBE COMMUNICATION
A. PLANT ANTIMICROBIAL SIGNALS

AND

RESISTANCE

TO

SOIL PATHOGENS

The rich diversity of secondary metabolites in plant root exudates is believed to have arisen in part
from selection for improved defense against pathogenic microbes and herbivores [94,95]. Numerous
antimicrobial plant root exudates are secreted into the soil constitutively with the potential for
strong negative effects on microbial populations in the rhizosphere (Figure 11.4). For example,
Ocimum basilicum L. roots exude rosmarinic acid (α-o-caffeoyl-3-4-dihydroxyphenyllactic acid)
[96], an antimicrobial agent, that likely allows O. basilicum to resist infection by a variety of
soilborne microorganisms. Rosmarinic acid (RA) has been observed to damage the cytoskeleton
of the pathogenic fungus Aspergillus niger, resulting in broken interseptas in the mycelia, flows of
nuclei in the hyphal tips, and convoluted cell surfaces [96]. Further, RA increases spatial division
and condensation of DNA in the bacterial pathogen Pseudomonas aeruginosa, suggesting that
P. aeruginosa may respond to RA-induced cell damage with rapid cell division [96]. Similarly,
Centaurea maculosa Lam. roots exude (+)-catechin, which inhibits an array of soilborne bacteria
and fungi [24,97], perhaps mediating C. maculosa disease resistance. Constitutively-produced root
exudates also appear to play a role in Gladiolus L. resistance to the fungal pathogen Fusarium
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FIGURE 11.4 Chemical-mediated interactions between plant roots and pathogenic soil microbes. (1) Plants
rhizosecrete numerous defense compounds constitutively, including antimicrobial phenolics and proteins and
quorum-sensing mimics. (2) Pathogenic soil microbes also secrete compounds into the rhizosphere. Some
pathogenic signals probably mediate pathogen infection. Others, including fungal cell wall materials and
autoinducer compounds involved in quorum sensing, elicit plant defense responses. (3) Plant defense responses
to pathogen signals include physiological changes, increased production of constitutively produced antimicrobial compounds, and production of additional antimicrobial signals.

oxysporum f. sp. gladioli. Root exudates from a resistant Gladiolus cultivar inhibit microconidial
germination of F. oxysporum, whereas root exudates from a susceptible cultivar do not affect F.
oxysporum germination [98]. Root exudates from the resistant cultivar contain greater relative
amounts of aromatic phenolic compounds and lower relative amounts of carbonylic and aliphatic
compounds than root exudates from the susceptible cultivar, perhaps accounting for their different
effects on F. oxysporum germination [98].
In addition to antimicrobial phenolic compounds, some plant roots exude antimicrobial
proteins into the rhizosphere [99,100]. For example, hairy roots of Phytolacca americana L.
secrete numerous defense proteins, including a ribosome-inactivating protein, PAP-H, and several
pathogenesis-related (PR) proteins (β-1,3-glucanase, chitinase, and protease) [101,102]. Ribosomeinactivating proteins (RIPs) are produced by many higher plants and inhibit protein synthesis in
plants and microbes through N-glycosidase activity [103,104]. PAP-H, the RIP in P. americana
root exudates, is active against fungal pathogens, including Rhizoctonia solani and Trichoderma
reesei, which cause root rot [101,102]. The PR proteins in P. americana root exudates may
facilitate movement of PAP-H into R. solani and T. reesei cells by damaging the fungal cell walls
[101,102], illustrating the potential for rhizosecreted compounds to act in concert in defense
against pathogens.
Some root exudates also mimic chemical signals involved in microbial communication, disrupting the organization of microbial populations. Gram-negative and Gram-positive bacteria,
including plant pathogens such as Erwinia spp., Pseudomonas spp., and Agrobacterium spp.,
participate in quorum-sensing behavior in which small diffusible signaling molecules mediate
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cell–cell communication [10]. The signaling molecules for Gram-negative bacteria are termed
autoinducers, which are typically acylated homoserine lactones (AHLs), whereas Gram-positive
bacteria employ peptide-signaling molecules for quorum sensing [10]. When quorum sensing signals
reach a threshold concentration in dense bacteria populations, the signals activate transcription
factors that induce specific genes in the bacteria [10]. Thus, bacterial gene expression is controlled
by cell density, allowing populations to behave as single units. This mode of density-dependent
behavior mediates diverse processes in prokaryotes, including production of virulence factors,
bioluminescence, sporulation, swarming, antibiotic biosynthesis, and plasmid conjugal transfer
[105]. Interestingly, some higher plants, including Pisum sativum L., Glycine max (L.) Merr., Oryza
sativa L., Solanum lycopersicum L., Coronilla L. spp., and Medicago truncatula Gaertner, secrete
quorum sensing mimics that stimulate AHL reporters and thus interfere with bacterial communication [106,107]. For example, when the bacteria Chromobacterium violaceum is exposed to
P. sativum root exudates, two processes that are typically regulated by AHLs, antibiotic violacein
synthesis and protease activity, are strongly inhibited. However, C. violaceum growth is not affected,
indicating that the effect of the root exudates is specific to quorum-sensing processes [106,107].
Mathesius et al. [108] used bacterial reporter genes to examine effects of M. truncatula root exudates
on AHL-regulated processes. Many components of M. trunculata root exudates stimulate AHLregulated bioluminescence, indicating the presence of numerous quorum sensing mimics. The plant
compounds that serve as quorum sensing mimics have not been identified but are probably different
from known bacterial AHLs, because they possess distinct solvent partitioning properties [108].
Whereas the relationship between bacterial quorum-sensing and plant metabolites is still largely
unexplored, plants may use quorum sensing mimics to inhibit pathogenic bacteria that rely on
quorum sensing for host infection.
Experiments using activated carbon, which adsorbs root-exuded organic compounds, have
indicated that constitutively rhizosecreted compounds can play an important role in plant defense
against soilborne microbial pathogens. The model plant Arabidopsis thaliana rhizosecretes a variety
of potentially antimicrobial compounds, including butanoic acid, trans-cinnamic acid, o-coumaric
acid, p-coumaric acid, ferulic acid, p-hydroxybenzamide, methyl p-hydroxybenzoate, 3-indolepropanoic acid, syringic acid, and vanillic acid [109,110]. These compounds exhibit a wide range of
antimicrobial activity against both soilborne bacteria and fungi at the concentrations detected in
A. thaliana root exudates [109,110] and may protect A. thaliana from pathogenic infection. Several
strains of the bacterial pathogen Pseudomonas syringae have been identified that do not normally
infect A. thaliana. However, when A. thaliana plants inoculated with the nonpathogenic P. syringae
strains are grown in soil with activated carbon added, they exhibit pathogen colonization, disease
symptoms, and plant mortality [111], suggesting that organic compounds in the A. thaliana rhizosphere normally prevent these microbial infections.
It has been suggested that root exudation of antimicrobial proteins and secondary metabolites
may be particularly concentrated at the root tip [112]. For example, PAP-H, the RIP exuded by
Phytolacca americana roots, is present within the plant mainly in the cell walls of root border cells
[101,102]. Root border cells occur around the root tip and are programmed to detach from roots
and continue living in the rhizosphere. Border cells are thought to protect root meristematic tissue
from microbial pathogens both by exuding an array of biochemicals that influence microbial
behavior and survival [113,114] and by separating from the root and serving as host-specific
“decoys” [114,115]. Most plant root infections are initiated in the root elongation zone rather than
the root tip, suggesting that plant defenses may be particularly effective at the root tip where border
cells are present [116]. Further, Medicago sativa L. mutants that express antisense mRNA, leading
to slowed cell cycling and substantially reduced border cell production, are significantly more
susceptible than the wild type to root tip infection by the fungal pathogen Nectria haematococca
[117], suggesting an important role of border cells in plant root defense. However, the locations
of release for most plant root exudates are unknown and may often occur elsewhere along the
root.
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B. MICROBIAL SIGNALS

AND INDUCED

PLANT DISEASE RESPONSES

Chemical signals produced by soilborne microbes often have negative effects on other microbes
[9,118], and probably also have negative effects on plant roots including increasing root susceptibility to infection (Figure 11.4). However, most of the information available on the chemical signals
involved in plant pathogen virulence has been gained from studies of leaf infection. These aboveground chemical signals include type III effectors, which are proteins injected into plants by
pathogens using a needlelike, protein-based structure (i.e., type III secretion), toxins from phytopathogenic bacteria [119,120], host-selective toxins and small molecule suppressors from phytopathogenic fungi [121,122], and suppressors of posttranscriptional gene silencing from plant viruses
[123]. Unfortunately, research has not yet been done to determine whether similar chemical signals
are produced by soilborne pathogens to increase root susceptibility to infection.
Instead, much of the research on the effects of chemical signals from pathogenic soil microbes
has focused on plant detection of potential pathogens and induced defense responses. Plants exposed
to chemical signals from soilborne microbes respond by increasing production of constitutively
rhizosecreted compounds or by producing novel root exudates, many of which are antimicrobial
(Figure 11.4) [24,96,110,124,125]. These induced defense responses allow plants to invest in
defense equipment when necessary and to invest in growth, reproduction, or other traits when
defenses are unnecessary [126]. Many microbial signals that elicit plant root exudation do so for
numerous plant species but typically trigger production of different compounds in different species
[110]. The signals that induce root exudation of defense compounds are often highly general,
apparently indicating the presence of abundant fungi or bacteria rather than the presence of a
particular pathogen. However, specific elicitors that inform particular hosts of particular dangers
are also likely to exist in specialized host–pathogen interactions.
Although little is known about belowground induced defense responses, several recent
papers have documented antimicrobial and antifungal properties of elicited, rhizosecreted secondary metabolites [24,124]. The most frequently reported plant root elicitors are fungal cell
wall materials. When exposed to fungal cell walls or other elicitors, both Arabidopsis thaliana
and Ocimum basilicum L. roots exude an array of antimicrobial compounds not detected in
constitutively produced exudates [96,110]. Whereas nonelicited Arabidopsis roots secrete 68
compounds, A. thaliana roots exposed to chitosan (a component of fungal cell walls), or to cell
walls of the fungi Phytophthora cinnamoni and Rhizoctonia solani, secrete up to 289 compounds
[110]. Further, O. basilicum hairy roots treated with cell wall material from the fungus Phytophthora cinnamoni produce 2.67 times more of the constitutively expressed antimicrobial
compound RA than untreated plants [96]. O. basilicum RA exudation also increases with in
situ attack by the pathogen Pythium ultimum. Similarly, treatment with hyphae from the pathogenic fungi R. solani, Pythium aphanidermatum, and Nectria hematococca induces production
of pigmented naphthoquinones in the epidermal cells of Lithospermum erythrorhizon hairy
roots, whereas pigment development is normally limited to root hairs and border cells in L.
erythrorhizon [127]. Several of the elicited pigmented naphthoquinones exhibit strong negative
effects on soilborne bacteria and fungi [127], suggesting a role for the compounds in preventing
microbial infection.
Autoinducers (i.e., AHLs) involved in Gram-negative bacterial quorum sensing can also alter
plant gene expression and root exudation [108]. Treatment of Medicago truncatula Gaertner with
AHLs from symbiotic (Sinorhizobium meliloti) and pathogenic (Pseudomonas aeruginosa) bacteria
significantly altered the relative abundance of over 150 proteins in M. truncatula roots. Among
these proteins, several auxin-responsive and flavonoid synthesis proteins increased in response to
the AHLs, and treatment with the AHLs activated an auxin-responsive promoter and three chalcone
synthase promoters in Trifolium repens L. Further, treatment with the AHLs altered the chemical
composition of M. truncatula root exudates, including inducing novel secretion of a number of
quorum-sensing mimics, which may, in turn, disrupt bacterial communication.
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PLANT ANTIMICROBIAL SIGNALS

Plant defenses effectively prevent infections by most microbial pathogens. However, despite the
many defense strategies employed by plants in the rhizosphere, most plants are susceptible to at
least some soil pathogens. Microbial pathogens employ a number of strategies to reduce the efficacy
of plant defenses, including enzymatic degradation of antimicrobial secondary metabolites, resistance to particular antimicrobial compounds, and efflux mechanisms that reduce intracellular accumulation of antimicrobial compounds [128]. Some pathogens also degrade host antimicrobial
compounds to form products that suppress host defense responses [129], although this strategy has
not yet been observed in soilborne pathogens.
In addition, some forms of microbial organization may allow soilborne pathogens to avoid the
effects of plant signals. Biofilms, which are communities of bacterial cells that are adhered to one
another or to other surfaces and are enclosed within an extracellular polymeric matrix [130], may
sometimes act as shields to protect bacteria from antimicrobial root exudates. For example, RA,
which is rhizosecreted by Ocimum basilicum L., inhibits planktonic cells of the bacterial pathogen
Pseudomonas aeruginosa [131]. However, P. aeruginosa biofilms are resistant to RA [131]. During
plant infection, P. aeruginosa forms a biofilm on O. basilicum roots, allowing it to infect and
eventually kill the plant.
Some specialized pathogenic bacteria may also counter plant defense strategies by reducing
plant root exudation of antimicrobial compounds. Recently, Bais et al. [111] found that some
pathogenic bacteria are capable of blocking plant synthesis or exudation of antimicrobial secondary
metabolites. Arabidopsis thaliana rhizosecretes a number of antimicrobial secondary metabolites
that together inhibit an array of pathogenic bacteria. Interestingly, whereas treatment with nonpathogenic strains of the bacteria Pseudomonas syringae increases Arabidopsis root exudation of these
antimicrobial metabolites, treatment with a pathogenic strain of P. syringae, which is relatively
resistant to Arabidopsis defense compounds, reduces Arabidopsis root exudation of these compounds.
These results suggest that some plant pathogens may succeed in infecting their hosts through a
combination of partial resistance to plant signals and inhibition of plant signal production [111].

IV. POSITIVE ROOT–ROOT COMMUNICATION
A. HERBIVORE RESISTANCE
A recent study demonstrated that a root-exuded phytotoxin known to inhibit seedling growth of
numerous plant species also reduces leaf tissue attractiveness to herbivores [132]. Aphids, which
feed on plant sugars from phloem, were significantly less likely to choose to settle on Hordeum
vulgare L. plants whose roots were exposed to root exudates collected from Elytrigia repens (L.)
Desv. ex B.D. Jackson than on control H. vulgare plants. Aphids also rejected H. vulgare plants
whose roots were treated with carboline, a known phytotoxin in E. repens root exudates. Carboline
alone did not influence aphid behavior, indicating that aphid rejection was due to H. vulgare
responses to carboline rather than to direct effects of the carboline. Aphid behavior upon exposure
to odors from H. vulgare leaf tissue suggested that treatment with carboline altered the odor of
H. vulgare leaves making them repellent to aphids. This positive effect of E. repens phytotoxins
on potential competitors is likely not the purpose for which E. repens phytotoxins evolved. Carboline
may induce secondary metabolite production in H. vulgare, including production of metabolites
involved in herbivore resistance. Alternatively, carboline may be involved directly in E. repens and
H. vulgare herbivore resistance. Such positive effects of plant-produced phytotoxins may have the
potential to outweigh the negative effects.
In addition, some plants appear to use chemical signals in root exudates to coordinate populationwide herbivore defense responses [133]. Insect herbivory of aboveground plant tissue often induces
the release of leaf volatiles that have a variety of functions, including induction of herbivore
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resistance and mediation of plant–plant and plant–insect communication [134]. However, at the
same time, herbivory of aboveground plant tissue can induce root exudation of secondary metabolites. These root exudates may serve as chemical signals, communicating the presence of herbivores
among plant neighbors. In particular, root exudates produced by herbivore-damaged plants have
been shown to induce leaf volatile production in undamaged neighbors, attracting predators and
parasitoids of the herbivores [135,136]. Thus, numerous plants may participate in reducing herbivore
populations in response to herbivory on a single plant. For example, when Vicia faba L. plants are
under attack by pea aphids (Acyrthosiphon pisum), the plants release volatiles from their leaves
that attract an aphid parasitoid, Aphidius ervi [137]. Moreover, when undamaged V. faba plants
were grown in soil with aphid-infested V. faba plants, or in water that previously held the roots of an
aphid-infested V. faba plant, the undamaged plants became just as attractive to aphid parasitoids [136].
Similar results have also been reported for interactions between Phaseolus lunatus L., spider mites
(Tetranychus urticae), and predatory mites (Phytoseiulus persimilis) [135]. Whereas such
plant–plant communication is most likely a case of plants “eavesdropping” for their own benefit
on the chemical signals of their less-fortunate neighbors, the resulting coordination of herbivore
defense responses could have considerable effects on predator behavior and herbivore populations.
To date, much of the research on these interactions has focused on the chemical signals involved
in the plant–predator communication and in volatile-mediated aboveground plant–plant communication, rather than in belowground plant–plant communication [134]. The specific elicitors in the
root exudates of herbivore-damaged plants that lead to responses in undamaged plants have not
been identified nor are their biochemical modes of action yet understood. Additionally, most
research to date on positive plant–plant interactions has examined plants in agricultural systems.
Chemical-mediated communication may be more common and more important in coevolved, natural
plant communities.

B. ROOT DETECTION

AND

NAVIGATION

Ecological theory predicts that in competition for soil resources, plant fitness will be greatest for
individuals that concentrate root growth first in unoccupied space, second in space occupied by
competitors’ roots, and only last in space occupied by their own roots [138].
Accordingly, experimental studies indicate that chemical signals in the rhizosphere may mediate
self-detection and detection of obstacles and competitor roots, perhaps facilitating root navigation.
For example, chemical signals produced by Pisum sativum L. roots appear to limit P. sativum root
growth in the vicinity of belowground obstacles. P. sativum roots growing in the direction of a
root-shaped obstacle (a nylon string) either withered or grew shorter than roots growing away from
the obstacle [139]. Adding activated carbon, which adsorbs organic compounds, to the soil allowed
the roots to grow normally toward the obstacle, suggesting that accumulation of P. sativum autoinhibitors reduced root growth by the obstacle, perhaps as a mechanism for limiting root growth
in areas less likely to be favorable for resource acquisition [139].
Further, communication between roots appears to mediate self-detection, perhaps reducing
within-plant competition. Both Buchloe dactyloides (Nutt.) Engelm. and Pisum sativum grew fewer
roots when grown with a genetically identical clone than when grown with a clone from a different,
conspecific individual [140,141]. Further, in split root experiments, P. sativum grew fewer roots in
the direction of other roots connected to the same plant than in the direction of roots of other P.
sativum individuals [140]. These results suggest that roots of these species can distinguish between
“self” and “nonself” roots, and limit growth near self roots. In another series of experiments, root
elongation rates of the shrub Ambrosia dumosa declined considerably on contact with roots of
conspecific individuals, but not of other species, perhaps indicating a similar mechanism for
avoiding intraspecific competition [142–144].
The signaling mechanisms that drive self-detection and species identification in root–root
interactions are not known. Genetically identical clones of Buchloe dactyloides that were grown
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in separate pots for 8 weeks and then reunited did not limit their root growth in response to one
another like recently separated clones, suggesting that the mechanism of self-detection was based
on physiological rather than genetic identity [141]. The mechanism of Ambrosia dumosa conspecific
detection also appeared to be based on physiological identity; inhibition of A. dumosa root elongation occurred between roots of separated clones from a single individual but did not occur upon
contact between roots of a single individual [144]. Addition of activated carbon, which adsorbs
organic compounds, to A. dumosa soils did not prevent root inhibition, suggesting that organic
chemical signals in the rhizosphere were probably not involved [143]. One potential mechanism
is the resonant amplification of hormonal or electrical oscillatory signals [140,141]. Such signals
might be unique to each individual based on environmental conditions and might be amplified
between roots with similar signatures, leading to a signal-based measure of self. However, there is
currently little evidence in support of this hypothesis. More research is required to determine the
mechanisms of self or nonself detection in plant roots.

V. POSITIVE ROOT–MICROBE COMMUNICATION
Plant roots and soil microorganisms participate in interactions that form a continuum between
pathogenic infection and symbiotic mutualism. Colonization of the rhizosphere or plant roots by
beneficial soil microorganisms can increase nutrient availability, stimulate plant growth, and
increase plant resistance to pathogen infection [145], in exchange for plant sugars, proteins, and
secondary metabolites. A plant’s ability to distinguish between beneficial and pathogenic rootassociated microorganisms is critical to its survival and success. Consequently, interactions between
plants and beneficial microbes in the rhizosphere are often highly regulated, involving complex
chemical communication between plants and microbes.
The general mechanisms that drive the enormous variety of pathogenic and mutualistic
root–microbe interactions, however, are often surprisingly similar. Roots produce signals that are
recognized by microbes, and microbes in turn produce signals that initiate infection. Initial recognition of plant root exudates by both beneficial and pathogenic microorganisms usually involves
movement of the microbe in response to chemical signals such as organic acids or carbohydrates,
an attraction known as chemotaxis [146,147]. Electrotaxis, or movement in response to an electrical
current, can also play a role in microbial attraction, sometimes overriding chemotaxis, and can be
initiated by root exudates [148]. In addition, plants exude lectins (proteins that specifically bind
carbohydrates) to attract beneficial microbes. Further, for beneficial bacteria that exist at low
concentrations in soils (e.g., many Rhizobium spp.), quorum-sensing mechanisms are important for
aggregation. As described earlier, quorum sensing, or bacteria cell–cell communication mediated
by small diffusible signaling molecules (autoinducers), regulates gene expression in dense bacterial
populations [149]. Plants can produce quorum-sensing mimics that may stimulate or repress quorumregulated behavior [106], potentially affecting gene expression and chemical signal production in
both beneficial and pathogenic soil bacteria. Chemical signals involved in early stages of pathogen
and mutualist infections are also sometimes similar, supporting the notion that mutualists are simply
highly-evolved pathogens. For example, the same flavonoids from Pisum sativum L. can initiate
root–microbe interactions in both the beneficial nitrogen-fixing Rhizobium leguminosarium bv. viciae
symbiont by inducing nod gene transcription, and in the pathogenic Nectria haematococca MP 6
(Fusarium solani) relationship by inducing spore germination [150].
Pathogenic and beneficial soil microbes both also induce plant defense responses to infection.
Microbial products shared by beneficial and pathogenic microbes, such as chitin, flagellins, and
glyoproteins, can trigger plant defenses. Consequently, specialist beneficial soil microbes, like
specialist plant pathogens, must resist, evade, or deactivate plant immune responses, including
reactive oxygen species (ROS), chitinases, and phytoalexins, to successfully infect the host. Beneficial microbes employ many of the same strategies used by pathogenic microbes to resist plant
defenses, including surface and extracellular polysaccharides, antioxidants, degrading or deactivating
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enzymes [151], and effector proteins delivered by type III secretion systems [147,151,152]. Effector
protein production can be induced by root exudates, suggesting a role of plant chemical signals in
facilitating infection by beneficial soil microbes [147,151,152]. However, these root exudates may
also facilitate some pathogen infections. Despite the substantial overlap in the signals involved in
pathogen and mutualist infections of plant roots, in many cases, plants are able to enter into
beneficial interactions with soil microbes while avoiding most pathogen infections. The signaling
pathways that confer this specificity are well understood for some root–microbe interactions but
remain largely unknown for many symbiotic associations.
Studies to examine the biochemical interactions between roots and beneficial soil microbes are
most often performed in the laboratory, as microsite variation in soils makes these interactions
difficult to observe in situ. Therefore, much of the information known about the signals that drive
these complex interactions is limited to culturable microorganisms. Culturable bacteria make up
less than 1% of the diversity of soil bacteria [153]. Nevertheless, recent research on these few
species has provided important insights into the nature of biochemical interactions between plant
roots and beneficial soil microbes.

A. EXTRACELLULAR PLANT GROWTH-PROMOTING RHIZOBACTERIA
Extracellular plant growth-promoting rhizobacteria (ePGPR) are growth-promoting bacteria that
colonize the rhizosphere, the root surface (i.e., rhizoplane), or areas between cells of the root cortex,
in contrast to intracellular plant growth-promoting rhizobacteria (iPGPR) that colonize root cells
[11]. ePGPR in the rhizosphere are also discussed in Chapter 3. Chemical signals in the rhizosphere
may mediate both initiation of plant–ePGPR associations and ePGPR promotion of plant growth.
ePGPR movement to the root appears to be mediated in part by root chemical signals, which may
attract bacteria, affect bacterial motility, and regulate bacterial attachment to the root (Figure 11.5).
The particular signals involved in ePGPR chemotaxis have not yet been identified, although
carbohydrates and amino acids in plant root exudates weakly stimulate ePGPR chemotaxis [147].
ePGPR exhibit weaker chemotaxis than iPGPR in response to the same root exudates, suggesting
that either different root exudates are involved or that ePGPR are less affected than iPGPR by plant
signals [154]. Plant root exudates also influence bacteria flagellar movement by altering bacterial
chemosensory pathways [155] and regulate bacterial attachment to the root surface. For example,
the major outer membrane protein from Azospirillum brasilense has greater affinity for root exudates
from cereals than from legumes or tomatoes [156], indicating a role of cereal root exudates in A.
brasilense attachment.
Colonization by ePGPR can promote plant growth via several mechanisms. Whereas ePGPR
can alter nutrient cycling, increase nutrient availability, or moderate environmental stress, many
ePGPR also produce chemical signals that increase plant growth (Figure 11.5). ePGPR chemical
signals include phytohormones that stimulate plant growth, antimicrobial agents that inhibit plant
pathogens, and defense response elicitors that reduce susceptibility to pathogen infection. ePGPR,
such as Rhizobium leguminosarum and Azospirillum spp., produce phytohormones, including auxins, cytokinins, and gibberellins that stimulate plant growth [147,157,158]. Both R. leguminosarum
and Azospirillum spp. can also fix atmospheric dinitrogen, but their effects on plant growth in
extracellular associations with plant roots are mainly attributed to production of indole-3-acetic
acid (IAA) [147], an auxin that stimulates root cell elongation. ePGPR that produce IAA via the
indole-3-acetaldehyde or indole-3-pyruvic pathways can stimulate plant growth, whereas plant
pathogens that produce IAA via the indoleacetamide pathway, which occurs exclusively in microorganisms, produce toxic IAA concentrations in plants [12]. Plant root exudates may serve as
phytohormone precursors. Addition of tryptophan, a precursor of IAA biosynthesis, is necessary
for some bacteria to produce IAA [159]. Mapping tryptophan in soil around Avena barbata Pott
ex Link roots with biosensor bacteria suggests that tryptophan is released by plants into the
rhizosphere [160].

3855_C011.fm Page 317 Monday, April 9, 2007 4:12 PM

Chemical Signals in the Rhizosphere: Root–Root and Root–Microbe Communication

Phytohormones
(IAA)

Volatiles
(2,3-butanediol)

O

OH

OH

(acetoin)

H3C
CH3

N
H

317

O

HO

H3C
CH3
HO

2. Bacterial signals

ePGPR
Enzymes

Carbohydrates
Organic Acids
(Tryptophan)
O

3. Biocontrol

ROOT

1. Plant signals

Antimicrobials
(phenazine)
N

N

OH

NH2

Siderophores
Fe3+

N
H

Pathogens

FIGURE 11.5 Mechanisms of chemical communication between plant roots and extracellular plant-growthpromoting bacteria (ePGPR). (1) Roots produce signals that attract bacteria and induce chemotaxis. ePGPR
may increase plant growth through direct mechanisms, such as increased nutrient availability and (2) chemical
signals to roots; or through indirect mechanisms, such as (3) biological control of plant pathogens, biofilm
formation, and activation of plant defenses.

Some ePGPR also produce enzymes and antibiotics that target plant pathogens. For example,
Stenotrophomonas maltophilia produces an extracellular serine protease that reduces virulence of
the fungal pathogen Pythium ultimum [161]. Similarly, Pseudomonas fluorescens produces antifungal compounds, including phenazine [162] and viscosinamide [163]. Other ePGPR, such as
Bacillus sp. A24 and transformed P. fluorescens P3, degrade bacterial quorum-sensing molecules
(i.e., AHLs), thereby preventing quorum formation and subsequent infection by bacterial pathogens
[164]. Some ePGPR may limit pathogen infection by forming biofilms that physically prevent root
access to pathogens [146] or by producing siderophores that may limit iron availability to pathogens,
although iron-limited conditions in the rhizosphere are probably rare [165]. The use of ePGPR as
biocontrols against pathogens is discussed in Chapter 10. The role of siderophores in the rhizosphere
is discussed in Chapter 7.
Finally, some ePGPR promote plant growth by producing signals that activate plant defenses
including induced systemic resistance (ISR), thus making plants less susceptible to pathogen
infection [128]. For example, bacterial lipopolysaccharide (LPS) production by Rhizobium etli
induces systemic resistance in Solanum tuberosum L. roots, which in turn enhances plant resistance
to nematode infection [13]. Similarly, 2,3-butanediol, a volatile produced by the ePGPR Bacillus
subtilis GB03 and B. amyloliquefaciens IN937a, significantly decreases Arabidopsis thaliana susceptibility to the bacterial pathogen Erwinia carotovora [129]. Experiments with mutant Arabidopsis suggest that several redundant pathways may be involved in ePGPR induction of ISR, including
the jasmonic acid and ethylene-dependent pathways [129].
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B. RHIZOBIA–LEGUME INTERACTIONS
Symbiotic associations between members of the plant family Fabaceae and the bacteria family
Rhizobiaceae are the most studied beneficial plant–microbe interactions and are described in detail
in Chapter 9. Members of this group of iPGPR, termed rhizobia, enter legume root cells, induce
nodule formation, and fix atmospheric dinitrogen in exchange for plant photosynthates. Most plants
in the Fabaceae family and bacteria in the Rhizobiaceae family are able to form symbiotic associations (Table 11.1) [166]. However, rhizobia–legume interactions are generally highly specific;
most rhizobia species will form nodules with only particular legume species [167].
Flavonoid signals in plant root exudates are involved in a number of processes that mediate
rhizobia–legume interactions and can be effective at picomolar concentrations [168]. First, host
flavonoids often serve as chemoattractants to the bacteria in the initial host recognition process
[169]. Significant differences in the flavonoid profiles of legume root exudates are thought to explain
in part rhizobia–host specificity [170]. Second, exposure to host flavonoids can induce changes in
rhizobia surface molecules, which may protect rhizobia from host defense signals. For example,
host root exudates alter the O-antigen structure of lipopolysaccharides (LPS) in Rhizobium etli and
Sinorhizobium fredii [171], perhaps conferring resistance to host phytoalexins. Third, exposure to
host flavonoids, including flavones, flavanones, and isoflavones, activates the transcriptional regulator, nodD (LysR family of transcriptional activators) in rhizobia cells [172]. The NodD protein
complexes with the flavonoid activator and transcriptionally activates nodulation genes (nod genes)
involved in symbiosis by binding to genetic elements known as nod boxes. Nonflavonoids in some
legume root exudates, including aldonic acids, anthocynidins, betaines, chalcones, and phenolics,
can also induce nod gene expression [172,173]. nod Gene-inducing flavonoids are continuously
exuded into the rhizosphere, but signals from compatible rhizobia species can increase legume

TABLE 11.1
Root-Associated Symbiotic Dinitrogen-Fixing Bacteria and Plant Hosts
Microsymbiont
Family

Genera

Rhizobiaceae

Allorhizobium
Azorhizobium
Bradyrhizobium
Rhizobium
Mesorhizobium
Sinorhizobium

Frankiaceae

Frankia

Host Plant
Family
Fabaceaea

Ulmaceae
Betulaceae
Casuarinaceae
Coriariaceae
Datiscaceae
Elaeagnaceae
Myricaceae
Rhamnaceae
Rosaceae

Nostocaceae

a

Nostoc

Cycadaceae
Stangeriaceae
Zamiaceae

Genera
Acacia, Astragalus, Desmodium, Galega, Glycine,
Hedysarum, Lablab, Lathyrus, Lens, Leucaena Lotus,
Lupinus, Medicago, Melilotus, Mimosa, Neptunia,
Oxytropis, Phaseolus, Pisum, Prosopis, Sesbania,
Trifolium, Trigonella, Vicia, Vigna
Parasponia
Alnus
Allocasuarina, Casuarina, Ceuthostoma, Gymnostoma
Coriaria
Datisca
Elaeagnus, Hippophae, Shepherdia
Comptonia, Morella, Myrica
Ceanothus, Colletia, Discaria, Kentrothamnus,
Retanilla, Talguenea, Trevoa
Cercocarpus, Chamaebatia, Dryas, Purshia
Cycas
Bowenia, Stangeria
Ceratozamia, Dioon, Encephalartos, Lepidozamia,
Macrozamia, Microcycas, Zamia

Host genera within Fabaceae are representative, not inclusive.
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flavonoid exudation [174]. Flavonoid concentrations in soil may also depend on microbial degradation; some flavonoids are easily degraded while others are recalcitrant [175,176]. Both low
constitutive production and microbial degradation may explain why the flavonoids that induce nod
gene expression are sometimes not found in legume rhizospheres.
Among the products of rhizobia nod genes are a number of lipochitooligosaccharides termed
Nod factors. Nod factors are critical bacterial signals that mediate the process of rhizobia host
infection. These factors differ among rhizobia species in substituents on the glucosamine residues
but share the same function, mediating communication with the host root. Several Nod factor
receptors have been identified recently in model legumes. In Medicago sativa L., a nodulation
receptor kinase (NORK) gene has been proposed to function in Nod factor perception and signal
transduction [177]. In M. truncatula Gaertner and Lotus japonicus, transmembrane serine or
threonine receptorlike kinases (RLKs) containing extracellular LysM domains have been identified
as putative Nod factor receptors [178–180]. In addition to Nod factors, rhizobia also produce
extracellular polysaccharides (e.g., succinoglycan and EPS II), lipopolysaccharides, and type III
system-secreted proteins that are involved in infection thread development [174,181–183].
Rhizobia must evade or modify plant defense responses in order to successfully colonize roots
and form functional nodules. The LPS structure of rhizobia may be important in host recognition
of specific microsymbionts. For example, when purified Sinorhizobium meliloti LPS were added
to host (Medicago sativa L.) and nonhost (Nicotiana tabacum L.) cell cultures, N. tabacum produced
characteristic defense responses (alkalinization and oxidative bursts), whereas M. sativa did not
[184]. Extracellular polysaccharides (EPS) from rhizobia may also influence host-specificity [185].
Bradyrhizobium japonicum expressing wild type EPS do not induce Glycine max (L.) Merr. defense
responses, whereas B. japonicum mutants with altered EPS induce host phytoalexin production
similar to pathogenic bacteria [186]. Rhizobial Nod factors (lipochitooligosaccarides) can also
downregulate plant defense responses [187]. In addition to saccharides (i.e., LPS, EPS, and Nod
factors), some rhizobia produce enzymes and type III secreted proteins that moderate host defenses.
B. elkanii produces rhizobitoxine, which inhibits a key enzyme, 1-aminocyclopropane-1-carboxylate
(ACC) synthase, in the ethylene biosynthetic pathway [188,189]. Ethylene is known to inhibit
nodulation upstream of Nod factor reception [190] and is involved in plant defense responses to
pathogens. Further Rhizobium sp. NGR234 produces a putative type III effector protein, NopL,
which likely serves as a substrate for plant protein kinases and may alter the expression of plant
defense genes [191].

C. FRANKIA–ACTINORHIZAL INTERACTIONS
Filamentous actinomycetes from the bacterial genus Frankia develop intracellular root symbioses
with woody plant hosts from several plant families. As in rhizobia–legume interactions, Frankia
organisms induce formation of specialized root structures (nodules) in which they reside and fix
atmospheric dinitrogen in exchange for photosynthates (Table 11.1). The genus Frankia comprises Grampositive bacteria with high guanine and cytosine content (i.e., high GC) in the Firmicutes phylum.
Like rhizobia, these organisms can survive outside the host as heterotrophic saprophytes [192,193].
Unlike rhizobia, Frankia organisms can fix atmospheric dinitrogen outside host nodules [194].
They use two general pathways for host plant infection: intracellular root hair infection and
intercellular penetration [195]. The method of host infection appears to be under host control, as
a single Frankia strain uses different infection pathways when nodulating different host species
[195]. The intracellular infection pathway is very similar to the rhizobia–legume infection process;
except that in the actinorhizal symbiosis, bacteria are not released from the infection threads [196].
The bacteria initiate root hair curling, infection threads form, and the microsymbiont travels down
the thread to a newly forming nodule primordia. In contrast, the intercellular infection pathway
occurs when Frankia hyphae penetrate the middle lamella between two root epidermal cells. Once
inside the root, the hyphae branch and migrate through intercellular spaces to the root cortex, where
they infect nodule primordia.
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Host–microbe specificity among Frankia organisms and actinorhizal plants suggests that specific signals likely permit or inhibit symbiotic Frankia–host interactions [197]. The initial chemical
signals involved in host recognition and infection in these interactions are not known but may
include flavonoids or other chemoattractants that induce chemotaxis. Exposure to different flavonones and isoflavonones from Alnus rubra Bong. seeds can stimulate or inhibit Frankia nodulation in A. rubra roots [198]. Similarly, incubation with the flavonol kaempferol inhibits Frankia
nodulation in A. glutinosa (L.) Gaertn. roots [199]. Further, flavonoids from Casuarina seeds induce
Frankia organisms to produce factors that cause root hair deformation [195]. These factors are
functionally similar to rhizobia Nod factors (i.e., involved in root hair curling) but structurally
divergent [200]. Identification and characterization of the host genes involved in nodulation (i.e.,
actinorhizins) is underway. Host genes that are significantly upregulated in actinorhizal nodules
may have important roles in nodule metabolism, nodule development, or internalization of the
microsymbiont [201].

D. NOSTOC–CYCAD INTERACTIONS
Like the genus Frankia, members of the Cyanobacteria phylum can fix atmospheric dinitrogen as
free-living cells. Cyanobacteria can also form symbiotic associations with diatoms, fungi, lower
plants, and higher plants, fixing atmospheric dinitrogen in exchange for host photosynthates [202].
Cyanobacteria infections of plant roots are restricted to interactions between members of the Nostoc
genus and the gymnosperm families Cycadaceae, Stangeriaceae, and Zamiaceae (Table 11.1).
Unlike rhizobia and Frankia, Nostoc infects specialized host structures that are developed before
infection, known as precoralloid roots. Nostoc persist extracellularly in the host root cortex,
embedded in mucilage under microaerobic, nonphotosynthetic conditions. Nostoc infection of
cycads and other gymnosperms occurs on apogeotropic precoralloid roots. Infection may occur
throughout precoralloid root development, but precoralloid roots eventually senesce, after which
infection is no longer possible [202]. Nostoc invasion transforms the precoralloid roots into coralloids that exhibit geotropic growth and induces development of a cortical layer in the roots. Nostoc
organisms occupy this cortical layer and spread among the host coralloids from within. The
development of coralloid roots and symbiotic Nostoc populations is highly synchronized, suggesting
that complex chemical signaling may be involved.
Little is known about the chemical signals that regulate Nostoc–cycad symbioses. However,
some information is available on chemical signals involved in interactions between Nostoc and
other hosts. In interactions between Nostoc and bryophytes, Gunnera L., or cycads, the chemical
signals involved include chemoattractants and factors that induce formation of Nostoc infection
units termed hormogonia [202,203]. However, root exudates from some nonhosts, including Oryza
sativa L., also induce chemotaxis and hormogonia development in Nostoc [204], suggesting that
additional factors are involved in host infection. Some Nostoc gene sequences with homologies to
genes upregulated in rhizobia during legume infection have also been identified [202]. For example,
Nostoc collected from Nostoc–Gunnera L. associations contain gene sequences similar to the NodD
binding component of a nod promotor, nod box, and host-specific nod genes [205]. However,
whether these genes play a role in Nostoc infection is not clear [202].

E. MYCORRHIZAL FUNGI
Symbiotic interactions with mycorrhizal fungi are widespread in the plant kingdom, occurring in
more than 80% of all terrestrial plant species. They are characterized by fungal acquisition and
translocation of nutrients (particularly phosphorus) from soil to plant roots in exchange for host
photosynthates. In addition, mycorrhizae may protect hosts from water stress and pathogen infection
[206]. There are several classifications of mycorrhizal symbioses [206]. We will limit our discussion
to signaling in plant associations with arbuscular mycorrhizae (AM) and ectomycorrhizae (EM).
Further discussion of mycorrhizal associations is provided in Chapter 8.
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AM fungi, which form symbioses with a wide range of plant hosts, form appresoria (hyphal
swellings) in host roots before entering root epidermal cells [207]. Appresoria formation is induced
by purified fragments of plant epidermal cell walls, suggesting a role of host chemical signals in
this process [208]. Recently, a strigolactone, 5-deoxy-strigol, rhizosecreted by Lotus japonicus
(Regel) K. Larsen was identified as one of the chemical signals that induces AM hyphal branching
prior to appresoria formation [209]. Exposure to plant root exudates, perhaps particularly to
flavonoids, increases spore germination, hyphal growth, and branching in AM fungi. Flavonoids
from host root exudates and commercial sources increase spore germination in the AM fungi
Gigaspora margarita and some Glomus species [172]. Further, flavonoid exudation by Medicago
sativa L. is altered during AM symbioses, increasing and decreasing during different stages of
symbiotic development [210]. Signals produced by AM fungi also appear to play a role in the
development of AM symbioses. Germinating AM fungal spores of Gigaspora spp. and Glomus
intraradices release an unknown diffusible signal that activates a symbiotic gene in M. truncatula
Gaertner, which is also induced by Sinorhizobium Nod factors [211]. The diffusible signal may be
specific to AM fungi; it does not occur in pathogenic fungi [211].
Associations with AM fungi may also influence plant interactions with other soil microbes. For
example, plants that form associations with AM fungi also form more associations with bacteria
than nonmycorrhizal plants [212]. Increased bacterial colonization on AM plants has been attributed
to changes in soil aggregation and increased nutrient availability with mycorrhizal infection but
may also be due to effects of hyphal exudates or plant root exudates induced by mycorrhizal
infection. For example, some bacterial strains are more attracted to root exudates from mycorrhizal
tomato plants than to those of nonmycorrhizal plants [213]. Further, signals from some AM fungi
may inhibit soil pathogens in the rhizosphere [212]. For example, crude extracts from the AM
species Glomus intraradices inhibit conidial germination of the plant pathogen Fusarium, although
G. intraradices extracts also stimulate growth of the mycoparasitic fungi Trichoderma harzianum
and Pseudomonas chlororaphis [214].
Unlike AM symbioses, EM symbioses occur within a limited set of tree and shrub taxa. Host
flavonoid signals and hormone balances both appear to be involved in initiating EM symbioses [215].
For example, Eucalyptus globulus root exudates contain the flavonol rutin, which increases fungal
growth, and the cytokinin zeatin, which stimulates Pisolithus hyphal branching, inducing changes in
fungal morphology that resemble changes that occur during ectomycorrhizal development [215–217].
Flavonoids and phytohormones, including auxins, cytokinins, abscisic acid, and ethylene, from EM
fungi also may be involved in EM infection [218]. Conifers treated with EM fungal exudates, extracts,
or synthetic auxins exhibit similar changes in root development to conifers treated with fungal
mycelium, suggesting a role of fungal exudates, including phytohormones, in EM infection [215]. In
addition, fungal production of the alkaloid hypaphorine increases during EM development and may
regulate root development. Pisolithus-secreted hypaphorine decreases root hair elongation and induces
transient apical swelling in E. globulus seedlings, perhaps by counteracting endogenous IAA in the
host [219]. Normal root hair elongation can be restored by application of IAA.
As described earlier, fungal products, including those from AM and EM fungi, can elicit plant
defense responses [220]. For example, Picea abies (L.) Karst. cells elicited by the EM fungi Amanita
muscaria and Hebeloma crustuliniforme produce chitinases, as do Eucalyptus globulus Labill.
seedlings treated with Pisolithus cell free extracts [215]. Similarly, initial contact with the AM
fungus Glomus versiforme activates defense and stress-related genes in Medicago truncatula Gaertner roots [221]. The mechanisms through which mycorrhizal fungi evade plant defense responses
and develop effective symbioses have not been determined. A number of plant genes involved in
the rhizobia-legume symbiosis are also found in AM-competent plants, suggesting that AM symbioses may have similar modes of signal transduction and genetic regulation to the rhizobia
symbioses [222–224]. Further, plants with mutations in genes required for rhizobia symbiosis (e.g.,
dmi3) are also deficient in AM symbioses [224]. However, similarities in mechanisms of AM and
rhizobia resistance to host defenses have not yet been demonstrated.
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VI. CONCLUDING REMARKS
This chapter provides only a partial review of the full literature on chemical signals and communication in the rhizosphere, highlighting the best-understood examples and most recent discoveries.
Plant and soil microbe chemical signals mediate an array of root–root and root–microbe interactions.
Most plants and soil microbes appear to participate in at least some modes of chemical-mediated
communication in the rhizosphere, suggesting that chemical signals may be a common mechanism
for regulating belowground interactions. However, the chemical structures, modes of action, and
biological roles of these chemical signals vary considerably among interactions. In particular, the
signaling pathways that regulate associations between Striga spp. and Sorghum spp., and between
rhizobia and legumes, highlight the potential biochemical complexity and specificity of belowground root–root and root–microbe communication. However, even for those root and microbe
chemical signals with known functions in rhizosphere communication, their modes of action,
mechanisms by which they are produced and detected, movement, persistence, and behavior in soil
are most often not yet understood [225]. The continued development of increasingly sophisticated
techniques to examine chemical signals and the mechanisms through which they operate may speed
up the process of identifying and understanding chemical communication among organisms. Future
studies must be coupled with experiments conducted under realistic field conditions and with
noncultivated species, to evaluate with more certainty, the importance of chemical signals in
determining plant and soil community structure. In addition, further research on the evolution of
chemical signal production and detection and of cross talk between chemical signals may deepen
our understanding of root–root and root–microbe relationships.
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I. INTRODUCTION
The rhizosphere is a highly complex environment where almost every process involves multiple
interactions between the soil–root–microbe triumvirate as dealt with in other chapters in this
volume document. Understanding rhizospheric processes is therefore extremely challenging, especially, as many of the questions to be studied require quantitative answers. For example, the rate
of nitrogen inﬂux into the root system is an important determinant of plant productivity, and yet
explaining why this ﬂux differs between different experimental treatments requires a very detailed
knowledge of plant physiology, soil physics, chemistry, and biology as it relates to the N cycle
[1]. The value of mathematical models is that they do generate quantitative answers and allow
the integration of many individual plant and soil processes to predict a single outcome. However,
such models require parameters to run the simulations and the experiments to measure them may
be extremely difﬁcult to do.
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The most striking, indeed the deﬁning, feature of the rhizosphere are gradients of solute
concentration extending from the root surface into the surrounding soil. The zone encompassed by
this gradient is, in modeling terms, the rhizosphere and it deﬁnes the volume of soil that is inﬂuenced
by the root. This is in stark contrast to the practical deﬁnition of the rhizosphere used elsewhere
in the volume, that is, the soil adhering to gently shaken roots. To talk about the rhizosphere is
rather meaningless, as each solute under consideration will have a different gradient encompassing
a different soil volume, and strictly, the rhizosphere is the totality of all the solute gradients
surrounding a root. Thus there will be gradients of ammonium, nitrate, phosphorus, and each of
the other 13 essential mineral nutrients (MN) required by higher plants — most of these gradients
will be depletion proﬁles, that is, the solute concentrations will be lowest at the root surface. There
will also be gradients of the 200 or so soluble organic solutes, which roots release into the soil [2] —
these will typically be accumulation gradients, that is, concentrations of each solute are highest at
the root surface. There may also be gradients in volatile compounds in the gaseous phase, for
example, O2 depletion proﬁles and CO2 accumulation proﬁles due to root respiration, as well as
gradients of compounds such as ethylene and other volatile organic compounds. The spatial scale
over which these gradients are formed varies tremendously, from a few micrometers to perhaps
meters but the typical scale for most soluble inorganic and organic compounds would be the
millimeter scale. A typical idealized root rhizosphere is shown in Figure 12.1, which illustrates
how much the environment of a rhizosphere bacterium depends on its spatial location in the
rhizosphere.
The existence of cylindrical multiple gradients in very close proximity to root surfaces, in part
explains the extraordinary difﬁculty of studying the rhizosphere. Rather few experimental techniques are appropriate for sampling soil with sufﬁcient precision to explore these gradients, and
many sampling strategies simply average the gradients and compare these averaged concentrations
to those of bulk soil (see Chapter 5 and Chapter 11). Yet in doing so, most of the detail that drives
rhizospheric processes is inevitably lost. Where appropriate techniques are used, gradients around
roots have been demonstrated (Figure 12.2).
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FIGURE 12.1 Diagrammatic representation of the nondimensional proﬁles of mineral nutrients and organic
compounds in the soil surrounding a root. Note that the width of the rhizosphere (arbitrary units) differs for
different solutes.
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FIGURE 12.2 Gradients in Rb around a maize root as visualized by autoradiography. The depletion of Rb
becomes more pronounced with time whereas the overall width of the Rb rhizosphere is largely independent
of time. (From Jungk, A. and Claassen, N., Adv. Agron., 61, 53, 1997. With permission from Academic Press.)

The rhizosphere deﬁnes the soil volume from which plants extract their MN requirements. It
also deﬁnes the zone where plant–microbial interactions occur. Each unit length of root has its own
unique, dynamic rhizosphere gradients, its own unique ﬂux of nutrients into and out of the root,
and its own unique microbial interactions. The whole plant integrates all these unique ﬂuxes into
a global nutrient acquisition rate and adjusts its growth rate, physiology, and allocation patterns
accordingly [3]. Adjustments may involve major changes, such as a new root architectural form or
increased root turnover or may be subtler, involving an increase in uptake capacity at the local
rhizosphere scale (see the following text and Chapter 5 and Chapter 6 in this volume). However,
such adjustments are likely to have implications at the rhizosphere level as whole-plant adjustments
feedback to the activities of individual roots. Any mathematical consideration of the rhizosphere
must therefore recognize these two spatial scales: the root scale and the plant scale; and consider
how they are interconnected. Ultimately, mathematical models of the rhizosphere will have to
consider even larger scales, for example, ﬁeld, community, and landscape scales, and the ﬁnal
section of this contribution deals with these aspects.

II. MODELING SHORT-RANGE TRANSPORT AND UPTAKE
IN SOILS
What processes drive the formation of solute gradients around roots? Why does the rhizosphere
exist? It exists for the following two main reasons:
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1. Soil is a heterogeneous medium consisting of a solid phase interspersed with a pore
space that is ﬁlled with both air and water. Because of the high capillary and surface
tension forces, the convective mixing of both the air and water phases hardly occurs,
and both these phases are relatively immobile in an undisturbed soil. Any concentration
imbalances in the mobile phases are therefore dependent largely on diffusion for their
resolution.
2. Roots are active biological organs and remove some solutes and deposit others from/into
the soil at their surfaces. Such activities generate concentration imbalances.
Rhizosphere modeling, therefore, simply consists of identifying and mathematically describing
two types of processes: those responsible for perturbing soil solution equilibria — predominantly,
the biological activities of plant roots and soil microorganisms; and processes responsible for
restoring soil solution equilibria — predominantly, physical and chemical processes involving
transport and chemical phase reactions.
Mathematical modeling of these two processes led to the development of the model [4], which
forms the basis of most mechanistic models of nutrient uptake from soil.

A. DIFFUSION

OF

SOLUTES

The development of the theory of solute diffusion in soils was largely because of the work of Nye
et al. in the late sixties and early seventies, culminating in the essential reference work [5]. They
adapted the Fickian diffusion equations for homogeneous media to describe diffusion in a heterogeneous porous medium by taking into account the impedance and chemical reaction processes in
the soil.
Fick’s law describes the relationship between the ﬂux of a solute (mass per unit surface area
per unit time, JL) and the concentration gradient driving the ﬂux, that is,
JL = −DL∇CL

(12.1)

where the proportionality constant, DL, is the diffusion coefﬁcient in pure water at the ambient
temperature and pressure, and CL is the concentration of the solute in solution. For a soluble
compound diffusing in soil, three additional factors must be taken into account [5]:
1. The cross-sectional area available for diffusion is reduced because the solute can only
move in the solution phase.
2. The distance that the compound must travel in moving from a point x1 to x2 is not simply
the difference between x1 and x2. In an unsaturated soil, an individual solute molecule
must follow a tortuous path through the moisture ﬁlms around the soil particles, which
increases the effective path length between x1 and x2. This introduces a tortuosity or
impedance factor.
3. Diffusive movement is only signiﬁcant in the solution phase and only concentration
gradients in the soil solution drive diffusive movement.
To account for these factors, all of which act to reduce the rate of diffusion in soil compared
to water, the solution diffusion coefﬁcient must be modiﬁed [5] to represent the effective diffusion
coefﬁcient in soil:
J = − DL θf ∇CL

(12.2)
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where q is the volumetric moisture content and f deﬁnes an empirically determined impedance/
tortuosity factor that accounts for the increased path length. CL deﬁnes the soil solution concentration
of the solute; some solutes occur entirely or predominantly in the soil solution. This would include
most anions in most soils and uncharged organic molecules such as glucose. However, many solutes
display positive charge and will interact electrostatically with the negatively charged surfaces found
in most soils. Others, such as phosphate, may interact with surfaces via ligand exchange mechanisms. Such inner and outer sphere surface complexes [6], jointly termed exchangeable solutes do
not contribute directly to diffusional ﬂux and are not considered to be part of soil solution.
In the simplest case, a linear relationship may exist between solutes in soil solution and those
on the solid phase such that Cx = bCL, where Cx is the solute concentration on the solid phase and
b deﬁnes the buffer power. The buffer power is hence the ratio between sorbed and solution solute.
In perhaps more typical situations, the relationship might be deﬁned by a more complicated,
concentration-dependent, relationship such as a Freundlich or Langmuir expression; here, the instantaneous buffer power may be deﬁned as the tangent to the exchange isotherm, that is, b = dCx/dCL.
Some care is needed when deﬁning this buffer power [7].
The conservation equations for a mobile nutrient are [8]
∂C x
= ds
∂t

(12.3)

∂(θCL )
= ∇ ⋅ ( DL f θ∇CL ) − d s
∂t

(12.4)

If we assume that absorption and desorption of the solute on the soil solid particles follows
ﬁrst-order kinetics, then,
d S = kaCL − kd C x

or

d S ka
= C − Cx
kd kd L

(12.5)

where ka and kd are the respective ﬁrst-order rate constants. If we assume that 1/kd is very small,
that is, desorption is very fast relative to the diffusional timescale, then we obtain
Cx =

ka
C = bCL
kd L

(12.6)

where b is the buffer power in the preceding equation. By combining Equation 12.3 and Equation 12.4
and using Equation 12.6 we get
(b + θ)

∂CL
= ∇ ⋅ ( DL f θ∇CL )
∂t

(12.7)

Thus, the effective diffusion coefﬁcient for solute movement in the soil pore water is given by
De =

DL θf
(θ + b)

(12.8)
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To describe the diffusion of solutes in the rhizosphere, where concentration gradients change
with time, t, as well as space, mass conservation is invoked with the spatial geometry appropriate
for the cylindrical root [9]:
∂C 1 ∂
=
∂t r ∂r

⎡
∂C ⎤
⎢rDe ∂r ⎥
⎣
⎦

ra < r < rb

(12.9)

Here the spatial coordinate, r, deﬁnes the radial position in the cylinder of soil surrounding the
root, the root surface is at ra. This parabolic, second-order partial differential equation (PDE)
describes how the concentration of available solute at an arbitrary point in the rhizosphere changes
with time, in response to the concentrations on either side of it. Note that this equation is still
effectively one-dimensional because concentration gradients along the root length can be neglected
on the basis that roots are long and thin, and concentrations around the root are assumed to be
radially symmetric. If concentration gradients along the root are thought to be important, then twodimensional equations and solutions are required [10].

B. CONVECTIVE TRANSPORT
As water moves through the soil pores in response to water potential gradients, it moves with it, the
solutes dissolved in soil solution. In a rhizosphere context, water moves radially toward the root to
replace water taken up by the roots for transpiration. The ﬂux of solute due to water movement (Jw)
is simply the product of the rate of water ﬂow at that point and the concentration in soil solution:
J w = vCL

(12.10)

In a cylindrical system, because equal amounts of water are being transported across successive
concentric radial increments, the rate of ﬂow of water must vary across the rhizosphere, with the
fastest ﬂows at the root surface. It is conventional to use a single parameter for rhizosphere water
ﬂow, v0, which is deﬁned as the water ﬂux (volume per unit area per unit time) at the root surface, ra.

C. DIFFUSION

AND

CONVECTION

If convection is included as a transport process in the rhizosphere, Equation 12.9 becomes
⎤
rv
∂C 1 ∂ ⎡
∂C
=
rDe
+ a 0 C⎥
⎢
∂t r ∂r ⎣
∂r (θ + b) ⎦

(12.11)

Strictly speaking, in this formulation, the effective diffusion coefﬁcient De is replaced by an
empirical dispersion coefﬁcient D* to account for the effect of water ﬂow on diffusion, that is, the
so-called Taylor diffusion. However, in practice, the rate of transpirational water ﬂow is sufﬁciently
slow that dispersion effects are minimal and Equation 12.11 can be used without error. This is because
the Péclet number (see Section F.2) is small. For the same reason, in almost all cases, diffusion is the
most important process in moving nutrients to the root and the convection term can be omitted entirely.

D. TRANSFERS

BETWEEN

AVAILABLE

AND

UNAVAILABLE FORMS

During the lifetime of a root, considerable depletion of the available MN in the rhizosphere is to be
expected. This, in turn, will affect the equilibrium between available and unavailable forms of MN.
For example, dissolution of insoluble calcium or iron phosphates may occur, clay-ﬁxed ammonium
or potassium may be released and nonlabile forms of P associated with clay and sesquioxide surfaces
may enter soil solution [11]. Any or all of these conversions to available forms will act to buffer the
soil solution concentrations and reduce the intensity of the depletion curves around the root. However,

3855_C012.fm Page 337 Monday, April 9, 2007 4:16 PM

Modeling the Rhizosphere

337

because they occur relatively slowly, for example, over hours, days, or weeks, they cannot be
accounted for in the buffer capacity term and have to be included as separate source (∂C/∂t) terms
in Equation 12.11. Such source terms are likely to be highly soil speciﬁc and difﬁcult to measure
[12]. Many rhizosphere modelers have chosen to ignore them altogether, either by dealing with soils
in which they are of limited importance or by growing plants for relatively short periods of time
where their contribution is small. Where such terms have been included, it is common to ﬁnd ﬁrstorder kinetic equations being used to describe the rate of interconversion [13].
Another transfer, which is rather more difﬁcult to deal with, is the conversion from organic to
inorganic forms of MN [14]. Because these reactions are biologically catalyzed, their simulation
depends on a thorough description of the activity of the soil microbial biomass and an understanding
of the abiotic control of their activity that is still relatively poorly developed. The microbial biomass
in the rhizosphere also changes with root age with their growth fed by root C ﬂow (see Chapter 3
and Chapter 13 in this volume). It might be expected that the rhizosphere biomass would grow
exponentially and this introduces a highly nonlinear element in the sink term of the diffusion–
convection Equation 12.11. Transfers of N, for example, from organic to inorganic, root-available
form are important in many agricultural situations and need to be included in realistic models. Yet
when the effects of elevated CO2 on the rhizosphere were reviewed, it was found that increased C
input could inhibit, have no effect on, or stimulate N mineralization [15].
Rates of transfers between different forms will also tend to be different in the rhizosphere
compared to bulk soil because of the activity of the roots and microorganisms [16]. Perhaps the
most obvious difference is that the pH of the rhizosphere is usually different to that of bulk soil
(Figure 12.3). The principal cause of this difference is root uptake of mineral ions in the form of
cations and anions: inequalities in the amounts and valence are compensated for by root excretion of
H+ (cation excess) or HCO3− (anion excess). These excretions may change the pH of the rhizosphere
very substantially [3]. The solubilities of many MN-containing mineral phases are pH dependent, and
root-induced pH change is predicted to substantially alter the availability of nutrient ions in the
rhizosphere. The ionic form in which nitrogen is taken up (NH4+ vs. NO3−) has, arguably, the largest
effect on the pH of the rhizosphere but the other ions may also be important [3]. Hence, predicting
pH change in the rhizosphere is complex and may involve the simultaneous solution of equations
describing the uptake of all the macronutrients to determine the imbalances; such a solution has been
attempted but without the feedback effect of pH on subsequent macronutrient availability [17].
Similarly, the redox status of the rhizosphere, the abundance of metal-complexing organics, and the
activity of the soil microorganisms are all likely to be different in the rhizosphere. The differences are
root-induced and many are thought to be plant adaptations to alleviate nutrient stress [16,18]. However,
because the processes occur simultaneously, experiments have been unable to determine the adaptive
signiﬁcance of each for the mineral nutrition of plants. Some progress may be possible using mutants
deﬁcient in one or more adaptive traits [16] (see Section V). Models have proved very useful in
quantifying ﬂuxes between different MN pools and in distinguishing between the importances of different
mechanisms for resupplying the rhizosphere; several examples are given in the following paragraphs.
In experiments with lowland rice (Oryza sativa L) it was found that roots quickly exhausted
available sources of P and subsequently exploited the acid-soluble pool with small amounts deriving
from the alkaline-soluble pool [19]. More recalcitrant forms of P were not utilized. The zone of net
P depletion was 4 to 6 mm wide and showed accumulation in some P pools giving rather complex
concentration proﬁles in the rhizosphere. Several mechanisms for P solubilization could be invoked
in a conceptual model to describe this behavior. However, using a mathematical model with independently measured parameters [20], it was shown that it could be accounted for solely by root-induced
acidiﬁcation. The acidiﬁcation resulted from H+ produced during the oxidation of Fe2+ by O2 released
from roots into the anaerobic rhizosphere as well as from cation/anion imbalances in ion uptake [19].
Rice was shown to depend on root-induced acidiﬁcation for more than 80% of its P uptake.
A mathematical model was used to evaluate the signiﬁcance of organic-acid excretion by roots
on P nutrition [21]. The model predicted that observed levels of citrate release could increase P
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Acidification zones

FIGURE 12.3 Root induced changes in pH in agar surrounding the roots of Fe-deﬁcient tobacco (Nicotiana
tabaccum) seedling as visualised by the indicator bromocresol purple. (From Hinsinger131 with kind permission
from Kluwer Academic Publishers.)

availability from goethite by 2- to 30-fold, depending on the P-loading of the mineral. The mechanism involved was competitive sorption between citrate and phosphate on the mineral surface.
They also found that rhizosphere acidiﬁcation by citric acid gave a smaller degree of P mobilization
(compared to the release at a ﬁxed pH of 5.0) due to pH-dependent interactions of P and citrate.
In contrast, a model developed to describe the release of P from Mali rock phosphate predicted
that the acidifying effect of root exudation of malic and citric acid was capable of solubilizing
more P than rape plants required for growth [22]. These models showed how a common process
(exudation of organic acids) could change the availability of an important mineral nutrient by two
completely different mechanisms (competitive sorption and dissolution) depending on the insoluble
P source. In many soils, roots would come into contact with both P forms.

E. ROOT BOUNDARY CONDITIONS
The preceding equations describe how solutes in the soil will move in response to concentration or water
potential gradients. Such gradients form when the rhizosphere is perturbed by the activities of the root
including water and MN abstraction and carbon deposition. These activities need to be mathematically
described and form one of the two boundary conditions required to solve the initial-value problem.
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1. Inner-Boundary Condition
Traditionally, nutrient uptake from solution culture was taken to depend on the concentration of
the external mineral nutrient, CL, the amount of nutrient-absorbing surface, and the kinetics of
uptake per unit surface area or unit length of root [23]. The ﬂux of nutrients into the roots, J, is
described by one of two functionally equivalent equations
J = I max

CL − Cmin
CL − Cmin + Km

or J = I max

CL
−E
CL + Km

(12.12)

where Imax is the maximum rate of uptake per unit surface area of root, Km is the afﬁnity constant
for uptake, Cmin is the concentration at which efﬂux and inﬂux exactly balance, and E is the rate
of loss of nutrient to the soil per unit surface area. The three parameter values describing uptake
are usually obtained from plants grown in solution culture [24]. The amount of root absorbing
surface is normally equated with the root radius, that is, the root is viewed as a solid object.
Mass conservation at the rhizoplane means that the diffusive ﬂux toward the root must equal
the rate of extraction by the root (Equation 12.12), leading to the boundary condition

I max

CL
∂C
− E = DL θf
∂r
CL + Km

r = ra

(12.13)

The root surface at ra is usually taken to be a ﬁxed point. The effect of root thickening on
uptake, where the root surface becomes a moving boundary has also been modeled [25].
2. Root Hairs and Root Structure
The classic Barber–Cushman model treats the root surface as a smooth solid cylinder. Yet many
experimental studies have shown that root hairs are important for the uptake of some nutrients, for
example, P [26,27]. Various mathematical models for root hairs have been used [5,28,29], all of
which differ slightly in the way in which root hairs are modeled. Most authors conclude that root
hairs make a substantial contribution to uptake, particularly for relatively immobile nutrients.
Textbook descriptions of roots stress that the root cortex is porous with the internal volume
termed the apoplast, yet the Barber–Cushman model treats the root simply as an absorbing surface.
There are some indications that inclusion of a diffusive-convective pathway within the root volume
may affect the predicted uptake of MN [30]. Because higher root-surface concentrations can
penetrate further into the root before becoming depleted, any additional uptake sites within the
cortex become exposed to nutrients. This means that uptake is more sensitive to concentration than
Equation 12.12 suggests, because Imax becomes an essentially concentration-dependent parameter.
For single-nutrient simulations at physiologically realistic soil solution concentrations, the
apoplasmic pathway can be neglected because most of the nutrient is taken up by the epidermal
cell layer with little further apoplasmic penetration. However, because some nutrients compete for
uptake sites [31], the internal uptake pathway may become important in multinutrient models. It
may also become important when high concentrations of potentially toxic elements such as Al3+
accumulate at the root surface.
3. Outer-Boundary Condition
Several boundary conditions have been used to prescribe the outer limit of an individual rhizosphere,
(r = rb). For low root densities, it has been assumed that each rhizosphere extends over an inﬁnite
volume of soil; in the model, rb is set sufﬁciently large that the soil concentration at rb is never
altered by the activity in the rhizosphere. The majority of models assume that the outer limit is
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approximated by a ﬁxed value that is calculated as a function of the maximum root density found
in the simulation, under the assumption that the roots are uniformly distributed in the soil volume.
Each root can then extract nutrients only from this ﬁnite soil cylinder. Hofﬂand [32] recognized
that the outer limit would vary as more roots were formed within the simulated soil volume and
periodically recalculated rb from the current root density. This recalculation thus resulted in existing
roots having a reduced rb. New roots were assumed to be formed in soil with an initial solute
concentration equal to the average concentration present in the cylindrical shells stripped away
from the existing roots. The effective boundary equation for all such assumptions is the same:
∂C
=0
∂r

0 < t < ∞,

r = rb

(12.14)

4. Interroot Competition
The use of a ﬁxed boundary at rb implicitly recognizes the fact that roots compete with each other
for nutrients, but is based on the assumption that roots are parallel and uniformly distributed.
However, roots growing in soil may have a more clustered distribution as they may grow preferentially down cracks or ﬁssures in the soil fabric [33]. Clustering would mean that some roots
would have a smaller rb, whereas for others it would be larger than for the uniform case. This
problem has been approached by assigning a “Voronoi polygon” to each root and considering each
polygon to equate to a cylinder of radius rb of the same area [34]. Uptake by the root system could
then be simulated for solving the Barber–Cushman model for the population of cylinders so
obtained. This study reported that the effect of clustering was small [34], whereas Reference 35
found a rather larger effect. A similar approach with “Thiessen areas” and worst-case situations
for clustering with slash pine found that the regular distribution assumption was appropriate for K
but led to an overestimate of P uptake [33].
Tinker and Nye [5] provided some useful guidelines for deciding when interroot competition
would become an issue. They concluded that parallel roots do not really compete provided that the
distance between roots is greater than the diffusion length, (Det)1/2. For the standard parameter set
for maize, some critical distances are given in Table 12.1 for selected nutrients and for different
times. A typical root density for maize is 1 cm cm−2, giving rb = 0.5 cm for evenly spaced roots.
Inspection of Table 12.1 reveals that interroot competition is generally unimportant for K and P
even where experiments are simulated over 3 months. However, interroot competition for nitrate
cannot be ignored, and models assuming uniform root distributions would be likely to overestimate
nitrate ﬂuxes. Long simulations might also overestimate K ﬂuxes if signiﬁcant clustering of roots

TABLE 12.1
Standard Parameter Values for the Uptake of Mineral Nutrients by Maize

Mineral Nutrient

C0
µmol cm−3

NO3−-N
K
S
P
Mg
Ca

5.0
0.046
0.1
2.9 × 10−3
1.0 × 10−3
0.8 × 10−3

b
1
39
2
239
1.2
156

Imax
µmol cm−2 sec−1

Km
µmol cm−3

1.0 × 10−5
3.0 × 10−5
3.0 × 10−7
3.26 × 10−6
4.0 × 10−6
1.0 × 10−6

0.025
1.4 × 10−2
1.0 × 10−2
5.8 × 10−3
0.15
4.0

a 2 (θ + b)
sec
Dθ

λ

578
17467
1020
106355
666
69466

0.04
14
0.06
24
88
27

Note: The soil is representative of a silt loam. Parameters are deﬁned in the text. Values common to all MN are θ
= 0.3, f = 0.3, DL = 1.0 × 10−5.
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occurred experimentally. However, they [5] also concluded that even when interroot competition
did occur, its effects on uptake were not very great compared to a regular distribution (see Section V).

F. SOLUTION

OF THE

CONTINUITY EQUATIONS

Mathematical modeling of nutrient uptake requires the solution of Equation 12.11, subject to the
boundary conditions imposed by Equation 12.13 and Equation 12.14. The initial state of the system
(concentration distribution) must also be deﬁned (initial-value problem). There are various methods
of solution.
1. Numerical Approximation
There are a variety of methods suitable for the solution of second-order PDE but the method most widely
used seems to be the ﬁnite-difference technique [9]. For simplicity, the solution is illustrated for the case
of linear geometry. Imagine a volume of soil in which a one-dimensional concentration gradient of a
solute has developed. At an arbitrary point, x, in this volume, we can identify 3 points located at x − ∆x,
x, and x + ∆x with different concentrations designated Ci−1, Ci, and Ci+1 respectively (see Figure 12.4).
We need to predict how the solute concentration changes over time in the shaded volume bounded by
the planes at L and R. To do this, we assume that the ∆x distance is sufﬁciently short that the concentration
gradient between any adjacent points can be approximated by a straight line. In this case, the amount
of solute crossing the plane at L in a short period of time, ∆t, is given by Fick’s law, that is,
Fi −1 = − De

Ci − Ci −1
∆x

(12.15)

and the amount crossing the plane at x = R is given by
Fi = − De

L

Ci +1 − Ci
∆x

(12.16)

R

Fi

Fi–1

∆x

∆x

Ci–1
Ci

Ci+1

FIGURE 12.4 Schematic representation of a small section of a diffusion proﬁle illustrating the application
of Fick’s law to determine the concentration change in the central volume element as a result of the ﬂuxes
(F) across the two planes at L and R.
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The net change in solute in the compartment is then
Fi − Fi −1
D
= e2 (Ci −1 − 2Ci + Ci +1 )
∆x
∆x

(12.17)

Mass must be conserved, so the two ﬂuxes must cause the concentration in the compartment
to change. If we deﬁne the new concentration in the compartment at time t + ∆t as Cit + ∆t, then we
can calculate this new concentration directly as
Cit + ∆t = Ci +

De ∆t
(C − 2Ci + Ci +1 )
∆x 2 i −1

(12.18)

where the last term on the right-hand side can be evaluated either at the current time point t giving
an explicit ﬁnite difference scheme, or at an intermediate time point, t > = t + ∇t, to give an implicit
scheme requiring the solution of a tridiagonal system of linear equations [36].
This then provides a physical derivation of the ﬁnite-difference technique and shows how the
solution to the differential equations can be propagated forward in time, from knowledge of the
concentration proﬁle, at a series of mesh points. Algebraic derivations of the ﬁnite-difference equations can be found in most textbooks on numerical analysis [36]. There are a variety of ﬁnitedifference approximations ranging from the fully explicit method (illustrated previously) via
Crank–Nicolson and other weighted implicit forward schemes to the fully implicit backward method,
which can be used to solve the equations. The methods tend to increase in stability and accuracy in
the order given. The difference scheme for the cylindrical geometry appropriate for a root is
Cit + ∆t = Cit +

(

) (

2 De ∆t
r 1 C t − ri + 1 + ri − 1 Cit + ri − 1 Cit−1
2
2
2
ri + 1 + ri − 1 ∆r 2 i + 2 i +1
2

2

(

)

)

(12.19)

where the notation, ri ± 1/2, indicates the radial position midway between successive mesh points [36].
It must be remembered that all of the techniques involve numerical approximation. If the grid
of mesh points is too coarse (violating the assumption of approximate linearity between adjacent
mesh points) or the time step is too large (violating the assumption that ∂C/∂t @ (Ct+∆t − Ct)/∆t),
then the solution will be inaccurate, but a solution will still be calculated. The general condition
on stability for the explicit iteration scheme given earlier is that De∆t/∆r2 < 0.5, which is quite
restrictive [36]. It is therefore important when using these numerical approximations that appropriate
steps are taken to check the accuracy of the solution. At its simplest, this would involve running
the simulations for different combinations of ∆x and ∆t to ensure that the solutions are not
signiﬁcantly affected by the magnitude of these variables. The simulations should also be checked
to ensure that mass is conserved. For rhizosphere simulations, where concentrations change most
rapidly at the root surface, it may be helpful to use a nonuniform mesh spacing with points more
clustered toward the root–soil interface. Mass conservation schemes and stability criteria are
discussed in Morton and Mayers [36].
Numerical techniques are iterative and require considerable computer processing power. With
modern desktop computers, this is usually not an issue, and solutions of root uptake over days or
weeks typically take a few seconds to generate. However, for some strongly nonlinear problems,
such as the development of rhizosphere microbial populations (Section III), where the increase in
microbial biomass may be exponential over time, processing time may become an important issue.
Although most authors have used the ﬁnite-difference method, the ﬁnite-element method has
also been used, for example, a two-dimensional ﬁnite element model incorporating shrinkable
subdomains was used to describe interroot competition to simulate the uptake of N from the
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rhizosphere [37]. It included a nitriﬁcation submodel and found good agreement between observed
and predicted uptake by onion on a range of soil types. However, whereas a different method of
solution was used, the assumptions and the equations solved were still based on the Barber–
Cushman model.
2. Analytical Solution
A problem with the solution of initial-value differential equations is that they always have to be
solved iteratively from the deﬁned initial conditions. Each time a parameter value is changed, the
solution has to be recalculated from scratch. When simulations involve uptake by root systems with
different root orders and, hence, many different root radii, the calculations become prohibitive. An
alternative approach is to try to solve the equations analytically, allowing the calculation of uptake
at any time directly. This has proved difﬁcult because of the nonlinearity in the boundary condition,
where the uptake depends on the solute concentration at the root–soil interface. Another approach
is to seek relevant model simpliﬁcations that allow approximate analytical solutions to be obtained.
For analytical solutions, it is more convenient to work with nondimensional forms of the
diffusion equations. We choose the following nondimensional substitutions: the time coordinate, t
is replaced by the nondimensional parameter, t*,and a is the root radius

t* =

tDL f θ
a 2 (θ + b)

the radial coordinate, r is also replaced by the nondimensional parameter, r*

r* =

r
a

(12.20)

and the concentration variable, C is replaced by the nondimensional variable C*

C* =

C
Km

(12.21)

Substituting for t, r, and C by t*, r*, and C* into Equation 12.17 to Equation 12.19 gives the
following equations:
∂C*
1 ∂C* 1 ∂ ⎛ * ∂C* ⎞
r
− Pe * * = *
*
r ∂r
r ∂r ⎜⎝ ∂r* ⎟⎠
∂t
∂C*
C*
+ PeC* = λ
−ε
*
1 + C*
∂r
C* = C*∞
C* = C*∞

at r = 1

(12.22)

(12.23)

t > 0, r Æ •

(12.24)

t = 0, 1 < r < •

(12.25)
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where the introduced dimensionless parameters are deﬁned by
aV
DL f θ

(12.26)

λ=

I max a
DL fKmθ

(12.27)

ε=

Ea
DL fKmθ

(12.28)

Pe =

C∞* =

C0
Km

(12.29)

These substitutions replace the eight dimensional parameters in the original equations by the
four compound nondimensional parameters as shown earlier. The parameter Pe is the Péclet number
[38] and indicates the relative importance of convection compared to diffusion. The advantage of
this formulation becomes obvious when typical parameter values are substituted into the equations.
For all the essential nutrient ions, the diffusion coefﬁcient, DL, is essentially the same with a
value of around 10−5 cm2 sec−1, whereas the water ﬂux at the root surface is typically of the order
10−7cm sec−1 for soils at around ﬁeld capacity. The tortuosity factor typically scales with the
volumetric moisture content over quite a wide range of moisture content, that is, f ª θ. As the soil
becomes drier, the water ﬂux will decline much faster than the tortuosity factor due to the typically
log–linear relationship between the hydraulic conductivity and the moisture content [5]. Therefore,
the maximum value of the Péclet number (Pe) will be
Pe = a

10 −7
0.3 ⋅ 10 −5

(12.30)

Typical root radii range from 0.0005 to 0.06 cm that yield Péclet values of the order 10−7 to 10−3.
Hence, in Equation 12.20, the Péclet number is always very small in comparison to the diffusion term
and it can be neglected without error in almost all cases. This, in turn, implies that diffusion is the
overwhelmingly dominant process responsible for moving nutrient ions around the rhizosphere. This
mathematical conclusion contrasts with the tabulated estimates of the relative importance of mass-ﬂow
and diffusion for supplying ions to roots (for example, see Table 4.4, on p. 96, of Reference [23]),
which implies that diffusion is an unimportant process for the supply of nitrogen, calcium, and magnesium. Here, the contribution of mass ﬂow is calculated simply as the product of the rate of water
ﬂow and the average solution concentration of the ion. If this amount exceeds the quantity taken up
by the plant, then mass ﬂow is deemed to fulﬁll the nutrient demand giving the rather misleading
impression that diffusion is unimportant. In reality, diffusive transport is still the most important transport
mechanism but here it acts to move ions away from the root where they are accumulating because the
plant demand for water exceeds that for N, Ca, or Mg. Without this diffusion, these ions would
accumulate to potentially toxic levels, and the osmotic functioning of the root would be compromised.
In practice, the Péclet number can always be ignored in the diffusion–convection equation. It
can also be ignored in the root boundary condition unless C• > λ/Pe or λ < Pe. Inspection of the
table of standard parameter values (Table 12.2) shows that this is never the case for realistic soil
and root conditions. Inspection of Table 12.2 also reveals that the term relating to nutrient efﬂux,
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TABLE 12.2
Critical Root Distances for Three Mineral
Nutrients for Different Periods of Uptake
NO3−_N

Days
1
30
90

0.24
1.34
2.32

K

P

0.04
0.24
0.42

0.02
0.1
0.17

Note: If neighboring roots are separated by more than the critical
distance, then interroot competition can be neglected.

e, can also be ignored because ε < Pe << 1. Roose et al. (2001) [8] investigated the solution of this
simpliﬁed system of equations in various asymptotic limits (λ >> 1, C• >> 1, etc.) and found a
solution that was valid for all values of λ and C•, and at all times larger than the natural diffusive
timescale, which typically ranges from a few seconds to a few hours (Table 12.1). Subsequently,
a more direct solution for the nutrient ﬂux at the root surface was derived [8], again valid for all
values of λ and C• which is given as follows:
2λC∞*

F * (t * ) =

1

(12.31)

2 2
⎡
⎧
⎫ ⎤
λ
λ
*
*
*
*
γ
−
γ
*
−
1 + C∞ + ln(4e t + 1) + ⎢ 4C∞ + ⎨1 − C∞ + ln(4e t + 1) ⎬ ⎥
2
2
⎢⎣
⎩
⎭ ⎥⎦

where γ is Euler’s constant (≅ 0.5772). This equation gives the instantaneous ﬂux into unit surface
area of plant root at any time point in the simulation period. The cumulative uptake can easily be
calculated by numerical integration of Equation 12.31*. Comparison of the numerical and analytical
solutions for a range of nutrient parameters showed very close agreement indicating that the
asymptotic approximations were valid.
The nutrient concentration around the root is given by
C * (t * ) = C∞* −

F * (t * ) ⎛ r *2 ⎞
E1 ⎜ * ⎟
2
⎝ 4t ⎠
∞

E1 ( x ) =

∫
x

(12.32)

e− y
dy
y

(12.33)

* The equations are required in dimensional form to deal with experimental data. The dimensional equivalents of Equation
12.31, Equation 12.32, and Equation 12.33 are:
F (t ) =

2 FmC∞*
1 + C∞* + L (t ) + 4C∞* + ⎡⎣1 − C∞* + L (t ) ⎤⎦

CL (r , t ) = CL ,0 −

L (t ) =

2

2CL ,0 λ

⎛ (φ + b) r 2 ⎞
E1 ⎜
⎝ φD 4t ⎟⎠
1 + C∞* + L (t ) + 4C∞* + ⎡⎣1 − C∞* + L (t ) ⎤⎦

⎞
λ ⎛ −γ
φD
ln 4e
t + 1⎟
(φ + b)a 2
2 ⎜⎝
⎠

2
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An important advantage of the analytical approach is that it allows more sophisticated sensitivity
analyses to be carried out. A traditional sensitivity analysis [23] shows how step changes in a singlemodel parameter changes the cumulative uptake into the plant after a certain time. A typical plot
is shown for P in Figure 12.5 and reveals that uptake is most sensitive to changes in root radius
with changes in E and v0 having a negligible effect (as predicted earlier). However, these types of
analyses can only present a single snapshot of the importance of the parameters at a particular
time. They may also be slightly misleading in that they imply that the response is linear over the
interval where the parameter values are halved or doubled; there is no reason to believe that the
responses are in fact linear. Figure 12.6 shows sensitivity analyses of ﬂux (F) of P into the root
over time for similar parameter values as Figure 12.5, but calculated for inﬁnitely small parameter
changes (e.g., dF/da, where a is any given parameter). If the value at a particular time is negative,
then this indicates that the ﬂux decreases as the parameter value increases, whereas conversely, a
positive value indicates that the ﬂux increases as the parameter increases. The ﬁgure illustrates how
different parameters dynamically affect uptake during the uptake period. Initially, the root radius
has a very strong inﬂuence on uptake but this effect declines as the solution concentration at the
root surface falls close to zero. Conversely, factors affecting the diffusion coefﬁcient (θ, f) become
more important over time as uptake becomes increasingly controlled by transport processes. Km
is seen to have a transitory effect on ﬂux during the period that soil solution concentrations of P
are relatively high at the root surface.
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FIGURE 12.5 A sensitivity analysis for the Barber–Cushman model for the uptake of P by maize in Raub
soil. The sensitivity was analyzed by halving and doubling each parameter value in turn while keeping all
other parameters at their standard values. (From Silberbush, M. and Barber, S.A., Plant Soil, 74, 93, 1983.
With permission from Kluwer Academic Publishers.)

3855_C012.fm Page 347 Monday, April 9, 2007 4:16 PM

Modeling the Rhizosphere

347

c0

1

Theta, f

K

a
b
FM
0

5
t (days)

10

Km

–1

FIGURE 12.6 Sensitivity analysis of maize seedlings to some model parameter values during the ﬁrst 10 d
of uptake. The curves show how phosphorus ﬂux (F) into the roots responds to differential perturbation to
the parameters, a, (i.e., δF/δa).( Model parameters are given in Table 12.2.)

3. Other Analytical Approximations
One of the earliest approximations studied is to assume that the solute concentration is small or
rapidly becomes small in comparison to the afﬁnity constant for uptake. This then allows the
nonlinear Michaelis–Menten equation to be approximated by:

I max

I
CL − Cmin
≅ max C
CL − Cmin + Km Km L

(12.34)

which is linear in the concentration term and can be solved analytically. The ratio, Imax/Km was
termed the root absorbing power [5]; the reference also discussed the implications of this simpliﬁcation for the accuracy of prediction.
Another commonly used approximation for which there is an analytical solution is to assume
that the root acts as a zero sink for uptake. Here, the solute concentration at the root surface is
taken to be zero and uptake is therefore completely controlled by the diffusive ﬂux to the root
[22,39,40]. The implicit assumption is that root uptake is very rapid in comparison to resupply by
transport, and hence the root very rapidly depletes the solute concentration at the root surface to
zero and maintains it there. The validity of this assumption depends on the value of λ, and it is
inapplicable, unless λ is greater than or about 108. For such large λ, there is a nondimensional
critical time (tc) after which it is reasonable to assume a zero sink [8,40]. Approximate values of tc are
tc ≈

πC∞2
<< 1 if
4λ 2

λ >> C∞ >> 1

or

(12.35)
tc ≈

1
<< 1 if
λ2

λ >> 1; C∞ << 1
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Using the standard parameter values for maize presented in Table 12.2, the dimensional critical
time after which a zero-sink approximation is valid are 180 sec for P and 89 sec for K. The zerosink assumption is not valid at all for NO3−−N (λ = 0.04).
Such an analysis indicates that the zero-sink assumption must be used with extreme caution if
accurate ﬂux calculations are required at the local root level. Potassium for example is close to the
limiting value of λ for the zero-sink assumption to be fulﬁlled and simulations with larger roots
or larger buffer powers could well lead to inaccurate simulation results. Any zero-sink model
involving nitrate should be treated with some suspicion. The zero-sink assumption is also widely
used in root architecture models (see following sections).

G. VALIDATION

OF THE

LOCAL-SCALE MODEL

OF

NUTRIENT UPTAKE

The measurement of spatial gradients around roots at a resolution sufﬁcient to provide an acceptable
test of model predictions is very challenging and few studies have attempted it. Figure 12.7 shows
the measured and predicted depletion of K for 4-d-old rape seedlings grown as a planar mat in contact
with a column of soil. This method, although not representative of rhizosphere geometry, at least
allows adequate spatial resolution to be obtained by sectioning the soil column. An alternative method
for nutrients with radioisotopes is to scan the ﬁlm density of autoradiographs. Figure 12.2 shows the
results obtained from a cross-section of a maize root growing in a sandy soil with 86Rb. These and
other published studies (reviewed in Tinker and Nye [5] and Jungk and Claassen [13]) generally show
good agreement between observed and predicted gradients; however, only rarely have such approaches
been used to validate local-scale and plant-scale models in the same experiment.

12

Exchangeable soil K, µmol g–1

10

8

6

4

2

0
0

0.2

0.4
0.6
Distance from roots, cm

0.8

1.0

FIGURE 12.7 Comparison of experimental and modeled potassium depletion in the soil close to a planar mat
of rape roots for three soil K+ levels. The modeled lines were calculated using the Barber–Cushman model.
(From Claassen, N. et al., Plant Soil, 95, 209, 1986. With permission from Kluwer Academic Publishers.)
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III. MODELING THE DYNAMICS OF MICROBIAL POPULATIONS
AROUND THE ROOT
The rhizosphere was ﬁrst deﬁned [41] as a zone of increased proliferation of nitrogen-ﬁxing bacteria
associated with the roots of legumes. This deﬁnition was later widened to encompass increased
proliferation of any microorganisms in the soil around any living plant root [42]. Many scientists
still reserve the term rhizosphere for this microbiological phenomenon. Carbon from root exudates,
sloughed root cells, and other root debris is thought to fuel this enhanced microbial growth, although
it is possible that some species may respond to the altered mineral nutrient, O2, or CO2 concentrations or to other perturbations in the physicochemical environment surrounding the root. So far,
modelers have concentrated on describing the microbial response in terms of a microbial biomass
response rather than a species-speciﬁc response. This mostly reﬂects the uncertainty about the niche
requirements and the identities and competitive abilities of the vast majority of microbes that may
inhabit the rhizosphere. The exception to this rule is where the population dynamics of root
pathogens have been modeled [43,44].
Newman and Watson [45] ﬁrst applied mathematical modeling to the population dynamics of
rhizosphere microorganisms growing on root exudates. Later, their equations were modiﬁed [10,46]
to account for microbial death, C recycling, and the deposition of insoluble C. The basis of these
models is the description of microbial growth using classical bacterial growth equations coupled
with transport equations describing how microbial growth substrates are transported from the root
surface through the soil. Microbial growth is generally described in terms of biomass carbon, and
it is assumed that a single speciﬁc growth rate can describe the response of all the microbial species
in the rhizosphere [47]. The speciﬁc growth rate of total soil biomass, µ (h−1) is given by [46]:
µ = µ max

⎛
M ⎞
C
− ZY ⎜ 1 − 0 ⎟
C + Ks
M⎠
⎝

(12.36)

where C is the concentration of carbon growth substrate in soil, M0 and M are the initial and current
microbial biomass, umax is the maximum speciﬁc growth rate, and Ks is the Monod afﬁnity constant.
Some carbon substrate is required for maintenance of the existing biomass, where Z is the maintenance requirement and Y is the growth yield. Any biomass dying because of insufﬁcient substrate
(i.e., µ < 0) is assumed to enter a necromass pool, which can be decomposed to recycle carbon for
further growth. The growth of microbial biomass is then described by:
∂M
= µM
∂t

(12.37)

Therefore, if the carbon substrate is present at sufﬁciently high concentration anywhere in the
rhizosphere (i.e., µ ª µmax), the microbial biomass will increase exponentially. Most models have
considered the microbes to be immobile and so Equation 12.37 can be solved independently for each
position in the rhizosphere provided the substrate concentration is known. This, in turn, is simulated
by treating substrate carbon as the diffusing solute in Equation 12.36. The substrate consumption by
microorganisms is considered as a sink term in the diffusion equation (Equation 12.11).
The outer-boundary condition is that given by Equation 12.14. The inner-boundary condition must
describe the ﬂux of carbon from the root into soil as a function of time. In the earlier models, this ﬂux
was either treated as time invariant or assumed to be maximal at the root tip and decline linearly over
time, corresponding to a reduction in carbon efﬂux with root age [45,46]. Solution of these models
revealed that the population dynamics of microbial biomass around roots was surprisingly complex
(Figure 12.8). In the early stages of rhizosphere formation, the inﬂuence of the root extended several
millimeters from the surface. As the root matured, the extent of the rhizosphere inﬂuence diminished
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FIGURE 12.8 The simulated distribution of (a) soluble carbon and (b) microbial biomass in the rhizosphere
of maize over a period of 10 d. The X-axis represents distance (cm) from the root surface and the Y-axis
represents time (h). A uniform exudation rate (S3) is compared to the situation where the same amount of
exudate is released in the ﬁrst 24 h (S4). Note that the Z-axes have different scales although both represent mg
C cm−3. (From Darrah, P.R., Plant Soil, 133, 187, 1991. With permission from Kluwer Academic Publishers.)

as the population closer to the root consumed all the root exudation, hence depriving outer shells of a
source of substrate. However, the intensity of the rhizosphere effect close to the root increased enormously with the ratio of M:M0 reaching a peak of 14 [46]. The model revealed that the time course of
root exudation had profound consequences for rhizosphere population dynamics. In Figure 12.8a, the
root was assumed to exude C at a constant rate over a 10-d period while in Figure 12.8b, the same
amount of C was exuded but all within a 1-d period. In turn, these different patterns of biomass
proliferation could have important impacts on root functioning: for example [3], roots in Fe-deﬁcient
soils release phytosiderophores from near the root-tip to chelate and transport Fe. These organic
compounds can also serve as carbon-substrates for rhizosphere microorganisms; the impact of microbial
consumption on Fe nutrition will depend on the size and speed of response of the microbial community
around the root tip [48]. These simulations suggest that the spatial and temporal patterns of exudation
could have a major effect on root acquisition efﬁciency.
More recently, it was realized that rhizosphere carbon dynamics are more complex than these
early models envisaged. Jones and Darrah [49–51] showed that roots actively scavenge their root
exudates and that the reuptake of exudates was selective. In most situations, sugars and amino acids
were scavenged by roots whereas organic acid exudates were not [52]. The authors also found that
exudation losses were largely passive. This active involvement of the root essentially involves
substrate-speciﬁc competition between the root and the rhizosphere biomass. This more complex
situation was modeled using the root boundary condition [53]:
P(Ccyt − CL ) − Vmax

CL
∂C
= DL f
∂r
CL + Km

r = ra

(12.38)
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where Ccyt and CL are the exudate-carbon concentrations in the root cytoplasm and soil solution,
respectively, P describes the permeability of the root to exudates. The second term describes the
reuptake of C in terms of Michaelis–Menten kinetics. It was found that, in sterile soil, exudation
losses declined over time and eventually reached a pseudo steady state where the reuptake of carbon
matched the efﬂux. When microorganisms were included in the simulation model, total carbon
losses increased because of microbial consumption, but roots were nevertheless surprisingly good
competitors for their exuded carbon, being capable of reacquiring about 50% of the their exudation
losses. A sensitivity analysis of the model (Figure 12.9) revealed that the exudate loss was most
dependent on the factors controlling passive loss and active reuptake, that is, Ccyt and Vmax, respectively. Exudation was surprisingly insensitive to the growth rate of microorganisms, implying that
the rate of microbial accumulation had little effect on efﬂux. These and similar ﬁndings have
revealed that roots are capable of exerting subtle effects on the carbon spectrum that are made
available in the soil. This may then mean that the microbial composition of the rhizosphere is to
some extent controlled by the root.
The importance of including soil-based parameters in rhizosphere simulations has been emphasized [54]. They used a time-dependent exudation boundary condition and a layer model to predict
how introduced bacteria would colonize the root environment from a seed-based inoculum. They
explicitly included pore-size distribution and matric potential as determinants of microbial growth
rate and diffusion potential. Their simulations showed that the total number of bacteria in the
rhizosphere and their vertical colonization were sensitive to the matric potential of the soil. Soil
structure and pore-size distribution was also predicted to be a key determinant of the competitive
success of a genetically modiﬁed microorganism introduced into the soil [55]. The Scott [54] model
also demonstrated that the diffusive movement of root exudates was an important factor in determining microbial abundance. Results from models that ignore the spatial nature of the rhizosphere
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FIGURE 12.9 A sensitivity analysis for exudation losses by maize roots. The sensitivity was analyzed by
halving and doubling each parameter value, in turn, while keeping all other parameters at their standard values.
Parameters shown on the graph are deﬁned in the text. (From Darrah, P.R., Plant Soil, 187, 265, 1996. With
permission from Kluwer Academic Publishers.)
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and treat exudate concentration as a spatially averaged parameter [15] should therefore be treated
with some caution.
A major challenge is to move from such biomass-based models to consider the dynamics of
individual species. Bacterial novelty is everywhere that researchers look, especially in soil, and it
is no longer considered novel to report the discovery of novel organisms [56]. Much of the novelty
is associated with uncultivatable bacteria and hence their physiology and ecology is unknown, for
example, the diverse but abundant acidobacteria found in many soils [57]. Frequently, analysis of
natural environments uncovers new taxa unrelated to previously known bacteria [58,59]. Continuing
advances in molecular microbial ecology [60] have allowed the diversity of soil communities to
be explored and has revealed a startling level of diversity. A catalogue of all the microbial species
present in a soil sample has not yet been achieved and statistical approaches are currently used to
estimate biodiversity from sample data. Reported diversities are around 103 to 105 species per g-Kg
sample, whereas a ton of soil could theoretically contain three million different species [61]. The
only direct experimental method for estimating diversity is based on DNA reassociation kinetics
and reported 6000 species (forest soil), 3500 to 8800 species (pasture soil), and 140 to 350 species
(arable soil) for samples of around 100 g [62].
The distribution of bacterial cells from a topsoil often shows relatively strong spatial autocorrelation with most of the variance occurring at the micrometer to millimeter scale [63,64] with
evidence of bacterial patches and gradients. The evidence of spatial structure as opposed to random
noise in soil ecology has recently been reviewed [65], and biological properties have been shown
to have structured spatial distributions ranging from micrometer to kilometer scales with, for
example, microbial biomass distribution being strongly correlated at the meter scale with the growth
of individual plants.
A common assumption in models is to assume homogeneity in distribution but this recent work
on diversity both in species and in space runs counter to this assumption. This has profound
implications for rhizosphere models. The apex of the root is largely sterile [66], suggesting that
rhizosphere colonizers do not comigrate with the root, but colonize from the surrounding soil so
each new root can be thought of as an independent, random sampling of the bacteria in the soil.
But if the pool of possible colonizers is very large and spatially structured at several scales, then
the chances are that each new rhizosphere would be a unique subsample of the community pool.
Selection pressures on each unique community may subsequently reduce the heterogeneity between
them, but there seems to be few theoretical grounds to assume that the microbiology of individual
rhizospheres of the same plant are reproducible. Modelers are therefore faced by multiple instances
of very large numbers of very diverse organisms of generally unknown potential — not surprisingly,
progress in modeling detailed rhizosphere microbiology has been slow!

IV. MODELING UPTAKE AT THE PLANT SCALE
The objective of the local-scale simulation of uptake into roots is normally to allow prediction of
nutrient acquisition by the whole plant. This is true even where the objective is to validate the
local-scale model because of the difﬁculties of measuring experimentally the cylindrical gradients
around plant roots to the necessary precision and resolution to validate adequately the local-scale
model. Typically, the models are applied to growing plants with continually expanding root systems.
Nutrient acquisition at the plant scale is then achieved by integrating root uptake at the local scale
and root growth. Barber [23] reviewed the general approach. He made the following assumptions
about the growth of maize root systems:
1. Roots grew exponentially over the experimental period. The growth rate of the roots (g)
was calculated as ln(Lt − L0)/(t1 − t0), where Lt denotes the total root length at the end of
the experiment at t1 and L0 the initial root length at the start of the experiment at t0. In
a typical experiment, t0 would occur 6 d after germination, and t1, some 2 to 3 weeks later.
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2. A single average root radius could approximate the radius of the roots for the entire
experimental period. To calculate this radius, the total root length and the total root weight
at harvest was measured. The latter was converted into a root volume, Vt, and the following
equation applied:

r=

Vt
πLt

(12.39)

The cumulative uptake into whole plants (Nt) could then be calculated as a function of time
using the equation:

N t = L0

∫

T

0

J L dt + L0

∫

T

0

de gt
dt

∫

T −t

0

J L dt dt

(12.40)

which integrates the ﬂux into the root, JL, (expressed on a unit length basis) by an exponentially
growing root system over time, T. The main feature of this model is the exponential growth rate
of the root system with a constant coefﬁcient, g, and it is therefore hereafter referred to as the
uptake with convection and diffusive model with constant growth or UDC-GC model.
This equation has been used, mainly by the original authors, to compare predicted and observed
uptake by a range of plant species. A typical outcome for maize seedlings up to 22 d old is shown
in Figure 12.10a. Generally, these models have shown good correlation between observed and
predicted uptakes in both pot and ﬁeld experiments. It is true that the imposition of a constant growth
rate forces the model to accumulate nutrient and therefore some degree of correlation between
observed and predicted uptake must be expected if intermediate harvest data is used. Moreover,
examination of the regression coefﬁcients often indicates that there is substantial under- or overprediction of plant uptake, indicating a systematic error in the formulation of the models. Without an
independent test of the local-scale model, it is impossible to be sure whether this systematic bias
derives from the local scale or from the plant scale, as both scales make assumptions that may not
be appropriate.

A. THE ASSUMPTION

OF

CONSTANT ROOT RADIUS

One obvious deﬁciency of the treatment of root growth in the UDC-GC model is the assumption
of a constant root radius. Root systems consist of several orders of root, with each order branching
off the parent root and having a smaller diameter. Therefore, one would predict that the average
root radius would decrease over time as the root system consisted of proportionately more higherorder roots. Because local-scale uptake of nutrients is highly sensitive to root radius (see Figure 12.5),
the average root radius simpliﬁcation can be expected to be rather inaccurate.
Recent developments have led to the formulation of mathematical models capable of describing the three-dimensional architecture of plant roots growing in soil [67–70]. Most of the models
operate by applying sets of rules, for example, those that deﬁne the distance between an existing
lateral branch and a new branch, or the branching angle and orientation for each root order, or
by imposing the rules of fractal geometry. Most are also capable of visually displaying the
spatial distribution of the evolving root system (see Figure 12.11). The application of different
branching parameters leads to the development of different root architectures that are particularly efﬁcient for the exploitation of large soil volumes (herringbone architecture) or for the
intensive exploitation of small soil volumes (dichotomous architecture). Model simulations [71]
suggest that the herringbone topology is efﬁcient for acquiring rather mobile nutrients such as
nitrate, whereas the much more immobile nutrients like P are most efﬁciently exploited by a
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FIGURE 12.10 Relationship between observed and predicted P uptake by two tomato cultivars grown in soil
of differing P supply. Uptake was predicted by the original (a) Barber–Cushman model or (b) by the UDCGV model. (From Darrah, P.R., Inherent Variation in Plant Growth: Physiological Mechanisms and Ecological
Consequences, Lambers, H., Poorter, H., and van Vuuren, M.M.I., Eds., Backhuys Publishers, 1998, p. 159.
With permission from Backhuys Publishers.)

dichotomous form. Here, efﬁciency is measured by comparing the carbon cost of construction
to the amount of nutrient acquired. Virtual root systems can now be inspected online [72] and
the general ﬁeld of morphological modeling of plants was recently reviewed [73]. Root system
models have recently been combined with nutrient uptake models to model depletion zones
around individual roots [74].
Architectural models explicitly specify the distribution of roots in space. An alternative approach,
which is also useful for rhizosphere studies, is the continuum approach where only the amount of
roots per unit soil volume is speciﬁed. Rules are deﬁned that specify how roots propagate in the
vertical and horizontal dimensions, and root propagation is usually viewed as a diffusive phenomenon, that is, root proliferation favors unexploited soil. This deﬁnes the exploitation intensity per
unit volume of soil and, under the assumption of even distribution, provides the necessary information
for the integration step mentioned earlier. Acock and Pachepsky [75] provide an excellent review of
the different assumptions made in the various continuum models formulated and show how such
models can explain root distribution data relating to chrysanthemum.
In one of the more recent continuum models [76], an approach ﬁrst suggested by Leonardo da
Vinci in the 15th century, from his observations that the cross-sectional area (CSA) of the main
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FIGURE 12.11 Observed and simulated root systems of a) Arabidopsis thaliana, b) Lolium multiﬂorum, and
c) Achillea millefolium. Simulations (on the right-hand side) were generated by RootTyp. (From Pages, L.
et al., Plant Soil, 258, 103, 2004. With permission from Springer Science and Business Media.)

stem of a tree equaled the cross-sectional area of the tree branches, was used. The more generalized
rule was considered:

(

d ∆ = α d1∆ + d 2∆

)

where d1 and d2 represent diameter values before and after branching, respectively, ∆ is the diameter
exponent, and a is a proportionality factor that allows for unequal branch diameters to be formed.
By assuming that each segment of root had to attain a minimum length before branching could
occur, and assuming that there was a minimum root diameter below which no further branching
could occur, a computer program was developed that could produce very realistic computer representations of real roots [76].
Maize roots typically have 3 to 4 orders with zero-order roots having the largest diameters and
being formed from the seed and shoot [68]. Each order can be divided into three regions: a basal
nonbranching region (lb), a branched zone (l), and an apical nonbranching zone (la). New branches
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FIGURE 12.12 The predicted changes in average root radius of maize root systems during 20 d of growth.
The subscripts on the curves denote differing ways of calculating the average (by volume, by surface area, or
by root number). (From Roose, T. et al., J. Math. Biol., 42, 347, 2001.)

can form on this root if l > la + lb and these branches arise at regular intervals deﬁned by the
internodal distance, ln. Hence, a root of length l has a maximum number of branches given by
[(l − la − lb)/ln]. The lengths la,lb, and ln depend primarily on the branch order, but could also depend
on age, nutritional status, or other physiological or environmental factors. Roose et al. [8] extended
an existing theory of variable root elongation [68] and constructed a model describing the length
and time development of the populations of roots of different orders in the form of a hyperbolic
PDE. Each root order was also considered to have a maximum attainable length and the elongation
rates of roots were assumed to decline as this length was approached. The average root radius could
then be calculated as a function of time during the development of a maize seedling and these
values could be compared with the ﬁxed, average value used in the classical approach mentioned
earlier. The results are shown in Figure 12.12, which demonstrates the highly dynamic nature of
root radius during the early development of seedlings where the volume-averaged root radius halves
in magnitude during the ﬁrst few weeks of growth. The changes suggest that the approach of
estimating root radius as a single ﬁxed point calculated from the root size distribution at the end
of the experiment is likely to yield inaccurate cumulative ﬂux estimates.
Once the root size distribution had been successfully modeled, the total uptake by the plant
could then be predicted [8] by integrating the ﬂux equations for each root order separately and
then summing the contributions of each root order. Figure 12.13 shows the relative contributions
of each root order to total uptake over a 20-d period. Initially, all uptake is by growing zero-order
roots that do not reach their maximum lengths until about 50 d. From around day 6, ﬁrst-order
roots start to be produced and these are responsible for the increase in uptake observed at this time.
The simulations shown are for phosphate uptake where it is possible to assume that interroot
competition between individual roots is unimportant. Second-order roots are relatively unimportant
in the timescale simulated but would start to have a major impact on uptake at a later stage. These
simulations can also be compared with the classical UDC-GC approach and these simulations are
shown in Figure 12.14; it is obvious that the Barber–Cushman method of radius averaging significantly underestimates the uptake.
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FIGURE 12.13 The predicted contribution of roots of different order to the uptake of phosphorus by maize
over a 20-d period. Parameter values are given in Table 12.2.

B. THE ASSUMPTION

OF

EXPONENTIAL ROOT GROWTH

WITH A

CONSTANT COEFFICIENT

The local-scale model predicts nutrient uptake by plants as a function of the nutrient concentration
in the rhizosphere; it should be equally accurate for both high and low nutrient concentrations
provided the buffer capacity term has been described accurately. It has indeed been used to validate
the uptake model for a range of soil types with wide ranges of nutrient availability [23]. However,
this introduces a complication at the plant scale. If the rates of uptake at the plant scale are low,
then it might be reasonable to expect that the rate of plant growth might also decline as a
consequence of nutrient deﬁciency. In fact, in any situation where the yield potential of the plant
is constrained by a limiting nutrient, which by itself is the nutrient being simulated, the assumption
of constant exponential root growth seems a priori to be unacceptable. In these nutrient-limited
plants grown from seed, one might, instead, predict a gradual decline in plant (and root) growth

FIGURE 12.14 Predicted cumulative P uptake (Fc) by maize according to three models. The Barber ﬂux
curve uses the minimal model with a single average root radius and constant water content. The topmost curve
introduces a root branching model into the minimal model above that partitions the root system into three
orders of root with different radii. The middle curve includes different radii and allows water content to
ﬂuctuate in the soil proﬁle in response to rainfall and drainage. (From Roose, T. and Fowler, A.C., J. Theor.
Biol., 228, 173, 2004. With permission of Elsevier.)
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Relative growth rate

with time, as the seed reserves become diluted by growth, and the uptake mechanisms cannot keep
pace with the MN demands of growth. The lack of feedback mechanisms between cumulative
nutrient acquisition and subsequent growth seem to be one of the main deﬁciencies of the classical
approach.
Inclusion of feedback between uptake and growth obviously requires knowledge of the relationship between MN content and growth, and such relationships form the basis of many wholeplant growth models [77]. Whole-plant growth models (recently reviewed [78,79]) typically relate
aboveground parameters such as a photosynthetically active radiation, humidity, leaf area, and net
assimilation rate to predict rates of carbon ﬁxation. Their belowground submodels are usually
empirically based and predict water and MN uptake. When combined with developmentally controlled descriptions of resource allocation and ontogeny, these models aim to predict biomass or
grain yield. Such models are typically management tools, used for guidance on when and where
to apply fertilizer or irrigation and most are “models-without-roots.” Such empirically based models
are of limited use in the current context. Other models [80] specify the nutrient ﬂux as a parameter
and then model the allocation of this resource and photosynthate within the plant. There is obviously
considerable scope for amalgamating this approach with the mechanistic modeling of nutrient
uptake.
One approach that has been used [29] is to try to assess the potential importance of feedback,
while keeping the description of the whole plant model as simple as possible. The relative addition
rate technique (RAR) is an experimental procedure [81] that allows plants to be maintained at a
constant exponential growth rate in nutrient-limited conditions. This is achieved by supplying
nutrients at an exponentially increasing rate such that the supply of nutrients is always just sufﬁcient
to maintain a constant tissue concentration of this growth-limiting nutrient. If the tissue concentration departs from this constant value, then the plant growth rate changes. In a series of papers
(see Reference 82 for review), the authors derived a linear relationship between internal nutrient
concentration and relative growth rate or RAR, extending from zero-growth at some threshold
internal concentration to the maximum speciﬁc growth rate at a concentration termed optimal.
Above this optimal internal concentration, plants grew at the maximum speciﬁc growth rate. This
then gives the simplest possible relationship between nutrient uptake and subsequent plant growth
(Figure 12.15). The only modiﬁcation required to solve the equations is to allow the growth rate,
g, to depend on internal nutrient concentration in Equation 12.35. This approach was used to

RGRmax

Cnmin

Cnopt

Internal nutrient concentration (Cn)

FIGURE 12.15 The relationship between relative growth rate (RGR) and internal nutrient concentration (Cn).
Growth ceases at nonzero Cn (at Cnmin) and the maximum rate of growth is reached at Cnopt. (From Ingestad,
T. and Ågren, G.I., Plant Soil, 168–169, 15, 1995. With permission.)
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FIGURE 12.16 Cumulative phosphorus uptake curves (per unit root length) predicted for two tomato cultivars
(Knox and C37) grown in a soil fertilized to two P levels. (From Darrah, P.R., Inherent Variation in Plant
Growth: Physiological Mechanisms and Ecological Consequences, Lambers, H., Poorter, H., and van Vuuren,
M.M.I., Eds., Backhuys Publishers, 1998, p. 159. With permission from Backhuys Publishers.)

reanalyze some data [83] on the growth of young tomatoes in soils of differing P status. These
data had previously been analyzed using the UDC-GC approach, with a ﬁxed growth rate calculated
from the root system at the end of the experimental period. Figure 12.16 shows the local-scalepredicted P uptake for the two tomato cultivars in the P-sufﬁcient and P-deﬁcient soils and shows
that the deﬁcient soil is capable of delivering P to the plant at a much lower rate than the sufﬁcient
soil. Therefore, unless the plants are indulging in luxury uptake in both cases, one would expect
the growth rates of the plants in the different conditions to be different. This was indeed found and
the UDC-GC model was validated [83] with postexperimentally determined average growth rates
of 0.0096 and 0.0085 h−1 for the sufﬁcient and deﬁcient soils, respectively; note that these are the
constants in an equation describing exponential growth and so the differences reveal substantially
different growth potentials. However, the seedlings were pregerminated and maintained under
identical conditions prior to starting the experiments. Therefore, it is reasonable to assume that
immediately after transplanting, all the seedlings were growing at the same rate irrespective of soil
treatment. In the new analysis [29], a constant growth rate was used for all seedlings initially, and
these growth rates were allowed to vary as a consequence of their P uptake history. Figure 12.17
shows the predicted growth rates for both cultivars in both soil treatments over time and reveals
an approximate halving in growth rate over the experimental period for the deﬁcient soil. However,
when the predicted uptake was compared with the experimentally observed uptake (Figure 12.10b),
the correlation coefﬁcients were identical for the UDC-GC and UDC-GV (growth variable) models,
and the accuracy of the predictions was actually better for the UDC-GV model.
What the UDC-GV model has shown is that plants grown in nutrient-limited conditions could
downregulate their growth rate in response to nutrient deﬁciency and still produce predictions that
validate the model at least as well as the original analysis. It is extremely unlikely that the very
simple and direct feedback between growth and uptake used in the UDC-GV model is correct. For
example, there is likely to be some time delay in response to deﬁciency and probably some internal
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FIGURE 12.17 Predicted changes in the relative growth rates of two tomato cultivars grown under sufﬁcient
and insufﬁcient levels of phosphorus. The inset shows the changes in root mass: plant mass ratio of the cultivars
in the low-P soil. (From Darrah, P.R., Inherent Variation in Plant Growth: Physiological Mechanisms and
Ecological Consequences, Lambers, H., Poorter, H., and van Vuuren, M.M.I., Eds., Backhuys Publishers,
1998, p. 159. With permission from Backhuys Publishers.)

reallocation of P to enable growth to be maintained at a higher rate for longer. This then raises the
question of whether agreement between observed and predicted values at the plant scale can be
considered to provide adequate validation at the root scale. If two models with very different root
dynamics produce similar results, how does one judge which is correct?
The most complete mechanistic model to include both local- and plant-scale processes is ecosys
[84,85]. This includes a Barber–Cushman mineral nutrient submodel, a mineralization by microbial
biomass submodel, and explicit models mycorrhizae and root growth. It also includes a wholeplant growth model based on the functional equilibrium concept [86]. The model is driven by
around 50 parameters and requires supercomputing facilities to execute. Validation is primarily at
the plant scale. The model has been used to investigate P uptake in barley in two soils, over the
whole growing season [87]. Reasonable agreement was found between observed and predicted
variables such as water soluble P in the soil, root length density with depth, shoot P, and shoot dry
matter. The correspondence was much better for plant variables than soil variables. Ecosys represents the ﬁrst serious attempt to employ fully mechanistic principles to construct an agronomic
management model [88].

V. PLANT UPTAKE IN HETEROGENEOUS ENVIRONMENTS
Soils are spatially variable at all scales from the micro- to the landscape. Variability on the ﬁeld
scale has led to the development of precision agriculture [89–91] where fertilizers or other agrochemicals are applied at different rates at different locations to compensate for local patchiness.
Within the rooting zone of an individual plant or a small group of plants, spatial heterogeneity is
also present [92,93]. The most obvious is a general decline of nutrient content with depth that is
often matched with a similar decline in rooting density. Drew [94] conducted a much-cited experiment where the roots of barley were exposed to an artiﬁcially provided patch of nitrogen.
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The plants responded by proliferating extensively in the patch and reducing root investment in the
unamended soil. A second response to nutrient patches is a stimulation of uptake per unit of root
(increased Imax). The proliferation response seems to be largely unspeciﬁc whereas the Imax response
seems to be much more nutrient-speciﬁc and the magnitude of the response seems related to the
concentration of the nutrient [95,96].
A list of the responses of 27 uncultivated forbs and grasses, differing in inherent maximum
growth rates, to localized nutrient patches has been compiled [97]. It was found that fast-growing
species displayed more plasticity within root systems and responded more quickly to patches than
slow-growing species. However, the authors pointed out that root proliferation within a patch cannot
always be expected to result in greater nutrient capture. In fact, for a mobile ion like nitrate, such
proliferation may have little effect on nitrate inﬂows and with isolated plants, there is only a weak
link between proliferation and nitrate capture. Recently, it has been shown [98] that proliferation
confers an advantage only when roots are competing for the N resource in N-limited plant communities. It is also suggested that attempting to increase the proliferation response in crops grown
in well-fertilized monocultures would have little beneﬁt [98].
Components of the underlying sensory mechanism have now been identiﬁed [99]. However,
the signal transduction pathway remains uncertain with some evidence for the involvement of auxin
in both N and P responses [100–102] whereas others have found auxin-deﬁcient Arabidopsis mutants
behave like wild-type plants [103,104]. Encouragingly, Arabidopsis does show a proliferation
response [105], and the sequencing of the rice and maize genomes should allow rapid progress in
this area [106]. It is already clear that the signaling pathways controlling root development in
Arabidopsis are very complex [107]. However, it seems clear that both short-range (e.g., local
nitrate availability) and long-range (e.g., plant nitrogen status) stimuli are important in modifying
root architecture [101] (see also Chapter 5 in this volume). The development and regulation of root
system architecture is further complicated by the involvement of microorganisms [108] and soil
animals [109], which can markedly change root morphology indirectly or directly via phytohormones. Some progress is being made in incorporating this molecular detail into plant architectural
models [110].
Jackson and Caldwell [111] used the Barber–Cushman model to examine the signiﬁcance of
localized nutrient patches and root proliferation for whole plant uptake by Agropyron desertorum.
They divided the simulated soil volume into 25 soil cells, either all at the same nutrient concentrations (homogeneous) or with one cell with an elevated nutrient concentration (heterogeneous).
In both cases, the total amount of nutrient in the soil volume was the same. Roots were either
assumed to exploit the soil volume with evenly spaced roots (nonplastic) or were allowed to
proliferate preferentially in the enriched cell (plastic). Their simulations showed that plastic roots
in the heterogeneous environment acquired more N and P than in the homogeneous state while
nonplastic roots acquired less in the heterogeneous state compared to the homogeneous. They also
simulated the response to the 3-fold (P) and 12-fold (NO3−-N ) variations observed experimentally
in a 0.25-m2 area in the ﬁeld. Preferential proliferation in nutrient-rich patches was estimated to
increase acquisition by 28% for P and 61% for N where roots were allowed to colonize unoccupied
soil (Figure 12.18). They attributed these gains to increased root surface area in the patches together
with higher patch concentrations allowing faster uptake per unit surface area of root. However,
when roots were allowed to proliferate in patches already containing some roots, the gains for
nitrate largely disappeared as the new roots essentially competed for N with the existing roots.
In a further paper [112], the effect of a highly heterogeneous environment on nutrient uptake
was simulated with Agropyron desertorum. Nutrients patches were allocated using Monte Carlo
techniques, and the volume was divided into 10 or 1000 such patches. Root density per cell was
constant, and adaptive root proliferation was therefore not examined. The results showed that root
acquisition of P and NO3−-N was always lower when the nutrients were unevenly distributed.
However, the reduction in uptake could be largely offset by allowing the uptake capacity per unit
surface area of root (Imax) to increase with increased nutrient concentration (i.e., within nutrient-rich
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FIGURE 12.18 Simulated uptake of nitrate from a patchy soil. The relative nitrate distribution from ﬁeld
data is shown in D. In A, the plant roots were allowed to respond in a plastic fashion to local resource
availability while B shows the nonplastic response: both plots show the relative nitrate uptake over the 0.5-m2
area. The total nitrate acquired in each plot is shown in C. Plastic roots acquired 61% more nitrate during the
2-d simulation. (From Jackson, R.B. and Caldwell, M.M., J. Ecol., 84, 891, 1996.) (With permission from
Blackwell Science.)

patches). Such modiﬁcation of uptake capacity has been shown to occur for many plant species
[113] as well as for A. desertorum in direct response to nutrient concentration [111]. Localization
of P in nutrient patches increased the predicted uptake by maize even without invoking root
proliferation or altered uptake kinetics [114]. In this case, the beneﬁt was because of a highly
nonlinear buffer power that increased the soil solution concentration of P allowing a much more
efﬁcient uptake of P per unit root surface area within patches. In the Jackson and Caldwell [111]
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study, the buffer term was essentially linear, which minimized the uptake efﬁciency gains. Such
studies illustrate the power of mathematical models to resolve apparently contradictory results.
Gleeson and Fry [115] developed a model that simulated optimal foraging strategies for roots
with respect to root proliferation. Uptake was not simulated mechanistically. They assumed that
the root system would operate by investing roots in patches such that the marginal return (differential
uptake rate divided by differential root allocation rate) would be equal across all patches and that
marginal return was correlated with patch quality. Container-grown Sorghum vulgare ﬁne-root
biomass showed behavior consistent with the foraging model; however, much of the overall root
behavior remained unexplained by the model. Recently, statistically distinct foraging patterns [116]
were observed in a study of 55 plant species.

VI. WATER AND NUTRIENT UPTAKE
The nutrient uptake models described earlier assume that the soil water content is constant. However,
clearly, because plants do take up water, water uptake and movement should be taken into account when
calculating nutrient movements in the soil. There has been very little research focused on simultaneous
nutrient and water uptake. Roose and Fowler developed a model [117] for water uptake by root branching
structures, which they subsequently linked with nutrient uptake to assess fertilizer movement in the soil
and the impact it had on nutrient uptake [118]. Here we brieﬂy outline their approach.
Water inside the roots ﬂows along the xylem tubes and this movement is well characterized by
the Poiseuille law, that is, the axial ﬂux of water is given by
⎡ ∂p
⎤
qz = − kz ⎢ r − ρg ⎥
∂
z
⎣
⎦
kz =

∑

i

πni Ri
8µ

(12.41)

(12.42)

where kz is the axial conductivity of the root and depends on the number of the xylem vessels ni
of radius Ri and µ, the viscosity of water, where the index i refers to the size class of the xylem
vessels; pr is the water pressure inside the xylem vessels. Water enters the xylem vessels by ﬂowing
through the cortex in a radial direction. This ﬂow is modeled by assuming that the ﬂux is proportional
to the water pressure difference between the soil and the xylem vessels, that is,
qr = kr ( p − pr )

(12.43)

where p is the water pressure in the soil pores and kr is root tissue radial conductivity.
The conservation of water in the single root means
2πakr ( p − pr ) = − kz

∂2 pr
∂z 2

(12.44)

This is a single equation for the root internal pressure pr . This equation needs two boundary
conditions. We assume that there is no ﬂuid ﬂux through the tip of the root
∂pr
− ρg = 0
∂z

Z=L

(12.45)
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and at the base of the root we will prescribe a ﬂuid pressure
Z=0

pr = P

(12.46)

By nondimensionalizing these equations with scales pr ~ |P|, p ~ |P|, and z ~ L, we ﬁnd that
there are only two dimensionless groupings of the parameters that determine the solution. The
dimensionless equations are

κ 2 ( p − pr ) = −

∂2 pr
,
∂z 2

Z= 0
Z=1

(12.47)

pr = 1
(12.48)

∂pr
=ω
∂z

(12.49)

where
ω=

ρgL
|P|

2πakr L2
κ =
kz

(12.50)

2

(12.51)

For most roots, ω << 1, that is, the gravity effects on root internal pressure are small. However,
depending on the root radius and length, the parameter κ can be either small or large. For maize
ﬁrst-order lateral branches, κ >> 1 meaning that it is very easy for water to ﬂow into small thin
roots, and the dominant impedance to water ﬂow in these roots comes from axial conductivity.
Therefore, for the most part these roots do not take up water apart for a very small thin region near
the base, that is, the leading order solution when κ >> 1 is given by
pr ( z ) ≈ p( z ) + [−1 − p(0)]e − κz

(12.52)

When κ << 1, then most of the water uptake is dominated by the soil water pressure proﬁle,
but the internal root pressure is approximately equal to the pressure at the base of the root. Thus,
even though the water saturation and uptake modeling by the root system is very complicated,
using the scaling presented earlier, the authors [117] were able to identify that for most agricultural
crops, the side branches do not participate signiﬁcantly in water uptake. Instead, it is the thickest
roots that take up most of the water. This fact enabled the development of a more tractable model
for water uptake by root branching structures than it had been previously thought possible [117].
The relative soil moisture content in the soil, S, from the Darcy–Richard’s equation is given by
φ

∂S
= ∇ ⋅ [ D0 D(S )∇S − K s k (S )kˆ ] − Fw (S , z , t )
∂t

(12.53)

where φ is the porosity of the soil, D0 and Ks are the reference water diffusivity and conductivity,
respectively, and D(S) and k(S) mathematically represent the reduction in diffusivity and conductivity of water with changes in relative water saturation; Fw is a spatially heterogeneous sink term
(functional forms of D(S), k(S) and Fw are available [117]).
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The equation for nutrient conservation in the soil with variable moisture content is given by
∂
[(b + φS )c] + ∇ ⋅ [cu] = ∇ ⋅ [ D f φd +1S d +1∇c] − F (c, S , t )
∂t

(12.54)

The essential task was then to identify what the functional form for the distributed nutrient
uptake sink term should be [118]. By scaling z ~ L , t ~ bL2 / D0 , c ~ K m , where L is the length of the
root system, we get the following dimensionless equations
δ

(1 + δS )

⎤
∂S ∂ ⎡
∂S
= ⎢ D(S )
− εk (S ) ⎥ − Fw
∂t ∂z ⎣
∂z
⎦

⎤ ∂c
∂ ⎡
∂c ⎡
∂S
∂c ⎤
− ⎢ D(S )
− εk (S ) ⎥ = Dε ⎢ S 1+ d ⎥ − F + Fwc
∂z ⎣
∂t ⎣
∂z
∂z ⎦
⎦ ∂z

(12.55)

(12.56)

Here, the most important parameter is δ = φ/b, which mathematically represents the timescale
of water movement in comparison to nutrient movement. For highly buffered nutrients like phosphate and potassium, b >> 1 and therefore δ << 1. Thus, on the timescale of nutrient movement,
the water saturation is only varying slowly in time and, therefore, the analytic approximations for
nutrient uptake given by Equation 12.31 can still be used. This separation of water and nutrient
movement timescales is very useful because even properties like the speed of fertilizer movement
in the soil can be calculated analytically [118].
Comparison between the model calculations with and without water movement and the Barber
ﬂux calculation is shown in Figure 12.14. Both root architecture and water movement can lead to
large differences in the model predictions for phosphate uptake. Thus, more detailed experimental
data on the spatiotemporal evolution of root branching structures and water movement are needed
to improve on the current estimates of nutrient uptake from the soil.

VII. FUTURE PROSPECTS
Most mineral nutrient uptake rhizosphere models have considered resource capture by isolated
plants or by monocultures. Elsewhere in the ecological literature are models dealing with interspecies interactions and particularly competition. For example, one of the main theories for nutrient
competition by roots assumes that the mechanism operates by depletion of an average soil solution
concentration [118] (concentration reduction theory). When this theory was tested with a cellular
automaton model [119], aimed at approximating the diffusion of nitrate in soil, the model indicated
that competition relied on superior interception, that is, competition depended on localized supply,
not globally averaged concentration. Similarly, an interspecies competition model [120] including
spatially-explicit nutrient uptake and transport, found that space occupancy by roots was more
important than their sink strength at low nutrient diffusivities but the two became increasingly
comparable as diffusivity increased. As yet, the treatment of nutrient transport in such models is
rather simpliﬁed, but the marriage of such models with mechanistic models of the rhizosphere
could provide powerful tools to aid in the understanding of belowground competition in natural
communities. This is important because belowground competition is predicted to be much more
symmetrical than aboveground competition for light and may therefore act to preserve biodiversity
in natural communities [121,122].
Many studies have shown that the rhizosphere microbial community is different from the bulk
soil community and differs between plant species (see also Chapter 3 and Chapter 13 of this volume).
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Microbial rhizosphere models have thus far largely dealt with the community as a single entity
using biomass as the state variable. But RAPD and DGGE analysis of whole-community DNA
extracts revealed bacterial successions that correlated with the succession of different grass species
[123]. Future models may therefore have to attempt to understand the rhizosphere at the species
level. This will involve understanding why particular species are selected as rhizosphere colonists,
how microbial species interact between themselves, their population dynamics and how their
activities inﬂuence, and are inﬂuenced by, the root. However, the interpretation of taxonomic
diversity as measured by molecular methods is uncertain and the analysis gives little idea of the
functional capabilities of the community. Chloroform fumigation [124,125] and reconstruction of
communities in sterile soil [126] were used to manipulate the diversity of the soil community. In
fumigated soils, functions such as thymidine incorporation, response to added nutrients, and decomposition of plant residues increased with decreased biodiversity whereas nitriﬁcation, denitriﬁcation,
and methane oxidation decreased. In the reconstructed communities, there was consistent trend in
similar functions with biodiversity change. There was some evidence that low biodiversity correlated
with a reduction in functional stability. Most available evidence suggests that there is no predictable
relationship between diversity and function in soils [127,128]; yet it is the functional aspects of
the microbial community, which are of importance to plant functioning.
Global climate change is predicted to have major consequences for plant growth and this will
provide a fresh impetus for the mathematical modeling of the rhizosphere [129,130].
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I. INTRODUCTION
Rhizodeposition, i.e., the release of carbon compounds from roots, is a general phenomenon of
plant roots. The compounds lost from different species, or even cultivars, can vary markedly in
quality and quantity over time and space.
Details of the types and quantities of compounds lost from the root are discussed in Chapter 1.
Rhizodeposition describes the total carbon (C) transfer from plant roots to soil, and it comprises
exudates (small molecules such as organic acids, amino acids, and sugars), secretions (such as
enzymes), lysates from dead cells, and mucilage [1]. The release of plant-derived carbon compounds
371
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commences during seed imbibition, often as water-soluble exudates and gases, and continues as
the plant grows [2]. Cells are lost from the root cap continuously as the root grows through soil
accompanied by losses of exudates and polysaccharide gel. The zone just behind the root tip appears
to be the site of maximum exudation with both the zone of elongation and the cell junctions also
indicated as localized regions of greater exudation in some species [3–5]. Eventually, whole roots
or parts of root systems die, and this root loss with CO2 derived from roots and the accompanying
microbiota respiration are the major sources of rhizodeposition.
Such differences in the amount and type of rhizodeposition that occur on the root with time result
in concomitant variations in microbial populations in the rhizosphere, within the root, on the surface
of the root, and in the soil adjacent to the root. The general microbial population changes and specific
interaction of individual compounds from specific plants or groups of plants with individual microbial
species are covered in detail in Chapter 3 and Chapter 11. Consequently, this chapter is restricted to
consideration of methodologies used to study carbon flow and associated microbial population dynamics in the rhizosphere, drawing on specific plant–microbe examples only when required.

II. METHODS FOR THE STUDY OF RHIZOSPHERE CARBON
FLOW IN ARTIFICIAL MEDIA
Experiments to examine rhizodeposition can vary markedly in scale and complexity, depending on
the information required, the equipment available, and the plants concerned (see also Chapter 2).
To avoid the complexity of the soil, experiments to study exudates and other material released from
young roots of plants grown in nutrient solution culture, sometimes with sand or other solid support
systems, are the simplest and are carried out in the laboratory under controlled conditions. Under
these conditions, rhizodeposition can be measured chemically by growing plants in solution culture.
The type of sampling employed reflects the target of the experiment and can range from detailed
analyses of a single class of chemicals to much more general observations. For example, in sterile
solution culture, dicarboxylic acids were quantified in one study of exudates of wheat and flax [6],
and isoflavonoids in exudates of white lupin were measured in another [7]. In contrast, changes in
gross classes of compounds, such as low- and high-molecular-weight materials and particulate matter,
have been examined in exudates derived from maize grown axenically in solution culture [8]. The
ability to change and control the composition of the nutrient solution and the relatively small size
of the microcosms used enables manipulation of environmental variables and time-course studies
of rhizodeposition to be made relatively easily. The influences of nutrient availability, pH, temperature, anoxia, light intensity, CO2 concentration, and specific microorganisms have all been examined
within a range of plant species [1,9–12]. Besides enabling the identification of the effects of a range
of variables on rhizodeposition, plant culture solution studies have also helped to highlight the
reabsorption of organic compounds by roots (see Chapter 12), causing a reappraisal of the quantification of carbon loss [13–17]. However, it is well known that the flow of carbon from the roots
into the rhizosphere depends on a large number of factors including the presence of microbiota, soil
particles, and the age of the plant [18–20]. Therefore, studies with young plants grown in solution
cultures can only provide specific information on rhizodeposition under these artificial conditions.
Plants grown for longer periods in solid supports, such as sand or soil, represent the next level
of complexity, and, although other techniques are available, carbon flow through the plant to the roots
and into the surrounding environment is mostly measured with the use of carbon isotope tracers. The
simplest system devised comprises a microcosm where seedlings with roots sandwiched between MFMillipore™ membranes are in contact with agar-containing plant nutrients [21]. The shoots can be
exposed to the tracer, and the loss of the tracer into the agar via the roots is then monitored. The
design enables the effect of microorganisms on rhizodeposition to be examined easily [22] but really
lacks the complexity of substratum to allow data obtained to be related to rhizodeposition in soil.
The next level of sophistication is to use microcosms containing sand with nutrient solution to
provide the physical conditions of soil but without its inherent complexity. Such systems have been
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used to measure rhizodeposition, ranging from exudates to total carbon budgets as well as specific
microbe–plant interactions. For example, soluble fractions of root exudates from 5- and 7-weekold mycorrhizal and nonmycorrhizal maize seedlings were collected by percolating the sand substratum in a tube microcosm with distilled water [23]. Similarly, forage rape (Brassica napus) was
grown in a syringe-based microcosm containing sand and nutrient solution, and via a series of root
zone flushing systems, amino acids released over specified time intervals were collected and
quantified chemically with plants up to 60 d old [24]. Such microcosms were adapted to enable
14C-CO pulse-chase experiments to be carried out with forage rape and full carbon budgets were
2
obtained [25].
Other sand-based systems using 14C- labeling procedures have been used to produce carbon
budgets for Festuca ovina and Plantago lanceolata seedlings [26], and white lupin (Lupinus albus)
[27]. Significantly, 14C-CO2 labeling of proteoid roots of white lupin under phosphate-deficient
conditions showed that high levels of dark fixation of 14C-CO2 by the roots took place, and that
66% of this root-fixed carbon was exuded from the roots [27]. Clearly, dark fixation of CO2 by
roots and subsequent rhizodeposition is an area that deserves further study in the future.
Sand-based systems can gradually be made to mimic soils by addition of other solid materials
or nutrient sources used in agriculture. For example, rock phosphate and mica were added to sand
microcosms containing mycorrhizal or nonmycorrhizal pine (Pinus sylvestris) and beech (Fagus
sylvaticus) to investigate the effect of added microorganisms on rhizodeposition [28]. The effluents
from the tube microcosms were collected continuously, and after 1 and 2 years the tubes were
harvested. Estimates of total organic carbon, as well as of sugars, amino acids, organic acids, and
phenolics, were made. This work clearly demonstrates that, depending on the plant species involved,
sand-based microcosms can support plant growth suitable for rhizodeposition studies for long
periods of time, if required.
Although it has not been applied for the study of carbon flows in the rhizosphere, the microcosm
system developed by Lugtenberg and colleagues offers a new opportunity for detailed studies of
interactions between plants and microbes [29]. In this system, sterile germinated seedlings are
aseptically placed in a 10 cm long quartz sand column moisturized with a plant nutrient solution
without added carbon source. Prior to the placement in the columns, the seedlings are bacterized
by incubating them in a suspension of specific bacteria to be tested for their ability to colonize
roots and to suppress plant pathogens. This gnotobiotic system works well for a number of plants,
including tomato, radish, potato, wheat, and grass. The advantages of the system over the use of
soil are better reproducibility due to the use of the plant growth medium and higher numbers of
the test bacteria on the root due to the absence of competition from indigenous soil bacteria. More
detailed information on these interesting results obtained with this system is described in Chapter 10.

III. MEASUREMENT OF RHIZODEPOSITION IN SOIL
Despite the advantages that sand-based systems provide for estimating rhizodeposition, studies in
soil are required to obtain realistic information of the process under natural conditions. These are
far more technically demanding and are heavily biased toward the use of tracer methods. Yet, other
approaches have also been applied. In particular, in studies on the carbon flow in plant–soil systems
at conditions of elevated atmospheric CO2− concentrations, unlabeled CO2 in different atmospheric
concentrations have also been used. In these studies, detailed measurements of changes in root
biomass and constitution of CO2 fluxes from the root–soil compartment provided valuable information about the impact of elevated atmospheric CO2− concentrations on carbon dynamics in
terrestrial ecosystems [30].
Yet, in most studies C-tracers have been used to follow the fate of photosynthetically fixed C
through the plant into the surrounding soil and to discriminate against the vast soil organic-C pool.
In the past, the radioactive isotope 14C was used most frequently as a C-tracer, in more recent
studies the nonradioactive isotope 13C has often been applied as well to avoid the intrinsic risk
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associated with radioactive tracers [31]. The main reason for the use of 14C was the much greater
sensitivity of measuring radioactive tracers over nonradioactive tracers. However, recent developments in isotope ratio mass spectrometry (IRMS) [31] have increased the sensitivity of nonradioactive tracer measurements, considerably. For instance, laser ablation IRMS could potentially be
applied to study carbon flow in the rhizosphere at the microscale level [32]. Furthermore, a number
of integrated technologies have been developed recently, through which measurements of carbon
flow and carbon-utilizing microbial community can be combined, enabling a complete picture of
the impact of plant-derived carbon on the functioning of the rhizosphere ecosystem (Section V of
this chapter). This has led to an increase in the use of nonradioactive 13C tracers in rhizodeposition
studies. Although organic compounds have been used, in most rhizodeposition studies the carbon
tracer has been applied in the form of CO2 to include the entire carbon allocation process in the
plant and in the surrounding environment. In the laboratory, the C tracer can be supplied to shoots
either in short pulses or continuously, and the carbon flow can be monitored. In the field, due to
technical limitations, only C tracer pulse labeling procedures are possible. In this section we will
first deal with some examples of the use of 14C with emphasis on more recent work related to
carbon sequestering issues, and then we will provide an overview of the work using 13C as a tracer.
In the latter, we will provide examples of the use of 13C tracers after addition of 13C-labeled
compounds (mainly CO2) and natural abundance studies. A more extensive review including
technical details on the use of 13C and 14C (as well as 11C) in carbon flow studies in plant–soil
systems is given by Kuzyakov and Domanski [33].

A.

14

CO2-LABELING TECHNIQUES

FOR

CARBON FLOW STUDIES

Two different approaches to the use of 14CO2 labeling have been applied to measure carbon flow
within plant–soil systems, i.e., pulse-chase and continuous labeling. The 14CO2-labeling apparatus
can range from a polyethylene bag [34] to more complex Plexiglas canopies [35,36] to highly
sophisticated dedicated growth cabinet facilities such as the experimental soil–plant–atmosphere
system in The Netherlands [37,38]. Nevertheless, the key feature in all these facilities is the
separation of the shoot compartment where the 14CO2 is released from the root compartment, thus
allowing the spread of the 14C through the plant and into the rhizosphere to be monitored.
Each of these approaches has advantages and disadvantages, and these have been reviewed
[39]. Essentially, pulse labeling results in the labeling of nonstructural labile carbon pools, whereas
continuous labeling homogeneously labels the whole plant. Pulse labeling is relatively quick and
easy to carry out and allows plant responses to rapid changes in environmental conditions to be
determined, which is impossible with continuous labeling. The pulse-labeling approach has been
applied in a large variety of studies under laboratory conditions with wheat and maize [35,40,41],
grasses [40,42–44], and with trees [45,46]. 14C-CO2 pulse labeling has also been applied in field
studies [36,47–52], mainly, to determine the C flow in arable cropping systems. To be able to
quantify the carbon flow from the pulse-labeling data, not only the flux of C to the roots needs to
be assessed but also the fluxes of organic and inorganic release of root-derived material. C fluxes
have to be calculated from data on shoot and root biomass, and from data on 14C distribution at
different development stages [41,50]. Swinnen et al. [51] extrapolated the 14C distribution curves
obtained after labeling wheat plants in the field from the first labeling date (elongation stage) down
to crop emergence and from the last labeling date (dough ripening stage) up to crop harvest using
different extrapolation procedures. Their results showed that whereas the maximum shoot growth
rate occurred around ear emergence, the flux of C to the roots had a maximum around tillering.
Over the entire growing season, shoot growth amounted to 5730 kg C ha y−1 and 2310 ± 90 kg
C ha y−1 was translocated belowground. Of this 920 ± 150 kg C ha y−1 was lost in root respiration
and 500 ± 120 kg C ha y−1 was released as young rhizodeposits, which are defined as organic
materials released from the roots within 19 d after assimilation. An interesting procedure was
suggested by Michunas and Lauenroth [53] to estimate the belowground net primary production after
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C pulse-labeling from 14C isotope decay assessments due to in situ decomposition. They considered the loss of 14C to be the inverse of production, and they calculated turnover times by regression
to time of complete loss of the isotope from the system. They noticed a two-phase loss of 14C over
a 13-year period in a short-grass prairie system. Pulse labeling has also been applied to study the
impact of air polluting ozone on the assimilation and translocation of 14C-CO2 in adult pine trees
[54]. Pulses of both ozone and 14C-CO2 were applied in a box covering a branch of the trees at
different times during the growing season, and the 14C in different fractions in needles, in the rest
of the branch, and in the tree were measured. These studies indicated that short term exposure to
ozone retarded the translocation of photosynthates from the needles to the branches and the roots
in a similar fashion in both juvenile and mature trees. Whereas, pulse labeling allows determination
of carbon flux to the root, continuous labeling gives only cumulative data regarding carbon transport.
Nevertheless, continuous labeling is the only way to determine total flux of carbon through the
root–soil system. Consequently, different qualities of information are provided by both labeling
procedures.
One of the most intriguing questions related to the dynamics of carbon in plant–soil system is
related to the relative contribution of plant- vs. microbe-produced CO2 in the root environment.
Obviously, when 14C-CO2 is released by microorganisms the plant-derived carbon had been involved
in the stimulation of microbial activity, whereas plant-derived 14C-CO2 results from carbon that has
not entered the rhizosphere system. Earlier studies had attempted to compare sterile with nonsterile
systems, but these worked for only short periods before sterility was lost [55]. In other studies,
microbial inhibitors had been added to nutrient solutions, but side effects on the plant and on
nontarget microorganisms could not be ruled out [56], and the lack of soil as substratum compounded the problem [57]. Therefore, 14C-based systems to address this problem in soil have been
devised. Johansson [58] calculated gross rhizodeposition in continuously 14C-labeled plants from
the stable 14C residue remaining in the soil after long-term incubation. The former is calculated
from the latter through use of a stabilization factor, which is estimated by comparison with
decomposition of known organic materials (glucose, grass shoots, and roots). Thus, C from microbial respiration is the difference between the calculated gross rhizodeposition and that measured
in soil immediately after plant growth. Cheng et al. [59,60] involved saturating the soil with glucose
immediately before 14CO2 labeling to eliminate 14C microbial respiration. Finally, Swinnen [61]
injected model 14C-labeled rhizodeposits (glucose, root extract, or root cell wall material) into the
rooted soil of an unlabeled plant, simultaneously with the 14CO2 pulse labeling of a similar but
separate plant. Hence, the assumption is made that microbial transformation of the introduced
compounds is representative of the transformation of 14C-labeled rhizodeposits in the 14C-CO2 pulselabeled system. Kuzyakov [62] concluded from a comparative study on the feasibility of these
methods that the methods that have been suggested to separate root respiration and microbial
respiration of rhizodeposits in nonsterile soil show different results. Each is based on many
assumptions and has certain shortcomings. It remains unclear whether the different results are
method-inherent or reflect environmental and experimental conditions, i.e., different plants, soils,
equipment, and environmental conditions, etc.
One practical aspect of the procedure for monitoring carbon flow following 14C labeling is the
need to separate roots from the soil for analysis. Incomplete removal of roots can lead to an
overestimation of rhizodeposition, but overzealous washing of soil may lead to leaching of 14C or
loss of fine roots. This problem has been examined in detail for wheat and barley and correction
procedures for these errors have been developed [63].
14C also provides excellent possibilities for following the fate of root released carbon into the
microbial biomass. Generally, chloroform fumigation is carried out to measure the microbial
biomass and the microbial content, including the tracer 14C, which is measured using direct
extraction, incubation, or centrifugation methods [38,40,43,47,64,65].
Most recently 14C-CO2 has mainly been applied to assess the impact of elevated atmospheric
CO2 concentrations on the carbon flow in plant–soil systems in order to estimate the carbon
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sequestering capacity of terrestrial ecosystems. Paterson et al. [66] used 14 C-CO2 pulse labeling to
investigate the impacts of CO2 concentration on plant growth, dry matter partitioning, and
rhizodeposition as affected by photon flux density (PFD) and growth matrix. Plants were grown at
two CO2 concentrations: 450 (low CO2) and 720 µmol mol−1 (high CO2). Their results showed that
plant responses to CO2 are potentially affected by PFD and by feedbacks from the growth matrix.
Van Ginkel et al. [67,68] applied a continuous 14C-CO2 labeling treatment for up to 115 d to
investigate the effect of elevated atmospheric CO2 concentrations on the carbon flow in perennial
grass plants and then into the rhizosphere. As observed by others, they found that the root biomass
was greater at elevated CO2, and in a follow-up experiment the roots of plants grown at elevated
CO2 appeared to be decomposed more slowly than the roots grown at ambient CO2.

B.

13

CO2-LABELING TECHNIQUES

FOR

CARBON FLOW STUDIES

As mentioned before, 13C is gradually replacing 14C as the main tracer in carbon flow studies in
plant–soil systems, because it is naturally occurring, stable, nonradioactive, and is less discriminated
against than 14CO2 during photosynthesis. Because of its nonradioactive nature, it can easily be
combined with other methodologies, and some rather exciting new approaches have been developed
in recent years, integrating measurements of the flow of carbon in the rhizosphere with assessments
of the associated responses of the microbial community. In Section V.C a short description of these
combined approaches will be given.
Basically, 13C is used in two ways in carbon flow studies: (1) it has been applied as either
enriched or depleted 13C-CO2 in pulse-labeling procedures and (2) use is made of the differences
in natural abundance of 13C in plant systems dominated by either C4 or C3 plants. Concerning the
latter, the natural abundance of 13C is higher in C4 compared with C3 species [69], and by growing
C4 plants on soils previously exposed only to C3 plants, or vice versa, this difference may be used
to study carbon partitioning in plants and the rhizosphere.
Butler et al. [70] demonstrated the effectiveness of using 13C enrichment labeling to carbon
flows from plants at different stages of growth. They used a 13C pulse-chase labeling procedure to
examine the flow of photosynthetically fixed 13C into the microbial biomass of the bulk and
rhizosphere soils of greenhouse-grown annual ryegrass (Lolium multiflorum Lam.). The temporal
dynamics of rhizosphere C flow through the microbial biomass was assessed by labeling plants,
either during the transition between active root growth and rapid shoot growth (labeling period 1),
or 9 d later during the rapid shoot growth stage (labeling period 2). Within 24 h of labeling, more
than 10% of the 13C retained in the plant–soil system resided in the soil. Turnover of 13C through
the microbial biomass was faster in rhizosphere soil than in bulk soil, and faster in labeling period
1 than labeling period 2.
Whereas this study was conducted in the greenhouse, successful 13C-enrichment pulse labeling
studies have also been carried out in the field. For example, using this approach, it appeared that
pasture plants allocated more carbon to roots under low-soil fertility and high-grazing intensity
[71]; that liming increased soil carbon throughput in an upland grassland [31] up to the level that
more C was lost through the soil than has been gained via photosynthetic assimilation over a period
of 8 years [72]; and that mycorrhizal fungi provide a rapid and important pathway of carbon flow
from plants back into the atmosphere [73].
The use of 13C-depleted CO2 in a free air CO2 enrichment experiment in a mature deciduous
forest allowed for tracing the carbon transfer from tree crowns to the rhizosphere of 100- to 120year-old trees [74]. During the first season of CO2 enrichment, the CO2 released from soil originated
substantially from concurrent assimilation. The small contribution of recent carbon in fine roots
suggests a much slower fine root turnover than is often assumed. The spatial variability of δ13C in
soil air showed relationships to aboveground tree types such as conifers vs. broad-leaved trees.
Depleted 13C-CO2 labeling was also applied by Andrews et al. [75] to determine the relative contributions of root and soil heterotrophic respiration to total soil respiration in situ. In the free-air CO2
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enrichment (FACE) facility, in the Duke University forest plots, U.S., of an undisturbed loblolly
pine (Pinus taeda L.) forest was fumigated with CO2 that was strongly depleted in 13C. By measuring
the depletion of 13C-CO2 in the soil system, they found that the rhizosphere contribution to soil
CO2 reflected the distribution of fine roots in the soil and that late in the growing season roots
contributed 55% of total soil respiration at the surface.
Carbon flow, including rhizosphere respiration and original soil carbon decomposition, can also
be assessed on the basis of measurements of the differences in the natural abundance of 13C [76].
The principle of the 13C natural tracer method is based on the differences in 13C:12C ratios (often
reported in δ13C values) between plants with the C3 photosynthetic pathway, whose mean δ13C
is −27‰, and plants with the C4 pathway, whose mean δ13C is −12‰ [77]. Similarly, there are
subsequent differences in the δ13C values between soil organic matters derived from the two types
of plants. Soil organic matter derived from C4 plants (C4-derived soil) such as continuous corn fields
has δ13C values ranging from −12 to −14‰, whereas δ13C values of soil organic matter derived from
cold and temperate forests (C3-derived soil) range from −24 to −29‰. If one grows C3 plant in a
C4-derived soil, the carbon entering the soil via roots will have a different δ13C value than the δ13C
value of the soil. Natural abundance methodologies are often used in combination with planned
previous manipulation of the system to obtain pools of different δ13C. In terms of carbon flows, δ13C
natural abundances have been successfully used, for instance, to determine the contribution of roots
to soil carbon storage [78,79] and the exudation of carbon from growing roots [80]. The only
limitation to the use of natural abundance methods is that the δ13C signature between the carbon
pools of interest must be sufficiently different to be able to track carbon movement. For example,
Cheng et al. [81] developed a new method for measuring nondestructively, tree root respiration in
situ under natural forest conditions. To obtain sufficient differences in δ13C values between the
rhizodeposits and the native soil organic matter, three kinds of tree growth media were investigated.
The first medium was surface soil from under long-term wire grass patches (C4 soils) near to the
longleaf pine plantation. This wire grass soil was significantly enriched with 13C (δ13C was −17.83‰
from wiregrass soil and −27.56‰ for pine roots, i.e., approx. 10‰ higher). The second one was soil
that was obtained from a site where C4 grasses dominated. It had a δ13C of −14.6‰. The third
medium was a mixture of acid-washed sand and burnt vermiculite that was used as reference.
In most studies only one tracer was used. However, a combination of 13C and 14C could provide
extra information on carbon flow processes. For instance, Johansson [82] combined 13C and 14C
continuous labeling to assess the impact of cutting on the carbon flow in Festuca spp. Kuzyakov
and Cheng [83,84] determined the effects of shading wheat and maize on rhizosphere respiration
and rhizosphere priming of soil organic matter decomposition by using a natural abundance 13C
tracer method and 14C pulse labeling simultaneously. Both 13C natural abundance and 14C pulse
labeling techniques used gave similar estimates of root-derived CO2 during the whole observation
period, and the application of combined tracer methods showed that the cultivation of the wheat
led to increasing decomposition intensity of soil organic matter (priming effect), whereas maize
showed a negative priming effect.
A final, highly specialized procedure for monitoring carbon flow in plants involves the use of
11C-CO . The use of this positron gamma-emitting isotope of C, with a half-life of 20.3 min, allowed
2
several physiological parameters of mycorrhizal and nonmycorrhizal plants of Panicum coloratum
to be measured simultaneously in real time [85]. However, the technical problems associated with
using 11C-CO2, particularly the ability to produce this isotope of carbon and handling it with such
a short half-life are likely to limit this approach to specialized facilities.

IV. ANALYSIS OF CARBON FLOW COMPOSITION
The significance of carbon flow for the dynamics of microbial populations cannot be assessed
without considering the composition of the carbon compounds released by the plant. Starting with
the information provided by Vančura in the 1960s (for example, see Reference 86 and Reference 87)
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numerous studies have been performed to analyze the composition of the organic compounds
released from the roots. The main emphasis has always been on the simple, water-soluble root
exudates, although the bulk of the root releases are probably organic complexes derived from plant
cell walls and other structural cell materials. However, the precise analysis of the root exudates
has proven to be hard, if not impossible; this has led to the so-called great rhizosphere frustration
[88]. The main reason is the fact that it is very difficult to differentiate between root exudates and
compounds released by microorganisms present in the rhizosphere. It has been proven that microorganisms play a significant role in the exudation process such that the quality and quantity of root
exudation under axenic conditions can be significantly different from the exudation under natural
conditions [89].
Improved and more accessible technologies for chemical analysis have allowed for a better
understanding of the variety of compounds released by roots, but they have not enabled us to
unravel the composition of the mix of compounds continuously provided by the roots for microbial
utilization. Among the techniques commonly used to analyze the exudate composition are HPLC,
TLC, and LC [90,91]. Czarnota et al. [92] used both TLC and HPLC to analyze the composition
of root exudates of different sorghum accessions and found that within each accession variation
existed in the amount of exudates produced and the chemical constituents in each of the accessions.
The average exudate production ranged from 0.5 to 14.8 mg/g root. The exudates were obtained
from plants grown on a so-called capillary mat system on which seeds were allowed to germinate
and after 5 to 14 d roots were harvested from the screens and exudates were collected. That system
was similar to the Kuchenbuch model rhizosphere system developed in the 1980s to study the
dynamics of nutrients in the immediate vicinity of roots and later used for the study of microbial
processes, including gene transfer in the rhizosphere [93–95].
More sophisticated technologies such as gas chromatography–mass spectrometry (GC–MS)
and pyrolysis-field ionization-MS have also been applied to determine the composition of exudates.
Fan et al. [96] applied 1H and 13C multidimensional nuclear magnetic resonance (NMR) and
silylation GC-MS to analyze the exudates composition of barley and in particular the presence of
phytometallophores. The advantages of this approach are: (1) minimal sample preparation and
reduced net analysis time, (2) structure-based analysis for universal detection and identification,
and (3) simultaneous analysis of a large number of constituents in a complex mixture. Quantification
of all major root exudate components of barley using these methods showed a sevenfold increase
in total exudation under moderate iron deficiency. Total quantities of exudates per gram of root
remained unchanged as iron deficiency increased, but the relative quantity of carbon allocated to
phytosiderophores increased to approximately 50% of the total exudates in response to severe iron
deficiency. Melnitchouk et al. [97] investigated the composition and diurnal dynamics of watersoluble, root-derived substances and products, and their interaction with sandy soil were investigated
in maize plants (Zea mays L.) by pyrolysis–field ionization mass spectrometry (Py–FIMS).
Rhizodeposition was larger during day than during the night, and the composition of these deposits
was different. The largest differences in the Py–FI mass spectra resulted from signals of amino
acids (aspartic acid, asparagine, glutamic acid, leucine, isoleucine, hydroxyproline, and phenylalanine) and carbohydrates, in particular pentoses, which were exuded in the photosynthetic period.
Other compounds detected in the Py–FI mass spectra were interpreted as constituents of rhizodeposits (lipids, suberin, fatty acids) or products of the interaction of rhizodeposits and microbial
metabolites with stable soil organic matter (lignin dimers and alkylaromatics).
Another approach to study the flow of carbon and the response of the microbial community in
the rhizosphere is the use of molecular tools and modified organisms. Bacterial cells harbor
environmentally responsive genomic elements which, when fused to an appropriate reporter gene,
will react toward the presence of an appropriate effector molecule [98]. Van Overbeek and Van
Elsas [99] used Tn5-B20 (lacZ as reporter gene) transcriptional fusion mutants of Pseudomonas
fluorescens R2f to study the response of the bacterium to wheat root exudates. Several mutants
showed β-galactosidase activity under the influence of wheat root exudates. In one such mutant,
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RIWE8, gene expression was specifically induced by proline but not by 125 other substrates. This
mutant also showed reporter gene induction, albeit to a lesser extent, by exudates of maize and
grass roots but not by that of clover roots, which are known not to contain proline. De Weger
et al. [100] used lacZ to evaluate phosphate limitation of rhizosphere bacteria. The same group of
Lugtenberg used a similar approach to determine the main exudate components involved in root
colonization by rhizobacteria [29]. They developed auxotrophic mutants of Pseudomonas fluorescens, which were impaired in growth on specific compounds, such as monosaccharides and organic
acids, which were supposed to be major components of tomato root exudates. The ability of the
mutants to compete with the wild type for root colonization was an indication of the importance
of the utilization of the different exudates components for rhizosphere competence. Their results
indicate that organic acids are the nutritional basis for tomato root colonization by these bacteria,
whereas sugars obviously play a much smaller role.
A strategy for quantification of specific root exudates on the basis of this approach is the use
of green fluorescent protein (GFP) as reporter gene fused to a responsive genomic element [98].
This has successfully been tested for the detection of sugars using a GFP-producing Erwinia
herbicola. More biosensors have been developed [101,102]. As these biosensors are inherently
specific, only small fractions of the microbially relevant root exudates can be detected.
Besides modified microbes, also modified plants might conceptually be suitable for the evaluation of the impact of root exudates on the rhizosphere community. As early as 1978, Petit et al.
suggested to take advantage of the close relationship existing between a plant and its associated
microflora to engineer plant root exudation (see Reference 103). This should provide the microorganism of interest with a selective advantage that may help establish it in the rhizosphere, a strategy
later termed biased rhizosphere or artificial symbiosis. Several recently published studies on plants
modified in the release of root exudates have originally been developed for the assessment of the
risks of genetically modified plants on soil ecosystems (see reviews by Bruinsma et al. [104] and
Kowalchuk et al. [105]). The most well-known example of this approach is the use of modified
tobacco plants capable of releasing substantial amounts of opine-derived compounds in the rhizosphere [103,106]. In these studies, transgenic Lotus plants producing two opine, namely mannopine
and nopaline, were used to characterize the microbial communities directly influenced by the
modification of root exudation. The results showed that opine utilizers represent a large community
in the rhizosphere of opine-producing transgenic Lotus. This community is composed of at least
12 different bacterial species, one third of which are able to utilize mannopine and two thirds
nopaline. Opine utilizers are diverse belonging to the Gram-positive and Gram-negative bacteria.
The authors concluded that transgenic plants with engineered exudation constitute an excellent tool
to isolate and characterize specific microbial populations.
Finally, although the basic concept of the rhizosphere effect, i.e., the stimulation of microbial
growth and biological activity by the release of organic root-derived compounds, has not been
altered, we get more and more aware of the fact that the influence of the root on the growth and
activity of microorganisms in the soil might also result from effects of specific compounds released
by plants on the activity and the behavior of specific microorganisms [107]. There has been a
tremendous effort in all fields of biology, during the last two or three decades, to analyze and
comprehend the exchange of (chemical) signals that take place among organisms. Regarding the
rhizosphere, the signaling between host plants and symbiotic nitrogen-fixing bacteria, and plants
and pathogens are among the best-studied processes (e.g., 108–110, Chapter 11). Specific signaling
compounds also play a role in the contact between root pathogens and their hosts; specific compounds within the root exudates can stimulate germination of fungal propagules and subsequent
directed growth of the mycelium of a range of fungal pathogens [111]. There are many more
processes in the rhizosphere that are regulated or initiated by the exchange of more or less specific
signals between plants and the rhizosphere microflora. We also know that some of the key microbial
processes involved in these interactions are under the control of quorum sensing [112], that is, the
density-dependent regulation of gene expression in microbial cells. In both Gram-negative and
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Gram-positive bacteria many different quorum-sensing systems have been developed. In particular,
the N-acylated homoserine lactone system found in many Proteobacteria has extensively been
studied. Acylated homoserine lactones (AHLs) quorum-sensing assessments are commonly based
on the use of reporter gene constructs in Escherichia coli or Agrobacterium tumefaciens [112]. It
is also possible to monitor the expression of an AHL-controlled phenotype, such as the production
of protease, antibiotics, or pigments. The most commonly used strains in this respect are mutants
of Chromobacterium violaceum for which the formation of the purple pigment violacein is dependent on the production of AHL by other bacteria [113].
Other assays are based on chemical analysis of the signal. It is beneficial to understand what the
objective of the study is and to know the abilities of particular methods to achieve those aims. Rice
et al. [114] provide detailed information on these assays. With respect to the dynamics of microbial
populations in the rhizosphere, it is important to realize that, recently, evidence was provided that
certain plants are releasing compounds that interfere with bacterial quorum sensing [115], presumably
determining the outcome of the interactions between plants and rhizosphere bacteria.

V. METHODS FOR THE STUDY OF MICROBIAL POPULATION
DYNAMICS ASSOCIATED WITH RHIZOSPHERE CARBON FLOW
The flow of carbon compounds from roots will influence microbial populations in various ways.
The interactions among the microbial populations in the rhizosphere and between these populations
and plants are key processes for plant and soil health.
The main obstacles to increasing our knowledge on the size, the dynamics, and the activity of
microbial communities in the rhizosphere are methodological. Microbial cell enumeration techniques and identification procedures are often difficult or tedious, and the collection of relevant
samples or the simulation of natural conditions in the laboratory can be problematical. However,
in the last two decades, the development of molecular approaches for the study of microbial
populations has significantly contributed to solving the problems related to the identification and
the dynamics of microbial communities, in particular of the so-called unculturable majority of the
microbial rhizosphere community. Genomics approaches, which are gradually applicable in soil
ecology studies, are promising in shedding more light on the activities of the wide variety of
microorganisms in soil and rhizosphere. Considering the vast array of techniques presented in the
literature, only a selection of these methods is discussed in this review. After discussing recent
progress in both the traditional culturing techniques and the molecular tools for detection and
identification of both culturable and unculturable microorganisms, we will focus on these techniques
that integrate the assessment of carbon flow dynamics and related responses of the microbial
community in the rhizosphere. An excellent reference of the wide variety of methodologies available
for microbiological studies, including descriptions of the details of the practical application of the
many different techniques, is the recently published Molecular Microbial Ecology Manual [116].

A. CULTURE-DEPENDENT TECHNOLOGIES
Traditionally, since the first formulation of the concept of the rhizosphere by pioneer German
agronomist and plant physiologist Lorenz Hiltner in 1904 [117], the agar plate enrichment methodology has been used to determine microbial populations in the rhizosphere. Based on this
methodology, a wealth of information has become available since then and some of the main
concepts describing rhizosphere processes have been developed. Of great importance for the
understanding of the rhizosphere was the formulation of the R/S-ratio concept by Katznelson et al.
[118]. The R/S ratio is defined as the number of microorganisms in the rhizosphere (R) to the
number in the bulk soil (S). So, it expresses the response of specific microbial species to the root
and the root released compounds. The R/S ratio measured by isolation and culture for unicellular
bacteria is generally between 10 and 20, but the figure can be greater than 100. For other groups
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of organisms the R/S ratio decreases in the following order: unicellular bacteria > actinomycetes
and fungi > microfauna [119]. Increased numbers of microorganisms in the rhizosphere have also
been observed microscopically [120]. Another culture-dependent approach is the measuring of the
rate of colony development on culture media in order to discriminate between so-called r and K
strategists (fast-growing opportunists and slow-growing specialists, respectively), which was developed by De Leij et al. [121]. This method is still used frequently as the information obtained by
this rather simple approach is unique and highly relevant for understanding of the soil and rhizosphere ecosystem. On the basis of this methodology, the ecophysiological (EP) index can be
calculated. The EP index is calculated on the basis of the proportion of the total number of bacteria
that appear per unit time, and the EP index thus expresses the evenness in the distribution of fast
and slow-growing bacteria. Recent applications of this approach are by Garbeva et al. [122], where
the EP index was used to obtain information on the dynamics of microbial populations in soil and
rhizosphere of fields under different arable regimes over a period of four growing seasons. Another
recent example concerned the study by Ruiz Palomino et al. [123] on the seasonal diversity changes
in the culturable rhizobacterial communities of alder. For technical details the reader is to refer to
Insam and Goberna [124].
To overcome the need for isolating individual colonies and then profiling their metabolic
capacity, Garland and Mills [125] developed a method to profile the whole population. Cell
suspensions taken from samples are placed directly on media with single carbon sources and a
metabolic indicator (tetrazolium). If any members of the population have the ability to utilize the
carbon source, a positive reaction will be recorded. In this way the carbon source utilization profile
of the total population would be determined. Initially, a simple bacterial identification system (of
Biolog, Inc.) was used to profile samples [126], but since then the types of carbon sources used
have been broadened to include those likely to be found in the environment under study. Yet, Biolog
plates are still frequently used to generate community-level physiological profiles (CLPP). Some
recent examples of the width of the application of the CLPP methodology, including the use of
Biolog plates, are given by Bucher and Lanyon [127] in their evaluation of soil management
practices; by Selmants et al. [128] who assessed the changes in the microbial functions induced by
Red alder (Alnus rubra) in conifer forests, and by Ritz et al. [129] who measured the spatial structure
in microbial properties in upland grassland.
Biolog-based approaches to assess the metabolic profile of a community have several drawbacks. It is culture dependent, changes in the composition of microbial communities may occur
during incubation, the contribution of fungi cannot be assessed, and, for reproducible results, the
replicates need to be inoculated with equally dense inocula [130]. Degens and Harris [131] developed an alternative in situ approach to determine the metabolic profile of soil microbial communities. The method utilizes differences between the substrate induced respiration (SIR) responses
of microbial communities and simple organic compounds to quantify catabolic diversity. They
argued that the approach provided a reasonably rapid and simple method to assess the catabolic
diversity of microbial communities without extracting or culturing organisms from soils and, so,
to overcome some of the main drawbacks of the Biolog approach.
It was obvious from the early information that was obtained when comparing the results of
agar plate counts with direct microscopic counts (for example, see Reference 132), that plate counts
greatly underestimate the size of populations in natural systems (reviewed by Amann et al. [133]).
From the classic paper of Torsvik et al. [134], the huge diversity of the microbial community in
soil began to be recognized. In that paper, an estimate of 4600 distinct genomes per gram of soil
was determined by the reassociation time of total community deoxyribonucleic acid (DNA) compared with a standard curve of reassociation kinetics of a known number of cultured genomes.
Clearly, culture-based methodology is inadequate to serve the needs of microbial ecologists seeking
to describe the diversity of bacterial communities in environmental samples.
Although genomics approaches might in future enable the study of physiological properties
of specific microorganisms in vivo, at present we still need isolates for these detailed studies.
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Janssen et al. [135] used different diluted growth media to maximize the isolation of bacteria from
soils. They were able to isolate a number of bacteria that represent the first known isolates of groups
of soil bacteria belonging to a novel, largely uncultured, lineages within the divisions Actinobacteria,
Acidobacteria, Proteobacteria, and Verrucomicrobia. Species belonging to those lineages have been
observed to be dominant members of the rhizosphere community by molecular methods [136].
Davis et al. [137] noticed that some media, which are traditionally used for soil microbiological
studies, returned low viable counts and did not result in the isolation of members of rarely isolated
groups. In contrast, newly developed media and use of increased incubation times of up to 3 months
resulted in high viable counts and in the isolation of many members of rarely isolated groups.
Uncommon culture media have also been used to isolate nonthermophilic archaea from the rhizosphere [138]. It turned out that mesophilic soil crenarchaeotes are found associated with plant roots,
and it is the first evidence for growth of nonthermophilic crenarchaeotes in culture. Interestingly,
De Ridder-Duine et al. [139] observed that the number of bacteria that could be isolated from
rhizosphere soil relative to the total count by direct microscopy was much larger than the relative
number of bacteria that could be isolated from bulk soil.

B. CULTURE-INDEPENDENT TECHNOLOGIES
All cell culture-based methodologies are essentially limited when studying whole populations, as
the dominant proportion of the microbial community of soil, rhizosphere, and rhizoplane, and other
environments cannot be cultured on standard laboratory media as mentioned before. To obtain
information on the composition and activity of the nonculturable fraction and to aid the study of
the culturable fraction, direct detection methods are needed.
Direct microscopic analysis of microbial cells can provide information on cell size, numbers,
and biomass [140]. Modifications of this basic method can be used to obtain additional information
on cell viability and activity, or to identify types of microorganisms present. Table 13.1 outlines a
range of these methods. For example, the identification of individual cells may be possible using
one of a number of immunologically based methods. Fluorescently labeled antibodies are commonly
used in conjunction with microscopy to allow the study of cells in soil (Table 13.1). In most cases,
the results are affected by background fluorescence levels and the nonspecific binding of all
antibodies to nontarget cells or particles. Specialized confocal microscopes that use a laser light

TABLE 13.1
Examples of Microscope-Based Methods for the Detection of Cells
in Environmental Samples
Target
DNA
RNA/DNA
RNA
Proteins
Membrane potential
Outer cell wall structures
Others
Viable cells
Esterases
Respiration systems
Polysaccharide

Stain

Comments

References

Ethidium bromide, DAPI
Acridine orange
Fluorescent
oligonucleotides
FITC
Rhodamine 123
Fluorescent antibodies
Molecular probes — stain
all, vital stain
Direct cell count
Fluorescein diacetate
INT, CTC (tetrazolium
compounds)
Calcafluor white M23

Stains all cells
May be affected by membrane changes
16S rRNA probes, specific for a species,
genera, or kingdom
General stain
Vital stain
Specific antibodies must be available
Vital stains specially useful for total
viable cell counts
Detection of viable cells by elongation
Vital stain
Vital stain

144
145
140,146
147

Direct staining

143

142
143
133

148
149
142,150
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source can reduce these problems and may also penetrate a small distance into the sample to view
cells below the surface [141]. This is a particularly useful feature for observing microbial films,
including those that develop around roots and soil particles. The use of another laser-based system,
the flow cytometer, may also overcome some of the methodological limitations that prevent the
analysis of a large number of samples by direct microscopy.
1. Nucleotide-Based Biomarkers
The most frequently used techniques for the assessment of the composition of microbial communities are based on the analysis of ribosomal RNA, rRNA, extracted from the communities in soil
and rhizosphere. The rRNA molecules comprise highly conserved sequence domains interspersed
with variable regions. The earliest attempts to analyze the diversity of naturally occurring microbial
populations relied upon direct extraction and sequencing of 5S rRNA-gene from environmental
samples [151]. The limited length of the 5S rRNA molecule of approximately 120 nucleotides
means that there is limited scope for high-resolution phylogenetic analyses based on 5S rRNA gene
sequences. The development of robust and simple DNA cloning techniques and the polymerase
chain reaction (PCR) have, however, allowed higher resolution analyses of more complex communities using small subunit (SSU; 16S for prokaryotes and 18S for eukaryotes) rRNA sequence
analysis. The SSU rRNA molecule is approximately 13 times longer than the 5S rRNA and thus
contains considerably more information.
The starting point for this and other related procedures is the extraction of nucleic acids of
sufficient quality to permit activity of the enzymes used in subsequent procedures. This is not a
trivial matter and requires extensive experience. Frostegård et al. [152] examined several approaches
to improve the extraction, purification, and quantification of DNA derived from as large a portion
of the soil microbial community as possible. Lysis was carried out by grinding, sonication, thermal
shocks, and chemical treatments of the soil. Grinding increased the DNA yield compared with the
yield obtained without any lysis treatment, but none of the subsequent treatments clearly increased
the DNA yield. Griffiths et al. [153] described a method for the extraction of total nucleic acids
from soil, i.e., DNA and RNA. Of great importance is that prior to nucleic acid extraction all
solutions and glassware are rendered RNase free and only certified RNase- and DNase-free plasticware are used. Griffiths et al. [153] extracted nucleic acids from a sample of 0.5 g (fresh weight)
soil involving a bead beating procedure. The extracted DNA is subjected to PCR amplification
using “universal” primers or primers designed to amplify rRNA genes from a particular group of
organisms. The PCR product can then either be cloned or analyzed or the DNA fragment is resolved
electrophoretically. For the latter approach, a large number of techniques are available. Relevant
to rhizosphere studies are techniques, such as ribosomal intergenic spacer analysis (RISA)
[154,155], denaturing gradient gel electrophoresis (DGGE) [136,139,156–159], temperature gradient gel electrophoresis (TGGE) [160–162], single strand conformation polymorphism (SSCP)
[163,164], internal transcribed spacer–restriction fragment length polymorphism (ITS-RFLP)
[165–167], random amplified polymorphic DNA (RAPD) [168,169], amplified ribosomal DNA
restriction analysis (ARDRA) [170–172], and Terminal Restriction Fragment Length Polymorphism
(T-RFLP) [173–175]. Differences in electrophoretic profiles between samples reflect differences in
community composition and abundance of individual microbial populations in a community [176].
Although the fingerprint obtained from an environmental sample does not reveal the taxonomic
composition of a microbial community, phylogenetic information about particular community
members may be obtained by isolation and sequence analysis of bands of interest.
Community analyses based on PCR have a number of steps that may introduce biases [176].
Cell structure varies among taxonomic groups with some microbes being more easily disrupted
than others in the extraction process. In addition, the copy number of rRNA genes present within
the genomes of different organisms can vary significantly. When analyzing known specific species
this can be taken into account, but when analyzing a highly diverse community from soil, this is
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inherently a major drawback for quantitative analyses. Environmental variables may affect DNA
extraction and PCR. Inhibition of PCR by environmental compounds has been reviewed by Wilson
et al. [177]. Methods for sample collection and DNA extraction must take into account such factors
as coextraction of humic substances from soil and low bacterial cell density in some environments,
and at the same time optimize lysis of structurally different cells. Niemi et al. [178] demonstrated
that soil bacterial community profiles differed depending on the DNA extraction and purification
method utilized. Methods that include mechanical lysis using a bead beater were found to yield
the most consistent results.
In fact, the implication of these biases and limitations is that quantitative analyses should be
considered with great care. Yet, in recent years, quantitative PCR (qPCR, also referred to as realtime PCR) has emerged as a promising tool for studying soil microbial communities [179]. qPCR
is based on the real-time detection of a reporter molecule whose fluorescence increases as PCR
product accumulates during each amplification cycle. Fierer et al. [179] described a qPCR-based
approach to assessing soil microbial community structure and to quantify the abundances of the
dominant groups of bacteria and fungi found in the soil environment.
As mentioned before, these PCR-based community analyses are at most times using the
ribosomal RNA operon, typically the 16S rRNA gene (for bacteria) and 18S (for fungi). Another
RNA-based marker used to design specific primer sets for Paenibacillus is rpoB, the RNA polymerase beta subunit [180]. Other marker genes have been suggested as well. When specific traits
or functional characteristics are under investigation, phylogenetic markers, other than the rRNA
genes, can be used to characterize microbial communities. For soil microorganisms, functions
associated with nitrogen metabolism have been widely used for community analysis. The phylogenetic markers used in these studies include a structural nitrogenase gene (nifH) [181–183]. When
a particular function is restricted to specific bacterial taxa, 16S rRNA sequence may be used to
differentiate these community members. For instance, this approach has been used to study
autotrophic ammonia oxidizers in a variety of environments [184].
It will not be possible to describe the wide variety of PCR-based techniques in detail. Excellent
reviews have been published for instance by Head et al. [151], Kent and Triplett [176], Singh et al.
[185], Kowalchuk et al. [116], Van Elsas et al. [186], and Nannipieri and Smalla [187]. Here, we
will only briefly deal with some recent developments in the DGGE methodology that probably has
been used most frequently in recent studies on the dynamics of microbial populations in the
rhizosphere [136,158,159,188–191]. DGGE was originally developed as a technique for the detection of single point mutations in a variety of genes in particular for medical purposes [192–194].
Muyzer et al. [195] adapted the method for the detection of bacteria in environmental samples.
The latter adapted techniques including the separation of PCR-amplified DNA fragments on the
basis of their base composition. For reasons mentioned before, SSU (16S and 18S) rDNA fragments
were the main target for the DGGE analysis, although other DNA-based markers have been used,
such as the ITS for the detection of fungal species, structural genes for key enzymes involved in
N2 fixation [183], 2,4-diacetylphloroglucinol (DAPG) production [196], and chitinases [197]. As
the PCR product migrates through a gel containing a chemical gradient of a denaturing compound,
such as formamide or urea, the two DNA strands begin to melt at the denaturant concentration
specific for the DNA composition. Thus, PCR products with slightly different base compositions
melt at different locations within the gel. The position and number of each band on a gel reflects
the sequence diversity within the PCR product and ideally represents specific microbial species.
The PCR-DGGE analysis of soil samples with bacterial PCR primers thus yields bacterial community profiles that may represent numerically the dominant members of the bacterial populations
[160]. However, there are several problems that conceptually restrict the use or interpretation of
PCR-DGGE of soil DNA [198]. These problems are partially related to the biases inherent to the
use of DNA or RNA extractions from soil and to the use of PCR as mentioned before, and partially
they are specific for the DGGE method. For instance, single bacterial types might produce more
than one band in the DGGE profiles due to the presence of several copies of the 16S rRNA gene
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with slightly differing sequences [199], or, conversely, bands at similar positions may originate
from different sequences with similar melting behavior.
Yet, over the years, strong evidence has been provided that microbial DGGE analysis of PCR
amplified soil and rhizosphere DNA constitutes a reproducible and robust strategy for the assessment
of the diversity of microbial communities with an emphasis on numerically dominant types. We
have to realize that the detection limits for specific microbial groups are fairly high, and that
minority groups are easily missed by the strategy based on total bacterial and fungal primers that
targets whole microbial communities. To assess the prevalence and diversity of such minority
groups, the use of group-specific primers is a prerequisite. Therefore, a variety of primer sets for
specific microbial groups, including rhizosphere relevant groups, have been developed and tested
for many different environments. These include primer sets for Pseudomonas [e.g., 200,201]
antibiotic-producing Pseudomonas spp. [196], Bacillus spp. [202], actinomycetes [203], Burkholderia spp. [204], N2-fixing bacteria [183], total fungi [158,161], Gigasporaceae [205], wood inhabiting fungi [206], Glomus spp. [207], and Paenibacillus spp. [180,208].
DGGE has also been applied in combination with other approaches. One of the most
interesting, recently developed combinations is that of DGGE and stable isotope probing (SIP),
which will be dealt with later in this chapter. The technique has been used to analyze the culturable
fraction of rhizosphere samples, either after isolation on agar plates or in Biolog or related plates.
Lin et al. [209] applied CLPP based on the use of Biolog GN plates to detect the effects of a
genetically modified bacterial inoculant on microbial communities associated with rice seedlings.
The potential for utilization of substrates of the Biolog system by these communities remained
largely unchanged after the inoculation of the genetically modified bacterium [210]. However,
significant differences in the utilization of selected substrates were observed between the control
and inoculated soils, as evidenced by the application of PCR-DGGE to the bacterial communities
inhabiting selected wells of the Biolog plates. Duineveld et al. [188] compared DGGE patterns
obtained from DNA extracted directly from rhizosphere soil with that obtained after extraction
of DNA from microbial colonies from agar plates. The DGGE patterns of the DNA of both
sources differed significantly.
Duineveld et al. [136] used PCR and reverse transcriptase (RT) PCR to amplify 16S/rDNA
and 16S rRNA, respectively, and the products were subjected to DGGE. Prominent DGGE bands
were excised and sequenced to gain insight into the identities of the total PCR and active RTPCR bacterial populations present. DGGE analysis of RT-PCR products detected a subset of
bands visible in the rDNA-based analysis, indicating that some dominantly detected bacterial
populations did not have high levels of metabolic activity. The sequences detected by the RTPCR approach were however derived from a wide taxonomic range, suggesting that activity in
the rhizosphere was not determined at broad taxonomic levels but rather was a strain- or speciesspecific phenomenon. This approach by analyzing RNA extracts from soil and rhizosphere was
also applied in other studies to detect the active fraction of the microbial community [136,190].
The use of rRNA as a marker for the active microbial fraction, as presumed in these studies,
should be considered with great care as the correlation between the rRNA content of a cell and
its physiological state is rather weak, and the ribosomal copies per species in a community
differs considerably.
2. Other Biomarkers
Ergosterol is a predominant sterol limited to the true fungi [211], and it is possible to use measurements of ergosterol content as an indicator of fungal biomass [212–214] in soil. The content
of ergosterol in fungal membranes is species-dependent and can also vary with physiological state.
Factors such as age, developmental stage, and general growth conditions can all cause variations
in ergosterol levels. Joergensen [215] determined fungal and microbial biomass by ergosterol and
fumigation–extraction, respectively, in bulk grassland soil, rhizosphere, and root material, to quantify
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the contribution of these three microbial fractions into the total soil microbial biomass and to soil
organic matter. About 75% of the total ergosterol was found in the bulk soil fraction, 11% in the
rhizosphere, and 14% in the root material. Klamer et al. [168] assessed changes in relative fungal
biomass in the soil and root fractions of a scrub oak forest soil due to elevated atmospheric CO2
by the ergosterol technique. In the bulk soil and root fractions, a significantly increased level of
ergosterol was detected in the elevated CO2 treatments relative to ambient controls. They combined
the fungal biomass measurement by ergosterol with community composition analysis using T-RFLP
analysis of the ITS region.
Volatile fungal metabolites can also be used as indicators of fungal growth in samples, such
as stored cereals and wheat. Metabolites such as 3-octanone, l-octen-3-ol, and 3-methyl-l-butanol,
3-methylfuran, or total concentrations of a group of compounds, such as carbonyl compounds, have
been used for this purpose [216–219]. In general, the production of a volatile metabolite that is to
be used as a biomarker must not change with substrate type or level — an essential feature that
needs to be addressed in such studies. The metabolite l-octen-3-01 is produced during the breakdown
of lipids; its quantity can vary and is dependent on the lipid content of the substrate [219]. This
limits its use as a biomarker of biomass.
A group of chemicals especially useful as biomarkers are fatty acids. These have been of great
value in determining bacterial phylogeny and also provide a useful set of features for characterizing
strains [220]. Specific fatty acids, especially phospholipids, which are the major constituents of the
membranes of all living cells (with the exception of archaea), have the following useful properties:
(1) they are degraded rapidly following cell death, (2) they are not found in storage lipids or in
anthropogenic contaminants, and (3) they usually have a comparatively rapid turnover [221].
Bacteria also contain phospholipids as a relatively constant proportion of their biomass. This makes
the analysis of the phospholipid fraction of mixed communities a useful measure of the viable
cellular biomass and complementary to other traditional methods such as enzyme profile, muramic
acid levels, and total adenosine triphosphate (ATP) [222]. Lipid markers can be recovered from
isolates and environmental samples by a single-phase chloroform–methanol extraction, fractionation
of the lipids on columns containing silicic acid, and derivatization prior to analysis by capillary
GC-MS.
Quantitative estimates of microbial and community structure by means of analysis of the
phospholipid fraction have been performed on soil and rhizosphere [70,223–228]. The method is
applicable to the study of mixed populations of varying degrees of complexity and is relatively
straightforward to perform. Changes in the environment that result in an alteration in the physiology
of a microorganism can sometimes be detected in differences in the lipid profile. This factor is
often mentioned when using fatty acid profiles for identification purposes, where growth conditions
must be kept constant. However, these changes may be exploited to determine the metabolic status
of an organism and the environmental conditions it encounters [229]. Changes in fatty acid composition of phospholipids have been observed as bacteria enter a nonculturable but viable condition
[230], where cells are unable to grow on laboratory media but are able to take up vital stains. This
may be linked with a survival strategy where alterations are occurring to a cell to ensure the efficient
uptake of nutrients or for strengthening the membrane.

C. ANALYSIS

OF

MICROBIAL RESPONSES

TO

CARBON FLOW

In 1998, Boschker et al. [231] published a paper in which they proposed a method to link directly
microbial populations to specific biochemical processes by 13C labeling of PLFA biomarkers. They
applied this approach in aquatic sediments and were able to identify the bacteria involved in sulfate
reduction coupled to acetate oxidation and methane oxidation. Their results demonstrated the power
of this new approach, of which the authors stated that it “could potentially provide a wealth of
information on many of the natural microbial populations involved in the main biogeochemical
cycles. In principle, all processes that involve the biological consumption and incorporation of
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carbon by organisms could be studied using label additions, including autotrophic as well as
heterotrophic processes. As shown in this study, 13C-labeling greatly extends the use of PLFA
analysis in natural environments. As the full spectrum of the labeled PLFA can be used, researchers
are no longer restricted to studying specific biomarkers that are only found in a limited number of
genera. By directly linking activity with identity, this approach can greatly extend our knowledge
about how the huge diversity of the microbial world relates to microbial processes in nature.” Since
then a large number of studies have been published in which a combined measurement of biomarkers
and isotopes, in particular the stable isotope 13C, was used to trace the fate of C substrates in
microbial communities from an array of environments, including the rhizosphere; these approaches
are commonly referred to as stable isotope probing (SIP). Butler et al. [70] used a 13C pulse-chase
labeling procedure to examine the incorporation of rhizodeposition into individual PLFAs in the
bulk and rhizosphere soils of greenhouse-grown annual ryegrass. Treonis et al. [232] combined
microbial community PLFA analyses with an in situ stable isotope 13CO2 labeling approach to
identify microbial groups actively involved in assimilation of root-derived C in limed grassland
soils. They concluded that: “13C stable isotope pulse-labeling technique paired with analyses of
PLFA microbial biomarkers shows promise for in situ investigations of microbial function in soils.”
Pelz et al. [228] determined the flow of new and native plant-derived C in the rhizosphere of an
agricultural field during one growing season. They used the natural differences in δ13C abundances
of different carbon sources as tracer and measured total amounts and δ13C values of a number of
relevant C fractions, including PLFA. The δ13C values of the dominant soil PLFA showed wide
ranges, suggesting that the microbial community utilized different pools as C sources during the
season, and they concluded that the δ13C values of PLFA, therefore, enabled the analysis of the
metabolically active populations.
Analogous to the aforementioned approaches of combining stable isotopes labeling with biomarker measurement, Radajewski et al. [233] showed that 13C-DNA, produced during the growth of
specific microbial groups on a 13C-enriched carbon source, can be resolved from 12C-DNA by
density gradient centrifugation. DNA isolated from the target group of microorganisms can be
characterized taxonomically and functionally by gene probing and sequence analysis. They applied
this methodology to investigate methanol-utilizing microorganisms in soil and demonstrated the
involvement of members of two phylogenetically distinct groups of eubacteria. The ability to isolate
an entire copy of the genome of microorganisms involved in the metabolism of a substrate makes
SIP unique and provides advantages over other methods when attempting to link metabolic activity
with taxonomic identity. Another valuable feature of SIP is that it enables genes involved in a
particular function to be identified. The SIP approach has potential limitations, especially in relation
to its sensitivity. Perhaps the single most important factor that might affect the identification of the
target microorganisms is the dilution of a labeled substrate before its assimilation and incorporation.
In the case of carbon, simultaneous growth on an unlabeled (12C) substrate will dilute the proportion
of 13C that is incorporated into DNA. The same holds, to even a much larger extent, for the use of
13C-labeled CO when assessing the incorporation of root-derived compounds into the microbial
2
community of the rhizosphere. Such dilution will reduce the proportion of DNA that becomes
isotopically labeled, making it less easy to target those microorganisms that are primary users of
a substrate. Another important factor is the fate of the isotope, as 13C-labeled intermediates may
be assimilated by other, nonprimary organisms. Production of the corresponding 12C-labeled compounds and trophic interactions would, however, dilute these modified substrates in a complex
environment such as soil. With further development of SIP, it is estimated that as little as 20%
incorporation of a 13C-labeled substrate into DNA will be sufficient to resolve 13C-DNA from 12CDNA [217]. In future other isotopes might be used in SIP as well, including 15N and 2H.
SIP has been applied to trace 13C-labeled plant photosynthate into phylogenetic groups of
microbial taxa in the rhizosphere, permitting an examination of the link between soil microbial
diversity and carbon flow in situ. Ostle et al. [234] used 13C-CO2 tracer to measure the incorporation
of recently assimilated plant C into soil microbial RNA and DNA pools as a means to determine

3855_C013.fm Page 388 Monday, April 9, 2007 4:17 PM

388

The Rhizosphere: Biochemistry and Organic Substances at the Soil–Plant Interface

the turnover of the “active” rhizosphere community. This also required the development of a method
for the extraction, purification, and preparation of small samples of soil DNA and RNA (<5 µg C)
for isotope analysis. They used the method of Griffiths et al. [153] for extraction of DNA and RNA
and included an extra purification step in order to quantify the 13C signal in pure DNA and RNA.
Results showed that both soil DNA and RNA rapidly incorporated recent photosynthate, with most
13C found in the “active” microbial RNA fraction reflecting higher rates of microbial RNA turnover.
Following this first approach to apply the SIP methodology to assess carbon flow from plants into
the microbial community, Griffiths et al. [235] tested the feasibility of SIP to detect functional
differences in microbial communities, utilizing recently fixed plant photosynthate in moisture
perturbed grassland turfs. One of the main goals of this study was to find out, whether or not 13C
deposited in soil from pulse-labeled plants can be used to identify microbes utilizing plant exudates.
Measurements of pulse-derived 13C incorporated into soil RNA over 2 months showed that, at
maximum, isotopic values represented only a 0.1 to 0.2 13C atom percentage increase over natural
abundance levels and were found to be insufficient for the application of RNA-SIP. These findings
reveal that in this experimental system the microbial uptake of labeled carbon from plant exudates
is low, and that the methodology requires further optimization for application of SIP to natural
plant–soil systems. This was partly achieved by a study to determine the effect of liming on the
structure of the microbial community in the rhizosphere involved in the utilization of root exudates
[72]. Here 13C-CO2 pulse labeling was applied followed by RNA-SIP. Prior to the 13C-CO2 pulse
labeling, 13C-labeled Pseudomonas fluorescens were inoculated in soil to assess the detection limit
of detection by SIP. It appeared that the limit is between 105 and 106 cells per gram of soil. After
extraction, the 12C and 13C RNA were separated by density gradient, isopycnic ultracentrifugation
[236]. After centrifugation, the contents of the centrifugation tubes were fractionated into 12
fractions and the δ-13C values were determined. Two distinct groups of fractions could be isolated
from the tubes, containing 13C and 12C labeled RNA. The RNA of each of the fractions were
analyzed by DGGE after reversed transcription applying primer sets for bacterial sequences,
archaea, and fungi, and using a nested PCR approach targeting all three microbial groups. The
more successful analysis in comparison, the work of Griffiths et al. [235] was considered to be due
to minor modifications improving the separation efficiency. For example, ultracentrifugation was
carried out with a vertical rotor, considered most efficient for isopycnic separation and RT-PCR
amplification targeting large amplicons, followed by nested amplification using primers yielding
shorter sequences that may have improved DGGE analysis. Further improvements in separation
efficiency would, however, be valuable. Sensitivity could also be improved for investigation of
utilization of root exudates by addition of 13C compounds directly to soil, but this will eliminate
effects of spatial interactions between plant roots and the rhizosphere microbial community that
are critical in competition for C flux from plants to soil.
A significant strength of the SIP technique is that the 13C-enriched DNA will contain the entire
genome of each functionally active microbe of the community. Cloning large fragments of the
labeled DNA using bacterial artificial chromosome (BAC) vectors may facilitate genome-level
analysis of uncultivated microbes that can be associated with specific metabolic and ecological
functions (see following text).
Another combined technology that holds great promise for detailed studies of the response of
microbial populations to the flow of carbon from roots is the combination of fluorescent in situ
hybridization (FISH) technology coupled with 14C microautoradiography. FISH allows the phylogenetic identification of bacteria in natural environments using fluorescent-group-specific phylogenetic
probes (targeting rRNA) and fluorescence microscopy [185]. Combining FISH with microautoradiography, after application of radioactive tracers and their uptake by individual cells, can be used to
detect and quantify the active population utilizing a specific substrate. The combination of FISHmicroautoradiography has been used successfully in several studies, such as in substrate utilization
by Proteobacteria present in an activated sludge system [237,238] and in various natural environments
[239,240]. Conceptually, this method could be used to study plant–microbial interactions, with a few
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modifications. Pulse labeling of plants with 14CO2, followed by FISH-microautoradiography analyses
of the rhizospheric soil could reveal the identity of bacteria utilizing the root released 14C labeled
compounds. The functional role of root-exudate-utilizing bacteria could be assigned by using probes
designed to target functional genes. The major pitfall with this technique is the specificity of the
applied probe. Only the particular organism or the group of organisms, for which the probe was
designed, would be revealed when they utilized the tracer. Thus, it would not identify all organisms
that have utilized root exudates. Furthermore, it is a time-consuming and labor-intensive technique.
Technological aspects of FISH have been discussed recently [241].

VI. FINAL REMARKS AND THE FUTURE GENOMICS OUTLOOK
At present, we cannot explain plant–microbe interactions in the rhizosphere with sufficient confidence as to the specificity of these interactions and the detailed mechanisms involved. Therefore,
we are not yet able to make sufficiently accurate predictions of the impact of changes in the
environment, such as those caused by global change on these interactions, and so, on the key
ecosystem functions resulting from the interactions. The main constraints for the improvement of
our knowledge remain the insufficient methodology, in spite of the great progress made in the last
two decades. No single method will elucidate all interactions, but a combination of new physicochemical and molecular techniques and genomics can answer some specific questions. For example,
following the combination of FISH and microautoradiography, or SIP and DGGE, the combined
use of isotope microarrays that are not only able to detect more microbes and a better expression
of genes in an ecosystem than ever before and SIP will be one of the most exciting developments
in rhizosphere research for the near future. The use of SIP in combination with microarrays will
allow identification of microbes utilizing plant C exudates and estimations of the levels of expression
of bacterial genes in the rhizosphere in an unprecedented way. Another combination of SIP with
metagenomic approaches using BAC libraries will help to determine structure–function relationships of rhizosphere microorganisms. Metagenomics using libraries of BAC clones provides cultureindependent genomic analysis of microbial communities [242]. In essence, DNA extracted from
samples can be archived in a BAC library. BAC vectors can be used to propagate very large DNA
fragments (around 100 kb), which would otherwise be unstable [243]. Because of these large DNA
fragments in BAC clone libraries, the chances of finding phylogenetic and functional markers in
the same clone are considerably greater than with standard cloning vectors, especially when the
16S rRNA gene might be located close to the functional gene [244]. However, even when phylogenetic and functional markers are detectable on the same clone, only a minor part (i.e., 1 to 1.5%
= average BAC fragment of 40 kb of an average genome size of a bacterium of 4 to 6 Mb) of the
functions of the identified organism can be determined. Therefore, at present, metagenomic
approaches are suitable to mining ecosystems for unknown genes [245], but they do not allow for
analyses of overall microbial functioning.
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I. INTRODUCTION
The fundamental role of horizontal gene flow in bacterial adaptation and evolution has been supported
by the complete genome sequence analysis of more than 200 bacteria. Bioinformatics tools are able
to identify recently acquired genes and detect the mosaic patterns of some bacterial genes such as
those encoding heavy metal or antibiotic resistance, pathogenic traits, etc. These in silico data strongly
suggest that bacterial genomes result, in part, from an incorporation of DNA originating from close
bacterial species and also from organisms belonging to phylogenetically remote taxa [1–10].
Various mechanisms are involved in DNA transfer among bacteria including transduction,
natural transformation, and conjugation [1,11–13]. In addition, DNA exchange was also reported
to be mediated by phage-like structures [14], protoplast fusion [15], and transposition [16–18]. Up
to thousands of kilobases can be transferred between two bacterial cells in a single transfer event,
but the amount of transferred DNA varies over a wide range depending on the transfer mechanism
involved. Conjugation is considered to be the most efficient mechanism by transferring the largest
amount of DNA [19,20].
Numerous studies have examined the translocation of DNA across bacterial membranes and
determined the fate of the incoming DNA in the bacterial cytoplasm [13,21,22]. Circular plasmids
can be maintained if they are able to replicate autonomously in the new host. The fate of chromosomal or plasmidic linear DNA depends on the bacterial host genetic recombination systems, which
select between integration of new DNA in the bacterial genome and its degradation [13,22]. Studies
have been carried out to determine the recombination potential expressed by bacteria and the
possible involvement of gene transfer and recombination as an evolutionary force [4,10,22–24].
However, the actual role of horizontal gene transfer cannot be evaluated without considering the
different biotic and abiotic parameters of the various environments in which bacteria develop and
how they regulate gene flow between bacteria. In complex and heterogeneous environments, such
as soil, favorable conditions for gene transfer include those for bacterial growth and cell contact
and also for DNA, phage persistence, and integrity. Based on these criteria, the rhizosphere (soil
surrounding plant roots), spermosphere (soil surrounding germinated seeds), and the “residuesphere” (interface between decaying plant material and soil matrix) were identified as possible hotspots for gene transfer [25–30]. Microcosms and open environment-based experiments have been
developed to determine which environmental factors control the occurrence of transduction, natural
transformation and conjugation-mediated gene transfer in these soil-related environments and the
potential impact on soil microbial community and ecosystems [23,31–36]. Most of these studies
concentrate on only one mechanism, usually, conjugation and natural transformation but rarely
consider the three mechanisms of gene transfer at the same time in the same soil environment.
In this chapter, the three main mechanisms involved in gene acquisition by bacteria will be
presented. The specific purpose is to demonstrate how environmental parameters and bacteria themselves are involved in gene flow regulation between bacteria and other organisms. This review helps
to evaluate whether the rhizosphere, the nutrient-rich ecosystem between plant roots and the soil,
can be considered as a specific hot-spot for intra and interspecies and interkingdom gene transfer.

II. TRANSDUCTION: GENE TRANSFER FROM PHAGES
TO BACTERIA IN THE RHIZOSPHERE
A. TRANSDUCTION

IN

BACTERIA

AND

REGULATION

Over the past two decades, the potential for bacterial gene exchange in natural environments through
transduction (bacteriophage-mediated gene transfer) has been established [37–40]. Studies have
demonstrated that both chromosomal and plasmid DNA can be successfully transduced in natural
environments that support bacterial multiplication in soil [39], fresh water [37,41], sewage,
activated-sludge [42,43] and plant leaf surfaces [44]. Moreover, the current phage-sequencing
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initiatives are improving our understanding of the complex evolution and ecology of phages [45–48].
The bacteriophages are able to infect almost all (if not all) bacteria tested to date, and have the
ability to mediate bacterial gene transfer in various environments. Transduction has been observed
with a wide range of bacteria, such as Escherichia coli [49,50], Erwinia [51], Pseudomonas [44,52],
Rhizobium [53], Bacillus [54,55], and Streptomyces [56]. Although the host spectrum of certain
bacteriophages is restricted to only one bacterial species (sensitivity group of a bacteriophage) due
to a high specificity to the bacterial surface receptors, the transfer of genetic material via transduction
could also be detected between bacteria of the same species and the same genus [12,57,58].
Bacteriophages can carry large bacterial DNA and survive under adverse conditions that eliminate bacterial populations. Important bacterial DNA, such as virulence factors, can be preserved
in bacteriophages until a host for lysogenic conversion is reintroduced into the environmental
niche. Bacteriophages can also spread DNA directly to an entire bacterial population, eliminating
the need for clonal expansion of a specific population. Thus, bacteriophages are involved in the
evolution of bacterial pathogens and consequently in pathogen–host interactions by providing
mechanisms to counteract the host barriers [38,59,60]. The dynamic interactions of viruses with
their hosts may contribute significantly to the genetic diversity and composition of microbial
populations [1]. However, in most transduction studies, bacteriophages are considered only as
molecular cloning tools for a better understanding bacterial genetics [61].
1. Multiplication Cycle of Bacteriophages
The survival of bacteriophages depends on the presence of compatible bacterial hosts. A highly
specific interaction is established between the fixation sites carried by the phage and the sites on
the recipient bacterial envelope. The bacteriophage DNA is then injected inside the bacterium where
it will be replicated by the cellular machinery of the bacterium. The phage genes express viral
proteins and then the assembly of new viral particles takes place. The mature viruses are released
into the environment after bacterial lysis, and can infect other bacteria. Two types of phages are
distinguished according to their multiplication cycle. The multiplication cycle of the virulent phages
leads to the production of new phages immediately after the infection of the bacterial cell and to
their release in the medium after the lysis of the bacterium. The DNA of the temperate phages (or
lysogens) such as the lambda phage can determine the immediate production of new phages (similar
to virulent phages) or to enter in a repressed state in which a single copy of the DNA (or prophage)
will be replicated as part of the bacterial genome. Later, the prophage will be able to produce
phages by the phenomenon of spontaneous induction.
2. Types of Transduction
During the development of a phage, errors can occur and lead to the distinction of two types of
transduction. The nature of the transferred DNA will depend on these modes of transduction:
•

•

The generalized transduction involves moderate phages and certain virulent phages.
During the lytic process, the phages synthesize an endonuclease that partially degrades
the bacterial genome. Bacterial chromosomal or plasmidic DNA fragments could be
randomly encapsulated with the DNA of the bacteriophage. Bacterial lysis will lead to
a mixture of virulent phages and transducers phages that could be adsorbed into a new
recipient bacterium. The survival of the transduced DNA is dependent on its integration
by recombination into the genome of the recipient bacteria.
The specialized or restricted transduction is rare and characteristic of temperate phages. The
errors occur when the prophage is excised from the bacterial chromosome. Specialized transduction results from an illegitimate recombination between sequences nonhomologous to the
phage and bacterial DNA located in the immediate vicinity of the integration site of the
prophage [32]. The quantity of bacterial DNA that can be encapsulated would be very limited.
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AND

ABIOTIC RHIZOSPHERIC FACTORS AFFECTING TRANSDUCTION

Currently, the importance of the gene transfer by transduction in the soil environments cannot be
evaluated due to the lack of data. However, some in vitro and in situ studies identified several
environmental conditions that can affect transduction efficiency by acting on the persistence of
bacteriophages in soil, bacterial hosts densities, and phage–bacterial cells interactions.
1. Persistence of Phages and Bacterial Hosts in Soil
Bacterial gene transfer by transduction under natural conditions is modulated by many biotic
parameters, such as the density and the physiological state of the bacterial hosts, the adsorption
of the bacteriophage on the bacterial cell surface, its multiplication, and its propagation. To
survive, the bacteriophage must infect bacteria and use the metabolic and cellular machinery of
its host for its multiplication and propagation in the environment [62]. However, natural habitats
are often oligotrophic and the energy resources undergo important variations. Bacteria are
generally found in a starvation state that limits metabolism and bacterial multiplication. When
nutrients are scarce, the replication of phages inside the host cell is modified, the latent periods
are longer, and the virulence of the lytic phages is reduced [63]. However, results from Schrader
et al. [64] indicate that starvation does not protect bacterial hosts from bacteriophage infection
and suggest that bacteriophages would be responsible for significant bacterial mortality under
most natural ecosystems. Consequently, the addition of nutrients to soil has been studied with
the objectives to analyze their influence on transduction efficiency [50]. Addition of phages,
recipient bacteria, and a rich medium into a sterile soil leads to an increase in the number of
recipient cells and of transductants by three to four orders of magnitude. Results have also shown
that, when the phages and the bacterial hosts are inoculated in the presence of salt water, the
increase is more progressive, but the percentage of transductants in the bacterial recipient
population is the same in both sterile and nonsterile soil microcosms. Zeph et al. [50] conclude
that the addition of nutrients in nonsterile soil increases the densities of phages and bacteria, but
does not affect the transduction efficiency. According to results from Reanney and Marsch [65],
propagation of the phages in the environment is directly related to bacterial cellular density and
the frequencies of transduction will be higher with a massive bacterial colonization [44]. Wiggins
and Alexander [66] showed that the bacteriophages did not affect number and activity of the
bacteria in the environment, when the density of bacterial population is lower than a threshold
of approximately of 104 CFU/g in natural ecosystems. However, according to results from
Ashelford et al. [39], predation of bacteria by viruses will be an important factor in controlling
and stimulating the growth of bacterial populations in soil. Their results also support the importance of bacteriophages for mediating gene transfer in soil [39]. Transduction may affect the
course of bacterial evolution by maintaining genetic material in bacterial gene pools that would
otherwise be lost due to negative fitness [67].
2. Bacteria and Phage Physiological State and Interactions
Abiotic parameters such as temperature, pH, moisture, and the presence of surfaces and their
chemistry can affect the physiological state of recipient bacterial cells and bacteriophages. For
example, variations in temperature affect the metabolism of bacteria and can also modify the phage
attachment to their bacterial hosts [68]. Variations in water content, cations, and pH can also
influence the adsorption of the phages on particles or surfaces in the environment, and thus, modify
the phage–bacterial host interaction [35]. Soil properties, especially the presence of clay (such as
montmorillonite and kaolinite) can also favor the persistence of bacteriophages, the interaction
between bacteriophages and bacteria, and thus, can enhance transduction [54,69]. Phage adsorption
on clay is due to electrostatic interactions and is dependent on presence of cations such as calcium
or magnesium [54,69,70]. Moreover, results from Hurst et al. [71] and Gerba et al. [70] suggest
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that bacteriophages persistence in the soil is strongly related to the presence of cations (e.g., Al3+)
that bridge between clay negative charges and viruses. However, phage adsorption is not correlated
to the cation exchange capacity of the clays [54].
The adsorption of phages on clay would protect the viral genome against the attack of soil
proteases and nucleases, other soil degrading factors, or even against UV [54,55,69,72]. However,
under certain conditions, the protective role of clay is denied — soil desiccation produces a quicker
decrease of virus survival in clay soil than in sandy soils. The remaining water will be tightly bound
to clay particles decreasing biological activities [73]. Results from Vettori et al. [55] have shown
that survival of the phage was increased by adsorption on clays and that the adsorbed phage
maintained its ability to transduce bacterial cells for at least 30 days after the preparation of the
clay–phage complex. Moreover, transduction by the clay–phage complex was primarily the result
of the phages detaching from the clays in the presence of host cells [54]. Both physical separation
and reduced mobility potentially inhibit genetic interactions between phage and bacteria, and thus,
would be responsible for the low transduction frequencies observed in soil [37], as compared to
aquatic environments.

C. METHODS

AND

PREDICTIONS

OF

TRANSDUCTION GENE TRANSFER

IN

SOIL

For years, transduction was not considered as a relevant mechanism for gene transfer in the
environment. The bacteriophage concentration in the natural habitats was estimated to be too low
for frequent contact between viruses and bacteria. However, the use of powerful tools such as
electron and epifluorescence microscopy led to the direct observation of bacteriophages in oceans
[74–76] and freshwater [77], marine sediments [37,76], sewage, and activated sludge [42]. Bacteriophage density up to 108/ml of water was reported in marine environments. This represents a
phage: bacteria ratio of about 10 [39]. In soil, detection by epifluorescence microscopy is difficult
due to the nonspecific interactions between soil fine particles and stains used to detect bacteriophages
[39]. Until recently, the only method to study soil bacteriophages was the plating technique — the
spreading out of a soil suspension against a suspension of indicator bacteria. According to this
technique, the number of plaque forming units (pfu) was in a range from 0 to 4 × 104/g of soil
[52,65]. However, the recent application of transmission electron microscopy (TEM) to soil samples
has provided new data on the average number of phage particles in soil that was up to 1.5 × 107/g,
which is at least 350-fold more than the highest number estimated on Petri dishes [39]. Moreover,
this technique still underestimated the actual bacteriophage concentration that could reach 1.5 × 108/g
of soil, which is equivalent to 4% of the total bacterial population in rhizosphere [39].
These new data on the unexpectedly high bacteriophage concentration led to speculation on
their potential role in soil such as bacterial density control and gene transfer enhancement.
According to the process of viral propagation previously described, bacteriophages could be
considered as efficient vectors for genetic information exchange. However, the level to which transduction occurs in soil remains very difficult to assess in spite of preliminary experiments, which
demonstrate that genes were transferred from one bacterium to another via bacteriophages [62].
Factors modulating transduction efficiency in soil remain unexplored [55,78]. Most studies on
transduction were carried out in soil microcosms seeded with recipient bacteria and bacteriophage
particles as donor DNA or lysogenic cells with antibiotic-resistant genes or other markers to
positively select bacterial transductants [49,50]. Colony hybridization, plasmid or gene DNA restriction analysis, or Southern hybridization could be used to confirm that the gene was actually
transferred from the donor to the recipient bacterium [39]. However, in most studies, transduction
frequency remains below the detection limit leading to new methods to increase the transfer rate,
such as a UV treatment on transducing lysates [37] or engineering the recipient bacteria to favor
homologous recombination with the donor DNA [35].
Transduction was monitored in sterile and nonsterile soil microcosms using an Escherichia
coli–phage P1 transduction system [50]. These experiments concluded that transduction occurred
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in the days following inoculation, without providing the frequency. The detected transductants
resulted either from individual transduction events or from a multiplication of initial recombinant
clones. Results from Germida and Khachatourians [49] confirmed that phage P1 could transduce
E. coli in situ although the reported frequency of 10−6 should be considered cautiously. Transduction
of indigenous soil bacteria was not unequivocally demonstrated [33]. Transduction-mediated gene
transfer was also monitored on plant leaves by using Pseudomonas aeruginosa and its generalized
transducing bacteriophage F116 as a model system [44]. Transfers were detected when donor and
recipient bacteria were inoculated on the same leaf and onto adjacent plants, when contact was
possible through high-density planting.

III. NATURAL TRANSFORMATION: POSSIBLE OCCURRENCE
IN THE RHIZOSPHERE
A. NATURAL TRANSFORMATION

IN

BACTERIA

AND

REGULATION

Natural genetic transformation is defined as the active uptake of extracellular DNA by the specialized
bacteria that develop a physiological state called competence state [20,23,79]. The natural transformation process is regulated by coordinated functions encoded by a set of genes present throughout
the genome of competent bacteria [23,80]. Natural transformation-mediated gene transfer was demonstrated to occur in various environments including soil [23,36,33], plant tissues [81,82], seawater,
and marine sediments [83,84]. A wide range of DNA can be taken up by competent bacteria, including
autonomously replicating plasmid molecules, or chromosomal DNA fragments from bacteria belonging
to the same species or to phylogenetically less related taxa that can be integrated into the host genome
by homologous or illegitimate recombination, respectively [23,84–87].
1. Natural Transformation Determinants
Natural transformation has been studied extensively in some bacterial models. The natural transformation pathway has been defined after most genes were identified and function of the corresponding
proteins characterized [20,88–96]. Competence proteins are involved in four interconnected steps
including competence induction, DNA binding, DNA uptake, and the inheritable integration of the
incoming DNA [20,23,92].
The physiological state of competence is restricted to the naturally transformable bacterial
species and, depending on the bacteria, can be reached during the late exponential growth phase,
the stationary phase, or is constitutive [23,97,98]. Metabolic changes and modifications of cell
surface properties induced during the competence state are often transitory [23,79,98]. Among the
huge soil bacterial diversity only few species have been identified (Table 14.1) to have a genetically
encoded natural transformation machinery to actively take up and incorporate free DNA
[23,32,124]. However, the natural transformable species present in soil encompass a wide range of
taxonomic and trophic bacterial groups including saprophyte bacteria, plant and animal symbionts,
and pathogens [23]. Complete genome sequence analysis [93,125] and experimental studies
[122,126–128] provide insight into the natural transformation potential of most soil bacteria.
Genes encoding homologs of some components of the DNA-uptake machinery have been
detected in completely sequenced genomes of several bacteria. This sequence homology as well
as conservation of the genetic organization over evolutionary time suggests that numerous bacteria
could develop competence and that these genes might have spread among bacteria by horizontal
gene transfer [93,112,129]. However, another hypothesis suggests a change of function, such as in
E. coli, where homologs of these proteins are involved in the uptake of homospecific and heterospecific extracellular DNA as a source of carbon and energy [130]. Moreover, natural transformationmediated gene transfer could also be used for genome evolution of functions such as DNA repair
[79,131–135].
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TABLE 14.1
List of Some Naturally Transformable Bacteria Species Isolated from Soil Environment
Species Present in Soil Environment

Taxonomic Group

References

Photolithotrophic
Synechocystis sp. PCC 6803a

Cyanobacteria

99

Chemolithotrophic
Thiobacillus thiopuransb

b-Proteobacteria

100

γ- Proteobacteria
γ- Proteobacteria
γ- Proteobacteria
γ- Proteobacteria
b- Proteobacteria
Low GC Gram+
High GC Gram+
Deinococcus/Thermus
Deinococcus/Thermus

101
102
103
104, 105
106
107
108, 109
110
80, 111, 112

α- Proteobacteria

113

Archaea

114

ε- Proteobacteria
ε- Proteobacteria
ε- Proteobacteria
γ- Proteobacteria
γ- Proteobacteria

115
116
117–118
119
120, 121

α- Proteobacteria
γ- Proteobacteria
γ- Proteobacteria
Low GC Gram+
Low GC Gram+

122
122
93
93
123

Heterotrophic
Acinetobacter calcoaceticusa
Acinetobacter sp. BD413 (or strain ADP1)
Azotobacter vinelandiib
Pseudomonas stutzeria
Ralstonia solanacearum
Bacillus subtilisa
Mycobacterium smegmatis
Deinococcus radiodurans
Thermus thermophilusa (and Thermus spp.)
Methylotropic
Methylobacterium organophilumb
Archaebacteria
Methanobacterium thermoautotrophicumb
Clinical pathogenic species
Campylobacter jejunia
Campylobacter coli
Helicobacter pyloria
Legionella pneumophilaa (serogroup1)
Moraxella spp.a
Suspected natural transformable bacteria
Agrobacterium tumefaciens
Pseudomonas fluorescens
Escherichia coli
Listeria monocytogenes
Lactococcus lactis

c

a

Competence regime identified and completed by molecular analyses of the natural transformation machinery.
No recent publication about natural transformation of the species considered.
c Competence regime nonidentified, but in silico detection of a natural transformation machinery or in situ evidence
of natural transformation capability.
b

Source: From Mercier, A. et al., in Nucleic Acids and Proteins in Soil (Soil Biology), Vol. 8, Nannipieri, P. and Smalla,
K., Eds., Springer-Verlag, Berlin, 2006, chap. 15. With permission.

2. Natural Transformation Gene Transfer Regulation: The Obstacle Race
of the Penetrating Extracellular DNA
Uptake and incorporation of extracellular DNA by competent bacteria are strongly regulated. In
some bacteria, the first regulation step involves a sequence-based specific binding of the DNA to
the cell wall prior to uptake [136]. The requirement for uptake signal sequences (USS), which are
small motifs overrepresented throughout the genome that bind to DNA receptors contributes to the
specific uptake of DNA from related species [136]. However, natural transformation with heterologous chromosomal DNA was also detected in some pathogenic bacteria that exhibited USS [137].

3855_C014.fm Page 408 Monday, April 9, 2007 4:17 PM

408

The Rhizosphere: Biochemistry and Organic Substances at the Soil–Plant Interface

Moreover, other bacteria such as Bacillus subtilis and Acinetobacter sp. take up DNA from homologous and heterologous sources as efficiently indicating that, apparently, these bacteria do not limit
the incoming DNA flow [23]. DNA is taken up as single strand, so restriction systems that recognize
and cleave double strand DNA would be inefficient with the transforming DNA and would not
limit natural transformation in most competent bacteria. However, recent results mainly with
Pseudomonas stutzeri indicate that the restriction mechanisms could act as a barrier to transformation in some bacteria [138–140].
Inheritable perpetuation of incoming DNA in the host genome requires its integration by
homologous, homeologous, or illegitimate recombination [23]. Production of nonmatching and
mismatches due to the increase in the DNA sequence divergence between donor and recipient DNA
leads successively to the nonactivation of the recombinational RecA protein and elimination of the
DNA by enzymes of the methyl-mismatch repair system (MMR). This MMR system acts as a
strong inhibitor of interspecies recombination, and thus contributes to the maintenance of equilibrium between generation of genetic diversity and an acceptable level of stability and integrity of
the genetic information [22,141–147].
On the other hand, the DNA damage-dependent inducible SOS system, through overproduction
of recombinational proteins, could act as a regulator for increasing recombination during natural
gene transfer [22]. Moreover, illegitimate and homology-facilitated illegitimate recombination
(HFIR), based on presence on one side of extracellular DNA by a short homologous sequence
(anchor), can lead to the integration of heterologous DNA [85,87,148,149]. The homologous
recombination also facilitates plasmid transfer by chromosomal homology [150].

B. BIOTIC AND ABIOTIC RHIZOSPHERIC FACTORS AFFECTING NATURAL
TRANSFORMATION
1. Persistence of Extracellular DNA in Soil
Occurrence of natural transformation in the environment depends on presence of nondegraded and
biologically active extracellular DNA. This DNA is released by living and dead microorganisms and
by senescent or decaying plant and animal material. In soil, natural transformation-mediated gene
transfer was not considered initially as ecologically relevant until it was demonstrated that most of
the DNA released in soil is rapidly degraded, but a significant part of the extracellular DNA escaped
physical, chemical, and enzymatic degradation depending on environmental conditions [23,151–155].
Soil is a large reservoir of nondegraded extracellular DNA containing up to 40 µg of extracellular
DNA per gram [23,156]. Mechanisms of DNA persistence in soil were investigated in different soil
types including silt loam, loamy sand or clay and silty clay soils, under sterile and nonsterile
conditions [151,156,157] and by using pure chromosomal and plasmidic DNA [151,153,158] and
bacterial lysate [159]. Recombinant DNA from genetically modified plants was also used to monitor
the fate of plant DNA under field conditions [160] but also in soil microcosms inoculated with ground
plant material [153], plant leaves [154], decaying plant material [155], and pollen [161].
Persistence and integrity of most extracellular DNA in soil are due to a reversible
adsorption onto soil components including sand particles, clay minerals such as montmorillonite,
illite, kaolinite, and humic compounds [162–164]. Interactions between extracellular DNA and
soil components depend mainly on the size and conformation of chromosomal and plasmidic
DNA rather than on the base composition and presence of blunt or cohesive ends of DNA
fragments [165–168] and on soil parameters such as temperature, pH, concentration, and cation
valence [23,151,169,170]. However, DNA persistence in soil could also be due to an efficient
adsorption of nucleases onto clay particles leading to a physical separation between enzymes
and their DNA substrates [164] as well as to a protection by cell debris to which the released
DNA remains bound [159].
These different factors explain the slow turnover of extracellular DNA in soil, which is confirmed by the PCR detection of DNA sequences after months and even years of incubation in soil
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[153,154,158,162,171,172]. However, a downward movement of the persisting extracellular DNA
have been suggested, probably transported by water-satured soil and groundwater [172,173]. Moreover, the ability of this persisting DNA to transform bacteria remains to be confirmed.
2. Bacterial Competence Development in Soil
Genetic transformation frequency of bacteria in soil is directly related to competence gene expression. The physiological state of bacteria in soil and, consequently, their ability to develop competence is directly related to abiotic parameters such as pH, moisture level, concentration of monoand bivalent cations, nutrient input and biotic parameters, such as bacterial cell density, growth
rate, competence factor concentration, transformation period, competition with indigenous bacterial
communities, and stress [23]. However, among the naturally transformable bacteria identified so
far in soil, few of them have been shown to express competence under natural soil conditions
[174]. Moreover, competence was rapidly lost after inoculation in an oligotrophic soil of an in vitro
prepared competent Acinetobacter sp. BD413 [175]. Competence in this bacterium was found to
be induced only when nutrients were artificially added to soil microcosms. Competence development required a high phosphate level, and natural transformation occurred at a higher frequency
in a silt loam soil than in a loamy sand soil. Competence of Acinetobacter sp. BD413 in soil was
also stimulated by various organic compounds (glucose and the high-P salts) naturally found in
the rhizosphere of crop plants [176].

C. METHODS AND PREDICTIONS OF NATURAL TRANSFORMATION-MEDIATED GENE
TRANSFER IN THE RHIZOSPHERE
1. Methods to Investigate Natural Transformation-Mediated Gene Transfer
in Soil
Detection of significant amounts of extracellular DNA in soil was initially considered as the definite
proof that natural transformation is a mechanism that soil bacteria use to acquire new DNA [23].
However, the firm and experimental demonstration, that the DNA released by indigenous soil
organisms can be used in situ by indigenous bacteria as a source of new genetic information, is
still missing. Various techniques were developed to extract DNA from soil [23]. These methods
are very useful to quantify the amount of extracellular DNA present in soil, to determine its size
and its origin, and even to find new genes. The soil-extracted DNA solution was also used to
transform competent bacteria in vitro to determine the biological potential of this DNA
[155,158,177]. If these genes should originate from bacteria phylogenetically, remote from the
recipient strain, the homologous recombination-mediated integration might fail. Moreover, these
transformation tests with extracted and purified DNA inoculated to in vitro growing bacteria would
not indicate the DNA availability and frequency for bacteria in situ. Even inoculating the competent
bacteria into the soil to capture in situ the indigenous DNA suffers from the bias related to the
different localizations of inoculated and indigenous bacteria and consequently their DNA [178].
Experiments in which DNA is inoculated in soil are also far from the natural conditions in which
DNA is gradually released by decaying biological material. Indigenous and inoculated DNA
colonizes different niches [178]. Finally, one of the most promising approaches to study gene
transfer in soil is the use of genetically modified plants because their DNA that can be easily tracked
even after transformation into bacteria. The specific recombinant DNA of transgenic plants is useful
for monitoring its fate in soil by PCR or molecular hybridization. For example, its persistence (as
extracellular) for months and even years have been demonstrated several times [153,154,158,162,
171,179]. The plant transgene can also be specifically engineered with bacterial DNA sequences
flanking one or several marker genes to improve recombination in a bacterial host genome and
detection of potential recombinant bacteria [180]. Based on this strategy, a marker rescue system
was developed recently by several groups. It combines the presence of the same marker gene in
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donor and recipient organisms with, however a deletion in the recipient DNA. This deletion is
complemented after recombination with the donor DNA [161,181–184]. Finally, the interest of
transgenic plants to address fundamental questions about gene transfer is increased with those in
which the transgene is cloned in the chloroplast genome (transplastomic plants) because the higher
copy number of the transgene increases the transfer potential to bacteria and facilitates transgene
detection [185].
A better understanding of genetic transformation in soil requires considering the bacterial
potential. Analysis of complete genome sequences in which competence genes were detected
demonstrates that the transformability property might be shared by a wider range of bacteria than
initially thought [93,125]. The fundamental role that gene transfer would play in bacterial evolution
and adaptation justifies checking the numerous isolates in worldwide strain collections for natural
transformability [86]. In addition to the in vitro studies in which different transformation protocols
can be tested, transformation tests can also be carried out in soil microcosms, where competence
might develop more easily [122]. New molecular tools have been developed to address these
questions based on the use of broad host range plasmids, containing several marker genes to select
transformants among the bacterial community background and even to detect them in situ (even
those belonging to nonculturable bacteria), when green fluorescent protein (GFP) or other fluorescence genes are used. Conditions for competence development in soil are also to be investigated.
Only a few models including Bacillus subtilis, Acinetobacter sp. and Pseudomonas stutzeri, selected
based on their transformation potential in vitro, have been studied for competence development in
soil [23,83,180]. However, such studies cannot be without considering the spatial heterogeneity of
soil [186,187]. Soil bacteria develop microcolonies in soil and on aggregates and thus might have
the required conditions for competence development locally. However, specific experimental conditions must be developed to consider bacteria in these microniches and their ability to release and
take up extracellular DNA.
Finally, several reports indicate that bacterial transformation including for bacteria that are not
naturally transformable can be chemically or electrically induced in the environment [188,189].
A better understanding of the involvement of gene transfer in bacterial evolution and adaptation
will not be complete without determining to what extent these passive mechanisms contribute to
the uptake of DNA by bacteria.
2. Natural Transformation Gene Transfer in the Rhizosphere
The occurrence of natural transformation by bacteria in the rhizosphere remains only speculative.
The relatively low turnover of extracellular DNA in soil, explained by its adsorption on soil
components [158,162–164,171], supports the existence of a DNA pool for transformation of
bacteria. On the other hand, bacteria spend most of their time in soil in a dormancy state that is
not compatible with competence development [23]. Conjugation between inoculated and indigenous
bacteria was demonstrated in situ [190,191], but not natural transformation of indigenous bacteria.
Competence development is probably the main factor limiting DNA acquisition by soil bacteria.
However, conclusions drawn from bulk soil experiments cannot be extrapolated to what might
occur in the rhizosphere. For example, specific plant exudates detected in the rhizosphere such as
sugars, amino acids, and some organic acids strongly stimulate bacterial growth and were demonstrated to increase natural transformation-mediated gene transfer frequency [176]. With a total direct
count up to 109 bacteria per gram of soil [39], the rhizosphere, a rich nutrient, and organic matter
environment would be less refractory for competence development than the bulk soil. In addition
to other plant-related environments such as the plant tissues colonized by bacterial pathogens
[192,193] and the residuesphere (decaying plant material) [155], the rhizosphere has the theoretical
potential to be a hot-spot for gene transfer including by natural transformation. Moreover, competent
rhizospheric bacteria develop in contact not only with the DNA released by the various bacteria
and fungi but also those released by decaying root cells, thus providing favorable conditions for
intra and interspecies gene transfer and interkingdom exchange when transgenic plants are
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considered (see Section V). However, these tightly bound soil aggregates remain difficult to access
when significant volumes are necessary to detect rare events that might explain the lack of data on
natural transformation in these ecosystems.

IV. CONJUGATION: A CONFIRMED GENE TRANSFER
MECHANISM IN THE RHIZOSPHERE
A. CONJUGATION

IN

BACTERIA

AND

REGULATION

Conjugation is an active and genetically regulated gene transfer process requiring close contact
between bacteria. Complex physiological and genetic interactions lead to the unidirectional transfer
of DNA from donor to recipient bacteria [194]. Some conjugative retrotransfer events are also
described, leading to the capture by the original bacterial host of a conjugative element bringing
DNA (either chromosomal markers or plasmids) from the mating recipient bacterium [195–197].
The genes necessary for conjugation are only present in conjugative plasmids and transposons
[198–200]. These two conjugative elements can involve the mobilization, as well as the cointegrate
formation of chromosomal or plasmid sequences [11]. The widespread occurrence of conjugative
plasmids and transposons has been detected in bacterial populations from various environments
including soil [26], seed surfaces [201,202], crown gall tumors [203], the phytosphere [204],
sediments, biofilms, activated sludge, wastewater [205], marine environment [206], animals ecosystems like insect larvae or porcine feces [207], and human gut [208]. Bacterial donor and recipient
cells may belong to the same species or to different genera or even kingdoms [1,19]. However, the
efficiency of the conjugative transfer is controlled at various levels, mainly by plasmid incompatibility group [209], plasmid-encoded traits, restriction–modification systems [210], DNA divergence and recombinational systems [22]. The persistence of conjugative mobile elements over
evolutionary time has not been completely characterized, but is mainly determined during bacterial
division and by bacterial growth rates [211].
1. Conjugative Plasmids
Conjugation is mainly driven by conjugative plasmids containing gene sequences necessary for
carrying out replication and for their transfer from one bacterial cell to another. Conjugal plasmids
are assigned to incompatibility (inc) groups, which prevent closely related plasmids to coexist
stably in a same bacterium [209]. These conjugative plasmids carry a set of genes (named tra
genes), which encode the functions necessary to establish contact between cells. In proteobacteria,
a pilus allows attachment of the plasmid-containing donor bacterium to another cell (the recipient),
which exhibits a receptor for the pilus. The retraction of the pilus draws together the donor and
the recipient bacteria. Several donor bacteria can extend pili at the same time and thus, converge
together on the recipient bacteria, favoring aggregation of bacterial cells in clusters. Conjugation
in Gram-positive bacteria is slightly different without the initial formation of bridges or pores
between donor and recipient cells. Potential recipient bacteria excrete substances that prompt donor
bacteria to produce proteins able to bring bacteria together. After aggregation, donor and recipient
bacteria form the pores required for the conjugative plasmid transfer.
The conjugative plasmids can facilitate the transfer of nonconjugative transfer origin (oriT)
containing plasmids coexisting in the bacterial donor cell. The mobilization of the IncQ plasmid
RSF1010 by conjugative IncP1 plasmids such as RP4 is one of the best described examples [212].
Finally, a nonconjugative and nonmobilizable plasmid can also be transferred, consecutively by the
fusion and the cointegration in a conjugative plasmid, in presence or not of insertion elements or
transposons that facilitate the fusion. Plasmids are also vectors for chromosomal DNA fragments
that integrate into the conjugative plasmids and are transferred to the recipient cell. After transfer,
plasmids can recircularize and be maintained as autoreplicative elements in the recipient cell, and
also be involved in a recombination process for integration in the recipient host genome.
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These promiscuous plasmids transfer genetic information between unrelated species such as
proteobacteria and Gram-positive bacteria, yeast cells, and plants [213–215]. The nonconjugative
mobilizable IncQ plasmids are often used as mobilizable cloning vectors due to their broad host
range spectrum including most of proteobacteria and several Gram-positive bacteria such as Streptomyces, Mycobacterium, and Synechococccus.
The conjugative transfer of plasmids is the main mechanism responsible for the rapid dissemination of antibiotic resistance genes in unrelated pathogenic bacterial species [216]. However, this
mechanism is also involved in the transfer of xenobiotic catabolic genes such as those involved in
degradation of polychlorinated biphenyl compounds or in the transformation of mercury or other
heavy metals [217–219]. Moreover, many virulence-associated determinants are located on plasmids
and are continually evolving through genetic exchange with other replicons [60].
2. Conjugative Transposons
The second type of conjugation requires the presence of a conjugative transposon [198,199] and
occurs mainly between Gram-positive bacteria. However, the presence of conjugative transposons
has been detected in proteobacteria, for example, in the pathogen Neisseria meningitidis. In this
case, the DNA could penetrate by natural transformation or be transported by a conjugative
plasmid [220].
Conjugative transposons differ from traditional transposons by their capacity to be transferred
by conjugation without causing the doubling of the insertion site within the DNA target [199].
Moreover, conjugative transposons are excised in a DNA circular intermediate form. The conjugative transposon is transferred and integrated from a donor cell to the chromosome of a recipient
bacterium. Nevertheless, the retrotransfer of a conjugative transposon (or plasmid) in the genome
of the original bacterial host is possible [197]. Conjugative transposons may also facilitate plasmid
mobilization and cointegrate formation. All the conjugative transposons described so far exhibit at
least one antibiotic resistance gene, mainly genes conferring resistance to tetracycline, chloramphenicol, and kanamycin [198]. They are involved in the transmission of antibiotic resistance genes
to pathogenic Gram-positive bacteria deprived of plasmids. They are transferred easily among a
broad range of bacterial species [198,221,222]. The contact between bacterial donor and recipient
cells would start the transposon excision in the donor bacterium. Then, the circular form of the
excised transposon is transferred into the bacterial recipient cell and integrated [199].

B. BIOTIC

AND

ABIOTIC FACTORS AFFECTING CONJUGATION

IN THE

RHIZOSPHERE

1. Cell Density and Physiological Status of Bacterial Cells
Biotic and abiotic factors affecting regulation of gene transfer by conjugation have been identified
under in vitro conditions [223]. These results were confirmed in soil microcosms [224], in the
rhizosphere [25,225], on the surface of the roots, and in the phytosphere [202], although in some
cases, conjugation was modulated differently in nature than in the laboratory [201]. Soil is often
described as being more refractory to conjugation-mediated gene transfer than marine environments mainly because of a higher heterogeneity. However, high cell densities can be reached
locally, such as on the surface of roots or in soil microaggregates, thus providing close contact
between bacterial cells.
An active metabolism of donor and recipient bacteria is also required for conjugation, and the
influence of nutrient amendment on conjugation frequency was studied in sterile and nonsterile
soil microcosms [25,26,226,227]. The addition of organic matter to the soil sample significantly
increased conjugative transfer frequency. These studies suggest that conjugation genetic transfers
between bacteria are strongly influenced in the rhizosphere by the availability of growth substrates
and the bacterial growth rate. However, other studies showed that a direct addition of root exudates
to sterile sand microcosms did not modify the frequency of gene transfer in spite of a significant
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increase in bacterial metabolic activity [228]. The direct inoculation of these compounds did not
simulate their gradual release by roots and the conjugation-mediated genetic exchange might be
stimulated only when a bacterial metabolic activity threshold was reached. Similarly, the basic
metabolic activity that Pseudomonas putida cells develop on sterile leaves would not limit conjugation [229].
2. Requirements for Conjugation in Soil
Independent of the conjugative element itself and of the bacterial host spectrum, horizontal gene
transfer efficiency in the environment depends on other biotic and abiotic parameters.
Abiotic factors, such as temperature, moisture, pH [226,230], nutritive conditions [231,232],
concentration of mono and bivalent cations, or soil structure [226,231] influence conjugative gene
transfer by affecting cell-to-cell contact and host-cell physiology. Environmental conditions can
directly induce conjugation by activating plasmid-specific properties. For example, the presence
of host plants and a high density of Agrobacterium tumefaciens cells (quorum sensing control)
induced expression of the Ti plasmid-borne tra genes [194]. Abiotic parameters, such as soil
structure, also influence conjugation. The soil matrix can be considered on one hand as a barrier
separating donor and recipient bacteria, yet on the other hand, bacterial growth and cell-to-cell
contact are increased in presence of clay minerals (montmorillonite, bentonite) on which bacteria
adsorb and develop [226,231].

C. METHODS AND PREDICTIONS OF CONJUGATIVE GENE TRANSFER IN THE RHIZOSPHERE
1. Methods to Investigate Conjugation-Mediated Gene Transfer in Soil
Conjugation is considered as being the most efficient gene transfer mechanism in the environment
and also the easiest one to investigate. Thus, conjugation was the first mechanism of bacterial gene
transfer to be studied extensively as a way for bacteria to disseminate genetic material in the
environment. Most of the experimental studies conducted in soil were carried out to estimate transfer
frequency between donor and recipient bacteria [27–29,233].
Initial experiments involved inoculation of soil by donor and recipient bacteria; the transconjugants being specifically selected based on the appropriate combination of marker genes between
plasmids, donor, and recipient cells. However, additional experiments requiring an efficient counterselection system demonstrated that introduced donor bacteria could also transfer their plasmids
to indigenous bacteria [234].
Selection of transconjugants can be based on the expression of antibiotic resistance genes, but
alternate systems involving the use of auxotrophic donor and recipient bacteria could lead to
prototrophic recombinants after transfer. These transconjugants were found to be more competitive
than their parental auxotrophic isolates in the rhizosphere [26,191].
Studies have also been developed to determine the prevalence and putative role of plasmids
present in indigenous bacterial populations in in situ genetic mobilization [190,235,236]. A triparental exogenous method based on coinoculation of a mixed soil bacterial community by a strain
containing the mobilizable plasmid and a selectable recipient strain, led to the isolation of mobilizing
plasmids from polluted soils [236] and from the rhizosphere [190]. Moreover, among the selftransmissible plasmids isolated in the wheat rhizosphere, van Elsas et al. [190] have characterized
some cryptic gene-mobilizing plasmids (with no antibiotic and heavy-metal resistance), which
might capture and disseminate beneficial genes in natural bacterial populations [190].
2. Conjugative Transfer in the Rhizosphere
According to several microcosm-based studies the nutrient-rich plant root system would stimulate
bacterial growth efficiently. These conditions could stimulate mobilization and conjugation-mediated
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gene transfer compared to the bulk soil [25,26,29,176,237]. For example, the wheat rhizosphere
obtained in artificial soil under gnotobiotic conditions or in a second step with natural, nonsterile
soil microcosms allowed the mobilizing IncP plasmid by root-colonizing Pseudomonas spp. at a
higher frequency than in bulk soil [26]. In spite of differences between microcosm and field studies,
these data implied that conjugation could occur at a significant frequency between indigenous bacteria
in the environment. These results confirm the data obtained by van Elsas et al. [25] who detected
the conjugative transfer of the RP4 plasmid between Pseudomonas spp. inoculated in the wheat
rhizosphere even though these transfers remained undetected in the bulk soil. Transfer frequency
decreased when the distance between bacteria and the roots increased [25]. Finally, the same RP4
plasmid was transferred at a higher frequency between a Pseudomonas fluorescens strain to a Serratia
sp. isolate in the rhizosphere of a watery plant than in the nonplanted soil [228] although the artificial
addition of root exudates in the bulk soil increased the transfer frequency up to that of the rhizosphere
[228]. In spite of this last result, it appeared that conjugation would be stimulated in the rhizosphere,
more by the physical presence of roots that contributes to the grouping of bacteria and favors cellto-cell contact than by the release of nutrients [228]. The potential for gene transfer in the rhizosphere
is also confirmed by the demonstration that retrotransfer can occur [197].
However, transfer to indigenous bacteria remains difficult to detect, based the last results by
Hirkala and Germida [191] who failed to demonstrate that plasmid-borne atrazine degradation and
tellurite resistance genes were transferred from an inoculated Pseudomonas putida to the indigenous
soil microflora in a bulk soil or in the canola (Brassica napus) rhizosphere. Moreover, transconjugants remained undetected even in the presence of atrazine, which was expected to increase the
fitness of transconjugants over nonatrazine degrading bacteria, although the donor P. putida population remained high based on its capacity to degrade environmental pollutants [191].
Using a direct approach (triparental exogenous isolation), van Elsas et al. [190] have isolated
self-transmissible plasmids with IncQ plasmid-mobilizing capacity from a wheat rhizosphere. The
mobilization observation confirmed the natural conjugal gene flow in the Proteobacteria communities in soil and the rhizosphere. In this same study, three cryptic gene-mobilizing plasmids
(containing no selectable traits) have been characterized by phenotypic and molecular methods.
The prevalence of one of these plasmids in soil and the rhizosphere has been demonstrated without
identifying their reservoir and their role in mobilizing the IncQ plasmids in situ [190].

V. GENE TRANSFER FROM GENETICALLY MODIFIED PLANTS
TO RHIZOSPHERIC BACTERIA
The possible transfer of transgenes from genetically modified organisms, such as plants, to bacteria
is a modern consequence of the genomic adaptability potential that is conferred to bacteria by
horizontal gene transfer mechanisms. Plant transgene contain pieces of DNA, which may behave
physically like any other naturally occurring plant DNA fragments in the soil environment, but the
recombinant genes could differ in several ways from native genes with respect to their likelihood
for transfer to bacteria, genome integration, and expression in the bacterial host. During the DNA
recombination process in bacteria, the procaryotic origin of these new plant genes could help them
overcome the bacterial genetic barriers that prevent all but a few rare plant genes to be transferred
from plants to bacteria [238,239]. The main barrier to gene transfer would not be a physical one
(degradation and or unavailability of the DNA) or a physiological one (inability of bacteria to take
up DNA) but a genetic barrier that prevents dissimilar exogenous DNA, including plant DNA to
be integrated in the recipient genome. Presence of one or more (among the 25) marker genes, which
mainly confers resistance to antibiotics or herbicides, and originates from bacterial and viral sources
that have been successfully used for plant transformation [240,241], increases dramatically the
probability that this DNA will be transferred to bacteria. Moreover, the use of diverse natural plantassociated symbiotic bacteria that can be modified to mediate gene transfer to achieve plant
transformation [241] could represent a potential factor of interkingdom gene dissemination.
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The antibiotic resistance genes, initially used as selective markers for plant construction
[240,242], persist in plant genomes and provide a possible source of transforming DNA for
environmental bacteria [30,31,158,192,243,244] and to human pathogenic bacteria [245,246]. The
results by Kay et al. [183], demonstrating that a marker gene from a transplastomic plant could be
transferred in planta to bacteria possessing the appropriate DNA homologous sequences, confirms
the availability of plant DNA for endophyte bacteria and the fundamental role of recombination in
regulating gene transfer. Moreover, the risk of transgene transfer would increase when transplastomic plants are considered (presence of the transgene in the chloroplast genome) due to the
transgene copy number that is increased from 10 in traditional and nuclear modified transgenic
plants to more than 10,000 in transplastomic plants [183,185].
However, detection of transgene transfer from plants to bacteria outside the greenhouse conditions is hampered by the problem of isolating transformants. Even presence of antibiotic resistance
genes in transgenic plants is not enough to differentiate between transformants that would have
acquired whole or part of the transgene from plants and those that naturally contain the same
antibiotic resistance gene. The only way to demonstrate that plant DNA could have been transferred
to bacteria would be to detect isolated bacteria containing the transgenic plant specific sequences
flanked by the bacteria’s own DNA. Such an objective requires treating soil samples of an appropriate size to deal with the low transfer frequency of bacteria in soil unless the transgene increases
the fitness of the transformant in soil. However, there is no report in the literature of the successful
isolation of such recombinant bacteria.
The numerous and successive events that must occur before a plant gene is expressed by a
recombinant bacterial cell explains the low transfer frequency and justifies the separate study of
each step of the gene transfer to determine the limiting factors. During the first step, DNA must
be released by the plant. The recent study by Ceccherini et al. [155] demonstrated that most (98%)
of the DNA was degraded during plant decay. Only a minor fraction of the plant DNA would be
released into the soil. The second step would be the movement of either the plant DNA or bacteria
to establish contact. Data indicate that endophyte bacteria, including pathogens or opportunistic
bacteria are those for which exposure to plant DNA will be the strongest [193]. On the other hand,
plant DNA was also detectable in soil for years, but these studies still failed to demonstrate that
this persisting DNA could be still involved in a transformation process. There are also clear reports
indicating that bacteria can reach competence when developing in plant tissues [193], but the
location, density, and metabolism of bacteria in soil microenvironments are still almost unexplored
and their ability to develop competence totally unknown. Data indicate that gene transfer frequency
could vary strongly between the most favorable conditions such as those provided by a plant
colonized by a pathogen and the least favorable such as those under heterogeneous and oligotrophic
conditions encountered in a bulk soil where gene transfer frequency would remain too low for
transformant detection [23].
Finally, the involvement of conjugation or transduction mechanisms in gene transfer from
genetically engineered plants to bacteria is theoretically possible but might occur at very low
frequencies and has not been studied at the experimental level.
Impact of transgenic plants on soil bacteria extends, however, far beyond the possible acquisition
of the transgene by bacteria and includes the direct interactions between transgenic plants and the
soil microbial community. Recent interest in these interactions is related to the property of some
transgenic plants to release compounds in the soil that are expected to modify the soil microbial
community structure by selectively stimulating the growth of adapted microorganisms [247–249].
Such an effect was found with opine-producing transgenic Lotus plants that led to an increase of
the population level of opine-degrading rhizospheric bacteria [249]. However, most of the recent
experiments concluded that transgenic plants have a limited impact on their plant-associated
microorganisms, including nitrogen-fixing bacteria, mycorrhizal fungi, and endophytic microbiota
[247,248]. The alteration of microbial diversity in association with transgenic plants remains
difficult to estimate due to a lack of method sensitivity and to the presence of variable and transient
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effects including transgenic plant species, transgene insertion, field site, sampling data, and other
environmental factors that influence soil- and plant-associated microbial communities.

VI. CONCLUSIONS
The recent analysis of complete genomic sequences confirmed preliminary data about the strong
influence that horizontal gene transfer has had in shaping bacterial genomes. In addition to active
mechanisms such as transduction, transformation, and conjugation, gene transfer between bacteria
could occur passively after cell envelopes were permeabilized by chemical or physical environmental factors. These different mechanisms have been studied for their occurrence in various
environments, including water, sediments, animal and human guts, and soils. The biotic and abiotic
parameters specifically encountered in rhizospheric soil, such as high nutrient content and strong
cell concentration, provide much more favorable gene transfer conditions than bulk soil. The
challenge for the future is to develop the experimental tools needed to explore the rhizospheric
ecosystems with a sufficient precision to determine if they could be hot-spots for gene transfer and
thus explain the high level of laterally transferred genes detected in bacterial genome sequences.
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Abcisic acid (ABA), 143
ABC transporters, 32
ACC deaminase gene, 280
Acidification, See Rhizosphere acidification
Acid phosphatase, 11, 41–43, 122, 123, See also
Phosphatases
Acinetobacter spp., 408, 409
Aconitase, 39, 53, 141
Acroptilon repens, 305
Actinomycetes, 89
Actinorhizal plants, Frankia symbiosis, 319–320
Acyl-homoserone lactones (AHLs), 272, 273, 275, 280,
311, 317, 380
Acyrthosiphon pisum, 314
Aerobactin, 190
Aeromonas caviae, 85
Agar sheets, 27
Agricultural practices, 94
cropping systems, 83, 94
fertilization, 92, 94, 117, 118
pesticides, 96
Agrobacterium spp.
quorum sensing, 310, 380
siderophore production, 183
Agrobacterium tumefaciens, 246, 413
Agropyron desertorum, 361
Alcaligenes siderophore production, 183
Aldonic acid, 241
ALF4, 137
Alkaline phosphatase, 123, 124, See also Phosphatases
Allamones, 298
Allelochemicals, 9, 11–12, 301–305, See also Phytotoxins;
Root exudates; specific chemicals
categories, 298
detoxification mechanisms, 304
invasive plants and, 305
plant resistance, 304–306
reactive oxygen species, 303
Alnus rubra, 320
Alternaria alternate, 273
Aluminum (Al) toxicity, 166
Al form and, 9
carboxylate-permeable channels and, 57, 166
exudate persistence and, 8
genotypic differences in tolerance, 53
H+-ATPase and, 156
organic acids and, 13, 51–54
root environmental ‘‘sensing,” 115
Amanita muscaria, 321
Amaranthus palmeri, 305
Ambrosia dumosa, 314–315

Aminoacid permease, 220
Amino acids
active retrieval mechanisms, 30
bioreporters and, 277
diffusion, 31
exudation response to Cd toxicity, 54
exudation under hypoxic conditions, 55
light intensity and exudation, 93
microbial effects on recovery, 28
microbial uptake, 118–119
mycorrhizal nitrogen nutrition, 220
natural roles in rhizosphere, 278
N rhizodeposition estimates, 76
plant uptake and dynamics in soil, 118–120
pyrolysis-field ionization MS, 378
Rhizobia acid tolerance and, 257–258
rhizosphere competence and biocontrol, 271
soil diffusion rate, 120
temperature effects on exudation, 54
transport systems, 30, 118–119, 158, 160
Ammonia, 85, 271
Ammoniacal syndrome, 120
Ammonia monooxygenase, 126
Ammonium (NH4+) fertilization, 92, 117
Ammonium (NH4+) uptake, 43–44, 120
cation transport system, 162–163
mycorrhizal fungi and, 163, 220–221
rhizosphere acidification and, 120
transport systems, 221
Amplified ribosomal DNA restriction analysis (ARDRA),
269, 383
Anaerobic conditions, 91–92
Anion carriers, 158–159
Anion channels, See Ion channels
Anion-exchange resins, 26, 27, 29
Antibiotic resistance genes, 412, 414–415
Antibiotics
biocontrol agents, 83–84, 191, 271–272, 275–276, 278
border cell secretions, 33
microbial synthesis, 83–84
phenolic exudates, 41
preventing biodegradation during exudate extraction, 29
Antimicrobial exudates, 309–314, See also Biocontrol;
Phytotoxins; Root-microbe communication
Aphidius ervi, 314
Aphids, 227, 313, 314
Apoplast, 339
Appresoria formation, 321
Apyrases, 122
Aquaporins, 165–166
Arabidopsis (including A. thaliana)
allelochemical effects, 7, 303–304
antimicrobial secretions, 311, 312, 313
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CLAVATA1 receptor kinase, 253
Fe deficiency and, 44–45
flagellar perception, 273
GRAS proteins, 249
induced resistance, 273, 317
ion carriers, 158–164
ion channels, 164–166
nitrogen transport genes, 158–159
nutrient signals and, 141–145
PGPR and, 317
rhizobia symbiosis, 251
root development, 136, 138–139, 361
root enzymes, 11, 42, 123
transfer cells and, 140
Arabinose, 279
Arbuscular mycorrhizal (AM) fungi, 82, 202, 320–321, See
also Mycorrhizal fungi
flavonoid signaling, 41
gene expression and colonization patterns, 215–216
genetic diversity, 204–205
influence on plant-microbe interactions, 321
interfacial compartment, 213–214
intraradical colonization patterns, 214
K+ channel, 215
nitrogen acquisition, 219–221
other microorganisms and, 225–227
phosphate acquisition, 256–257
rhizosphere signaling and growth patterns,
205–209
Arbutin, 306
Arsenic (As), 49, 51, 224–225
Arthrobacter flavescens, 182
Arthrobacter spp. siderophore production, 183
Artificial media, See Solution cultures
Artificial symbiosis, 379
Arylsulfatase, 124
Ascorbic acid, 8, 14
Asparagus officinalis, 305
Aspergillus niger, 123, 309
Aspergillus spp., 280
Atmospheric CO2, See Carbon dioxide
ATP binding cassette (ABC) transporters, 32
Aureobacterium siderophore production, 183
Autoinducers, 311, 312, 315
Autoinhibition, 298, 305–306, 314
Autotoxins, 298, 305
Auxins, 144, See also Indoleacetic acid; Phytohormones
ectomycorrhiza formation and, 208
rhizobia infection process, 253
Avena barbata, 28
Avena sativa (oat), 47, 48, 186
Azorhizobium, 238
Azospirillum brasilense, 316
Azospirillum spp., 80, 82, 316
Azotobacter paspali, 77
Azotobacter spp., 80

B
Bacillus amyloliquefaciens, 123, 317
Bacillus polymyxa, 190

Bacillus spp.
biocontrol agents, 268
induction of systemic resistance, 273
siderophore production, 183
transduction gene transfer, 403
Bacillus subtilis, 123, 317
DNA uptake, 408
osmoregulation, 256
Bacterial activity, See Microbial activity
Bacterial biofilms, See Biofilms
Bacterial flagellar movements, 316
Bacterial gene transfer, 402–416, See also Gene flow
Bacterial genomes, 402
Bacterial isolation methods, 382
Bacterial quorum sensing, See Quorum sensing
Bacterial siderophores, See Siderophores
Bacterial species composition, See Microbial composition
and community structure
Bacteriophage gene transfer (transduction), 402–406
Bacteriostatic compounds, 29
Banksia, 79
Barley, See Hordeum vulgare
Benzaldehyde, 281
Benzoquinones, 308–309
Benzoxazolin-2(3H)-one (BOA), 304
Betula pendula, 218
Biased rhizosphere, 379
Bicarbonate, 13, 41, 50
BIG, 142
Biocontrol, 83–86, 96, 267–284, See also Root-microbe
communication
antibiotics production, 83–84, 191, 271–272, 275–276,
278
attack and defense, 281
bacterial infection of fungal hyphae, 275
bioreporters and, 268, 276–278
biosurfactants, 272, 279
colony phase variation, 270, 276, 280
commercialization, 283–284
definition, 268
genetic techniques, 268–269
genomics, 269
induced systemic resistance, 86, 190–191, 272–273,
317
iron competition, 272
manipulation for efficacy enhancement, 280–281
monitoring process, 276, 283
natural roles of small molecules, 278–279
niche competition, 85, 274–275
nutrient competition, 85, 274–275
parasitism, 85, 272
plant growth-promoting compounds, 86
predation, 272
problematic research issues, 275–276
quorum sensing interference (AHL degradation), 272,
275, 279, 280, 317
rhizosphere competence and, 269–271
root exudates and, 278
siderophores and, 84–85, 190–192, 193, 272
visualization of, 276, 281–283
volatile or toxic compounds, 85
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Biocontrol agents (BCAs), 80, 268, See also Biocontrol;
Plant growth-promoting rhizobacteria
additives and, 281
biological containment systems, 283
cocktails, 268, 280
factors affecting, 281
phytohormone production, 86, 279–280
Biofilms, 239, 268
biosurfactants and biocontrol, 272
on fungal hyphae, 275
microfaunal interactions, 121
mycorrhizal fungi and, 226
plant growth-promoting rhizobacteria and, 317
protection from antimicrobial root exudates, 313
root colonization visualization, 281–282
Bioinformatics tools, 402
Biological containment systems, 283
Biolog plates, 381, 385
Biomass growth model, 337
Bioremediation, 96–97, 173
mycorrhizal fungi and, 224–225
Border cells, See Root border cells
Boron (B) uptake, 166
Borrellia burgdorferi, 237
Boundary conditions, 338–341
Bradyoxetin, 238
Bradyrhizobium, 82, 238
Bradyrhizobium canariense, 258
Bradyrhizobium japonicum, 190, 237, 238, 241, 319
acid tolerance, 258
symbiosome membranes, 254–255
Brassica napus (rape), 10, 26, 28, 36, 44, 46, 157–158,
159, 338, 348, 373
Brassinosteroids, 143
Buchloe dactyloides, 314
Buchnera, 227
Burkholderia cepacia, 226
Burkholderia spp., 238, 268
2,3-Butanediol, 317

C
Cadmium
amino acid exudates and, 54
carboxylate exudates and, 51
phytosiderophores and, 49, 181
transfer cells and, 140
Caffeic acid, 179, 241
Calcineurin, 208
Calcium
Ca2+ channels, 165
homeostasis, mycorrhizal hyphal growth and, 208
nod factor signaling and, 248
root hair content, 256
Candidatus Glomeribacter gigasporarum, 226, 257
Canola plants, 12, See also Brassica napus
Capillary mat system, 378
Carboline, 313
Carbon-11 labeling (11C), 377
Carbon-13 (13C) techniques and applications, 113,
373–374, 376–377, See also Carbon dioxide
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amino acid uptake, 119
C3 and C4 plant comparisons vs. atmospheric CO2,
113–114, 376–377
combined 13C and 14C, 377
FACE, 116
microbial labeling via root exudates, 127
phospholipid biomarkers, 386–387
pulse labeling, 125, 126, 387
stable isotope probes, 78, 126, 387–388
sugar fluxes, 125
turnover time, 114
Carbon-14 (14C) techniques and applications, 75, 113,
373–376
combined 13C and 14C, 377
combined FISH-14C microautoradiography,
388–389
continuous labeling, 113, 374
organic acid persistence and mineralization, 28
pulse labeling, 113, 374–376, 389
sand-based carbon budget models, 373
Carbon dioxide (CO2), 93, 375
13C labeling of microbes, 127
FACE technology, 116
microbial activity and, 93, 116–118, 375
N mineralization and, 337
plant 13C content versus, 113–114
plant growth and, 117
rhizodeposition assessment techniques, 373–374
11C labeling, 377
13C labeling, 373–374, 376–377
14C labeling, 373–376
rhizosphere respiration component, 112–113, 375
root-derived
functions in rhizosphere, 6
net fixed carbon fraction, 41
root exudation and, 55, 93
separating microbial from plant respiration, 375
stable isotope probes (13CO2), 78, 387
Carbon dynamics in the rhizosphere, 7, 112–117, See also
Carbon dioxide; Carbon rhizodeposition
carbon dioxide effects on microbial activity,
116–118
exudate degradation and microbial composition,
115–116
global C cycle and, 117
glucose addition rate and mineralization, 114–115
microbial responses, 386–389
modeling, 350–352
mycorrhizal fungi and, 221–222
new approaches and techniques, 125–127
respiration components, 112–114
rhizodeposition assessment methods, 371–376, See also
Carbon rhizodeposition measurement methods
sand-based carbon budget models, 373
studying microbial population dynamics, 380–389
culture-dependent technologies, 380–382
culture-independent technologies, 382–386
microbial responses to carbon flow, 386–389
temporal patterns through microbial biomass,
114
wood-wide web concept, 224
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Carbon rhizodeposition, See also Carbon dynamics in the
rhizosphere; Root exudation; specific exudates
environmental effects, See Root exudation, factors
affecting
estimates, 75–76
exudate degradation and microbial composition,
115–116
organic acids or carboxylates, See Organic acids and
carboxylate exudates
plant species effects, 79
quantification, 114–115
sources and fate, 7
Carbon rhizodeposition measurement methods, 371–377
artificial media models, 372–373
artificial symbiosis, 379
13CO -labeling techniques, 376–377, See also Carbon
2
dioxide; Carbon-13 (13C) techniques and
applications
14CO -labeling techniques, 373–376, See also Carbon
2
dioxide; Carbon-14 (14C) techniques and
applications
combined 13C and 14C labeling, 377
composition analysis, 377–380
gnotobiotic system, 373
reporter genes, 379
Carboxylate biosynthesis, 36–38
Carboxylate exudates, See Citrate; Malate; Organic acids
and carboxylate exudates; specific molecules
Carboxymethyl cellulose, 221
Castor gene, 251
Casuarina, 320
Catechin, 7–8, 301–303, 306, 309
Cation channels, 164–165
Cell cycle regulation, Rhizobia-legume symbiosis, 252–253
Centaurea diffusa, 303, 305
Centaurea maculosa, 301–302, 305–306, 309
Cephaloziella exiliflora, 205
Chamaecytisus proliferus, 258
Chemical equilibrium models, 176
Chemical signals, 9, 268, 297–322, 379, See also Nutrient
signals and root trophomorphogenesis;
Phytohormones; Root exudates; Secondary
metabolites; specific chemicals
mobility, persistence, and activity, 300–301
root-microbe signaling, See Root-microbe
communication
root-root signaling, See Root-root communication
Chemotaxis, 315, 316
Chemotropism, 86
Chickpea (Cicer arietinum), 35–39, 45, 79
Chitin, 222, 273, 315
Chitinase, 85, 125, 321
Chitinolytic rhizobacteria, 85
Chitobiosidase, 124
Chitosan, 281, 312
Chlamydia trachomatis, 237
Chloride ion channels, 165
Chloroform fumigation, 366, 375
Chromatin remodeling, 144
Chromobacterium violaceum, 311, 380
Chrysene, 124–125

Cicer arietinum (chickpea), 35–39, 79
Cinnamic acid, 305
Cirsium arvense, 305
Citrate, 12, See also Organic acids and carboxylate
exudates
aluminum tolerance and, 52, 53, 54
anion channels, 32, 40
atmospheric CO2 levels and, 55
14C studies, 28
cluster roots and, 35
iron mobilization and, 12–13, 46, 192
P mobilization and, 33, 39–40, 337–338
soil pH and, 115
Citrate lyase, 39–40
Citrate synthase, 39, 53
Citric acid, iron availability and, 12–13
Clay
bacteriophage-bacteria interactions, 404–405
microbial survival and, 93
Climate change, 97
Clumping of roots, 5
Cluster roots, 26–27, 34–35, 39, 40, 41, 138
microbial composition and, 79
nutrient uptake modeling, 340
phytohormonal induction, 141, 142
Cobalt, 256
Colleototrichum orbiculare, 86
Colony phase variation, 270, 276, 280
Communication, defined, 298
Community-level physiological profile (CLPP), 381
Competence proteins, 406, 409
Computer models of soil chemistry, 176
Confocal microscopy, 382–383
Conjugative gene transfer, 402, 411–414
Conjugative plasmids, 411–412
Conjugative transposons, 411, 412
Continuity equation solving, 341–348
Continuous labeling, 113–114, 374
Convective transport, 336
Copper
carboxylate exudates and, 50, 54
phytosiderophores and, 49, 180
transporter (COPT), 163–164
Coprogen, 180
COPT, 163–164
Corallorhiza trifida, 224
Corylus avellana, 214
Coumaric acid, 241
Cropping systems, 83, 94
Crop yield, See Plant yield
Crotolaria spp., 238
Cryptothallus mirabilis, 224
Cucumis sativa (cucumber), 14, 54, 86, 156, 180, 182, 185,
190–191, 268, 278, 281, 301, 305
Cyanide, 85, 271
Cyanobacteria symbiosis, 320
Cycad-Nostoc symbiosis, 320
Cyclic glucans, 244
Cyclic lipopeptides, 272
Cytokinin-like substances, 82, 86
Cytokinins, 142–143
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Daidzein, 241
DAPG (2,4-diacetylphlorglucinol), 83–84, 124, 271, 273,
276, 278, 281
Da Vinci, Leonardo, 354
Deleterious rhizobacteria (DRB), 88
Delisea pulchra, 279
Denaturing gradient gel electrophoresis (DGGE), 187–188,
268–269, 366, 383, 384–385
Denitrification, 258
atmospheric CO2 levels and, 117
fumigated soils and, 366
rhizodeposits and, 4
2-Deoxy-D-glucose, 281
Deoxymugineic acid (DMA), 48
5-Deoxy-strigol, 206, 321
Desferrioxamine-B, 174, 176, 179, 182
Desferrioxamine-D, 174
DGGE, 187–188, 268–269, 366, 383, 384–385
2,4-Diacetylphlorglucinol, 83–84, 124, 271, 273, 276, 278,
281
Dialysis bags, 27
Diffusion
buffer power, 335
mineral nutrients, 92
modeling, 334–336, 344–345
dimensionless parameters, 342
root exudates, 31
temperature effects, 54
Dihydroquinone, 14
Dissolved organic nitrogen (DON) assessment, 119–120
Distichonic acid, 48
Distilled water, 26
Diurnal exudation patterns, 54
iron mobilization and, 47, 378
siderophores and, 175, 180, 181
DMI1, 215
DMI3, 215
DNA bar coding, 204
DNA extraction, 187, 383–384, 388, 409
DNA labeling, stable isotope probes, See Stable isotope
probes
DNA microarrays, 204
DNA rearrangement, rhizosphere competence and, 270
DNA transfer, See Gene flow
DNA uptake from soil (natural transformation), 406–411
Drought effects, 54, 91, See also Water availability
rhizobia and, 256
Dry rot pathogen, 280

E
Ecological niche competition, 85, 274–275
Ecophysiological (EP) index, 381
Ecosys, 360
Ectomycorrhizal (ECM) fungi, 202, 209, 320–321, See also
Mycorrhizal fungi
bacterial interactions, 225
colonization patterns and structure development, 209,
214, See also under Mycorrhizal fungi
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functional genomics and morphological development,
216–218
gene expression and development, 216–218
genetic diversity, 204–205
induced plant defenses, 321
nitrogen acquisition, 219–221
phosphorus mobilization and, 35
phosphorus utilization, 222–223
soil carbon utilization, 221–222
wood-wide web concept, 223–224
Ectorhizosphere, 74
EDDHA, 182
EDTA, 179
Electron microscopy, 123
Electrotaxis, 315
Elytrigia repens, 305, 313
Endoglucanase, 270
Endomycorrhiza, 202, 209
Endophytic colonization, 270
Endoplasmic reticulum (ER), 250
Endopolygalacturonase, 270
Endorhizosphere, 74
Endosymbiotic bacteria, 227
ENOD 40, 251
Enterobacter cloacea, 190–191, 275
Enterobactin, 190
Enzyme activity, 11, 122–125, See also H+-ATPase;
Phosphatases; specific enzymes, functions,
substrates
atmospheric CO2 levels and, 55
carboxylate turnover and, 39
gene expression and proteomics approach, 124–125
genetically-modified microorganisms, 124
localization techniques, 123
mycorrhiza-plant interface, 214
problematic interpretation, 123–124
rhizosphere competence and biocontrol, 270
vesicle transport, 32
Epidermal cell differentiation, 138–139
Epifluorescence microscopy, 405
EPS, 246
Ergosterol, 385–386
Ericoid mycorrhizal fungi, 205
nutrient cycling, 220
soil carbon utilization, 221–222
Erwinia carotovora, 280, 317
Erwinia herbicola, 379
Erwinia spp., 268, 272, 280, 310
transduction gene transfer, 403
Escherichia coli
mutants, siderophore bioassays, 183
quorum-sensing assessments, 380
transduction gene transfer, 403
Ethanol, 55, 92
Ethylene, 143
ectomycorrhiza formation and, 208
endophytic colonization and, 270
iron mobilization and, 44–45
nodulation inhibition, 319
root hairs and, 143
Ethylenediaminetetraacetic acid (EDTA), 179
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Eucalyptus globulus, 321
Excretions, 5
Expansins, 214
Extracellular plant growth-promoting rhizobacteria
(ePGPR), 316–317, See also Plant
growth-promoting rhizobacteria
Extraction methods, rhizosphere soil, 27–28

F
FACE, 116
Fermentation, 55
Ferns, arsenic hyperaccumulation in, 51
Ferrioxamine-B, 180
Ferritin synthesis regulation, 141
Fertilizer effects, 92, 94, 117, 118
Festuca ovina, 373
Fick’s law diffusion, 334
Finite-difference technique, 341, 342
Finite-element method, 342
FISH, 269, 276, 388–389
Flagellin, 270, 273, 315
Flavobacterium siderophore production, 183
Flavonoids, 41, 56
Frankia symbiosis and, 320
nitrogen effects, 43
signaling function, 41
mycorrhizal fungi and, 208, 321
nod gene induction, 82, 241, 315, 318–319
Rhizobia-legume symbiosis, 241–244, 315, 318–319
Flooding effects, 55
Fluorene, 124–125
Fluorescence in situ hybridization (FISH), 269, 276,
388–389
Fluorescently-labeled antibodies, 382
Free air CO2 enrichment (FACE), 116
Free radical scavenging, 50
Freeze fracture method, 251
Freezing injury, 90–91
Frost damage prevention, 85
Fructokinase (FK), 36
Fulvic acids, 175, 179
Fumigated soils, 366, 375
Functional genomics, mycorrhizal development studies,
216–218
Fungal biocontrol agents, 268
Fungal cell wall materials, 312
Fungal defense mechanisms, 276, 281, 321
Fungal growth indicators, 385–386
Fungal pathogens, 190–192, 272, See also specific fungi
Fungal phytohormone production, 208
Fungal siderophores, 180
Fusaric acid, 276, 278, 279, 281
Fusarium oxysporum, 85, 191, 268, 281, 282
plant autotoxins and, 305
root exudates and resistance to, 309–310
Fusarium solani f. phaseoli, 86
Fusarium spp., 268, 280, 282
bacterial infection of, 275, 278
inhibition of antifungal factors, 276, 281
Fusarium wilt, 190–192

G
Gas chromatography/combustion/isotope ratio mass
spectrometry (GC/C/IRMS), 125
Gas chromatography/mass spectrometry (GC-MS), 9, 119,
378
Gene expression regulation
ectomycorrhizal development and, 216–218
epidermal cell differentiation, 138–139
H+-ATPase and, 155
microRNAs and, 144
mycorrhizal colonization and structural development,
215–218
nod factors, 241
quorum sensing autoinducers and, 312, 315
root exudates and microbial populations, 278
stress response and, 144
transcription factors, 143
Gene flow, 402–416
conjugation, 402, 411–414
favorable conditions, 402
genetically-modified plants and, 409, 414–416
natural transformation, 406–411
transduction (bacteriophage to bacteria), 402–406
Gene reporter systems, See Reporter genes
Genetically modified microorganisms, enzyme activities,
124
Genetically modified plants, gene transfer from, 409,
414–416
Genetic engineering techniques and applications, See also
specific products or technologies
antifungal metabolite manipulation, 280
gene transfer from genetically-modified plants, 414–416
reporter bacteria for detecting root exudates, 28, See also
Reporter genes
resistant plant development, 267
root exudation manipulation, 56
studying carbon rhizodeposition composition,
378–379
Genetic fingerprinting (DGGE technology), 187–188,
268–269, 366, 383, 384–385
Genomics
biocontrol and, 269
gene transfer mechanisms, See Gene flow
metagenomics, 204, 228, 239, 389
microbial population dynamics, 378–380, 389
mycorrhizal research, 202–205, 216, 218, 227
Gibberella pulicaris, 280
Gibberellins, 82, 86
Gigaspora margarita, 209, 226
Gigasporum rosea, 206
Gladiolus, 309
Gliocladium, 268, 271
Gliotoxin, 271
Glivirin, 271
Global warming effects, 117
Glomeromycota, 202
Glomus intraradices, 161, 163, 218, 223, 321
Glomus mosseae, 220
Glomus versiforme, 161, 215, 321
Glucobrassicin, 142
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Glucosamine depletion, 118
Glucose mineralization, 114–115, 125
Glutamic acid, 256
Glutamine, 220–221
Glycine betaine, 256
Glycine max (soybean), 27, 53, 54, 239–240, 256
acid tolerant rhizobia and, 258
crop rotation, 94
nodule formation, 244
symbiosomes, 253–254
Glycine soja, 258
Gnotobiotic systems
biocontrol assay, 282
microbial effects on root colonization, 282, 373
phosphate starvation, 278
rhizosphere competence and, 269
Goethite, 175, 338
GRAS proteins, 249–251
Grasses, iron acquisition strategy, 46–49
Green fluorescent protein (GFP), 208, 215, 268, 276–277,
279, 281, 282, 379, 410, See also Reporter genes
Greenhouse gases, 97
Gunnera, 320
Gutierrezia sarothrae, 93

H
H+-ATPase, 152–158
abiotic stress response, 156–157
Al toxicity and, 156
amino N transport, 118, 119
carboxylate transport, 32, 40, 156
energization of nutrient transport, 153–155
gene expression, 155
iron mobilization and, 156
P deficiency and, 156
rhizosphere acidification and nutrient acquisition,
155–156
salt stress and, 156–157
sorgoleone and, 304
structure, 152
transfer cells and, 140
Hakea protstrata, 39
Hakea undulata, 28, 39, 42
Heavy metals, See also specific metals
bioremediation, 96, 173
mycorrhizal fungi and, 224–225
bioreporters and, 277
carboxylate exudates and, 51
iron chlorosis as symptom, 4
iron deficiency and, 180–181
Hebeloma crustuliniforme, 221
Hebeloma cylindrosporum, 208, 221, 222, 321
Herbivore resistance, 313–314
High performance liquid chromatography (HPLC), 378
Hiltner, Lorenz, 74, 380
Histidine transport, 158
Histone acetylation, 144–145
Hordeum vulgare (barley)
Al tolerance, 57
biocontrol agent microlocalization, 283

433
bioreporter system, 277–279
Cd uptake, 181
dessication effects, 91
early microbial colonization, 88
fertilization effects, 94
Fe stress effects, 175, 180–188
ion transporters, 159, 162, 164, 223
localized root exudation, 279
mineral uptake models, 360–361
Mn uptake, 13
N rhizodeposition estimates, 76
phytosiderophores, 26, 47–49, 54–55
plant age and microbial abundance, 79
rhizodeposits and microbial growth, 77
rhizosphere water infiltration, 10
root exudate composition analysis, 378
root exudates, 8
temperature acclimatization, 90
Hormogonia, 320
Hormones (plant), See Phytohormones
Humic substances
H+-ATPase interactions, 157
iron mobilization and, 46, 175, 179
root exudate interactions, 30
Hydraulic conductivity, mucilage effects, 10
Hydrogen cyanide, 85, 271
Hydrogen ion (H+) secretion and transport, 6, 12, See also
H+-ATPase; pH; Rhizosphere acidification
mycorrhizal fungi and, 82–83
Hydrogen peroxide, 308
Hydroquinone, 14, 306
Hydroxycinnamic acids, 97
Hydroxymugineic acid (HMA), 48
Hymenoscyphus ericae, 221
Hypaphorine, 208, 321
Hyposphere, 202
Hypoxic conditions, 55, 91–92

I
Immunity, See Induced systemic resistance
InaZ, 277
Indoleacetic acid (IAA)
Azospirillum secretions, 82
biocontrol agents and, 86, 279–280
deleterious rhizobacteria effects and, 88
ectomycorrhiza formation and, 208
plant growth-promoting rhizobacteria and, 316
rhizosphere competence and, 270
Induced systemic resistance (ISR), 86, 190–191, 317
biocontrol agents and, 272–273
LPS and, 273, 317
siderophores and, 85
Innate immunity, 273, 274
Insect herbivory, plant resistance to, 313–314
Insect interactions, 227
Integrins, 214
Intercropping, 5
Interfacial compartment, 213–214
Internal transcribed spacer-restriction fragment length
polymorphism (ITS-RFLP), 383
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Intracellular plant growth-promoting rhizobacteria
(iPGPR), 316, See also Plant growth-promoting
rhizobacteria
Invasive plants, allelopathic interactions, 305
In vivo expression technology (IVET), 271, 277
Ion channels, 164–166
carboxylate exudation and, 32, 40, 53, 166
organic anion channels, 166
porin, 165–166
Ion-exchange resins, 26, 27, 29
Iron (Fe) mobilization, uptake, and nutrition, 44,
174–181
bioreporters and, 277–278
calcareous soils and, 12–13
chemical equilibrium models, 176
competition by biocontrol agents, 272
diurnal exudation patterns, 47, 378
FeII transporter, 44, 163
genotypic variations, 47
H+-ATPase and, 156, 157
humic substances and, 157
iron oxide mixtures, 175
ligand complexation process, 8
localized heterogeneity, 279
maize intercropping, 5
organic acids and, 12–13
phytohormones and, 44–45
plant microbial interactions, 176–177, 181–182
reductases and, 179
rhizosphere acidification and, 44
root exudates and, 44–46, 174–175, 192
root growth and microbial nutrition, 174
root hairs and, 256
soil moisture and, 178
strategy I plants, 44–46, 163, 179
strategy II plants (grasses), 46–49, 164
stress response and, 13
synergistic chemical interactions, 56
transmembrane transport, 179
Iron (Fe) mobilization, uptake, and nutrition, siderophores
and, 46–49, 173–181, 193, See also
Phytosiderophores; Siderophores
biocontrol of plant pathogens, 190–192
increase iron solubility, 174–175
iron sources for plants, 185
methodologies, 174, 177–179
microbial uptake mechanisms, 181
NAAT gene expression, 56–57
phytosiderophore/microbial siderophore interactions,
176
plant microbial interactions, 179–182
plant uptake mechanisms, 179–181
relative iron efficiency, 180
rhizosphere competence and, 189–190, 193
root exudate interactions, 174–175
siderophore degradation, 181–182
speciation and ligand reactions, 175–179
Iron chlorosis, 4, 13, 182
Iron deficiency, 175, 378
cluster roots and, 26–27, 138
H+-ATPase and, 156

heavy metal uptake and, 180–181
ice nucleation gene reporter and stress response, 186
nitrogen-fixing bacteria and, 192
phenolic exudates and, 93
plant microbial interactions, 181–182
plant stress and microbial community structure,
187–188, 193
root exudates and, 175, 378
root hairs and, 139, 143
siderophores and, 174–181, 193, 378, See also Iron (Fe)
mobilization, uptake, and nutrition, siderophores
and; Siderophores
biocontrol applications, 84
transfer cells and, 140, 156
Isoflavonoids, See also Flavonoids
antibiotic properties, 41
Frankia nodulation and, 320
nitrogen concentrations and, 43
P deficiency and, 32, 33
rhizobia and, 241, 318
Isoliquiritigenin, 241
Isothiocyanates, 12
Isotope labeling, See specific isotopes
Isotope ratio mass spectrometry (IRMS), 374

J
Juglans nigra, 301

K
Kaempferol, 320
Kairomones, 298
Kanosamine, 271
Klebsiella pneumoniae, 80, 270
K-strategists, 89, 381

L
Laccaria bicolor, 218, 221, 222, 227
Lactic acid detoxification, 41, 55
LacZ, 277, 377, 378–379
Lambda phages, 403
Laminarase, 85
Laminarin, 221
Lantana camara, 305
Laser ablation IRMS, 374
Lateral root growth, 5
N deficiency and, 136
nutrient signals and, 137–138
phytohormonal regulation, 144
P limitation and, 35
Lectin exudates, 315
Legumes
agricultural ecology, 239–240
ecological/agricultural impact of Rhizobia symbiosis,
258
nod-gene-inducing compounds, 241, 242
N rhizodeposition estimates, 76
Rhizobia symbiosis, See Rhizobia-legume symbiosis
root hair essential mineral content, 256
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Light intensity
PFD and plant growth, 376
root exudation and, 54, 93
Ligninolysis, 221
Lipochitooligosaccharides (LCOs), 241, 253, 319
Lipopolysaccharides (LPS), 246, 318
host recognition of microsymbionts, 319
induction of resistance, 273, 317, 318
Liriodendron tulipifera, 93
Lithospermum erythrorhizon, 312
Lolium rigidum, 12
Lotus japonicus, 206, 208, 215, 237
nod factor signaling, 249, 321
nodulins, 251–252
Lotus transgenic models, 379
Lupinus albus (white lupin), 39
carbon budget model, 373
carboxylate exudate concentrations, 33, 52
cluster roots, 26–27, 34–35, 39, 40
H+ flow and carboxylate exudation, 156
nod-gene-inducing compounds, 241
organic acid production, 12–13
P-deficiency-associated root exudation, 35, 39, 52
Lupinus luteus, 258
Luteolin, 241
Lux genes, 238, 276–277
Lycopersicon esculentum (tomato)
anion carrier, 161
bacterial colonization, 282, 379
cation carriers, 44, 163
gnotobiotic system, 373
induced systemic resistance, 273
phosphate and, 123, 161, 359
rhizosphere acidification and Fe deficiency, 156
rhizosphere competence and, 209
root exudation, 37–39, 269–270, 379
light intensity and, 54, 93
mycorrhizal vs. nonmycorrhizal plants, 321
nitrogen forms and, 43
temperature effects, 54, 90
siderophores, 191
Lyophilization, 26

M
Magnesium (Mg2+) channels, 165
Maize, See Zea mays
Malate, See also Organic acids and carboxylate exudates
aluminum tolerance and, 52, 54, 57
anion channels, 32, 166
14C studies, 28
diffusion-mediated basal exudation, 31
P deficiency and, 39
soil pH and, 115
Malate dehydrogenase, 53
Manganese (Mn) uptake and nutrition, 3, 8, 13, 14, 50
Manganese peroxidase genes, 124
Mannopine, 379
Massetolide A, 273
MATE transporters, 32
Mathematical modeling, See Modeling
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Medicago sativa, 215, 237, 321
border cells and resistance to pathogens, 311
LPS, 246
Mn-efficient genotype, 50
Medicago trunculata, 206, 208, 215, 223, 311
AHL treatment effects, 312
mycorrhizal fungi and induced defenses, 321
nod factor signaling, 248–249, 252, 319
nodulin protein, 251
Meloidogyne javanica, 281
Membrane-associated transport, See Plasma membraneassociated transport processes
Mesocosms for studying rhizosphere effects, 112
Mesorhizobium, 238
Mesorhizobium loti, 237, 252
Metagenomics, 204, 228, 239, 389
Metals, See Heavy metals; specific metals
Methane, 97
Methane monooxygenase, 126
Methanol dehydrogenase, 126
Microbacterium siderophore production, 183
Microbe-root communication, See Root-microbe
communication
Microbial activity, 28, 74–75, 80–87, 112, 115–116, See
also Mycorrhizal fungi; Rhizobacteria; specific
microorganisms
atmospheric CO2 levels and, 116–118, 375
bioremediation, 96–97
13C cycling experiments, 114
enzyme secretions, 123, See also Enzyme activity
mineralization of organic residues, 78
nitrogen uptake, 118–119
nutrient availability and, 4–5
P-deficiency-associated root exudation and, 35, 80
plant-detrimental interactions, 86–87, See also
Biocontrol; Pathogenic microorganisms; specific
pathogens or pathologies
quorum sensing, See Quorum sensing
root exudates and, 28–29, 80–81, 115–116, See also Root
exudates; specific exudates
exudate degradation rates, 181–182
exudate influence on gene expression, 278
seasonal successions, 88–89
soil structure and, 93
spatial variability, 27
study of soil-plant-microbe interactions, 76–78
Microbial activity, plant-beneficial interactions, 80–86, See
also Plant growth-promoting rhizobacteria
antibiotics production, 83–84
biocontrol of plant pathogens, 83–86, See also
Biocontrol
dinitrogen fixation, 77–78, 80, 82, See also Nitrogenfixing bacteria; Rhizobia-legume symbiosis
mycorrhizae, 82–83, See also Mycorrhizal fungi
siderophores and, See Siderophores
Microbial attraction, 315, 316
Microbial biofilms, See Biofilms
Microbial composition and community structure, 87–89
agricultural treatments and, 92, 94
cluster roots and, 79
community-level physiological profile, 381
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exudate effects on, 79
fungal biomass and growth indicators, 385–386
mature root associations, 88–89
metagenomics, 389
methodologies, 116, 380–389, See also Microbial
population dynamics
bacterial isolation, 382
combined FISH-14C microautoradiography, 388–389
DGGE and genetic fingerprinting, 187–188, 268–269,
366, 384–385
microscopy, 382–383
new approaches and techniques, 125–126
phospholipid biomarkers, 386–387
stable isotope probes, 387–388
modeling considerations, 352
plant iron stress and, 187–188, 193
plant species and cultivar effects on composition, 79
population dynamics, See Microbial population
dynamics
research methods, 89
rhizosphere competence, See Rhizosphere competence
r-K strategy distribution, 89, 381
root colonizing populations, 87–88
seasonal successions, 88–89, 381
viral interactions, 403
Microbial growth kinetics, 77, 185–186
Microbial loop, 112, 121
Microbial population density, 75
Microbial population dynamics, See also Microbial
composition and community structure
methodologies, 380–389
Biolog-based approaches, 381
culture-dependent technologies, 380–382
culture-independent technologies, 382–386
ecophysiological index, 381
genomics approaches, 380, 389
microbial responses to carbon flow, 386–389
R/S ratio, 380–381
modeling, 349–352
population density, 75
Microbial respiration products, 375
Microbial secondary metabolites, 300, See also
Root-microbe communication
Micrococcus siderophore production, 183
Microcosm approach, mycorrhizal root systems, 218
Microfauna, See Nematodes; Protozoans
MicroRNAs, 144
Microsatellite analysis, 204
Microscopy, 382–383
Mimosa spp., 238
Mineral nutrients, See Nutrient mobilization and uptake;
specific minerals
Minor pathogens, 88
Mites, 314
Modeling, 331–333
biomass growth, 337
carbon dynamics, 350–352
ecosys, 360
finite-difference method, 341, 342
finite-element method, 342
future prospects, 365–366

interroot competition, 340
microbial diversity and, 352
microbial population dynamics, 349–352
nondimensional, 342–343
nutrient transport processes, See Nutrient transport
modeling
perturbation and restoration of soil solution equilibria,
334
sensitivity analysis, 346
solute diffusion, 334–336, 342, 344–345
whole-plant growth, 358
zero sink assumption, 347–348
Momilactone B, 11
Mucilage
border cells and, 10, 33, See also Root border cells
hydraulic conductivity and, 10, 91
mineral uptake in dry soils, 54
P mobilization and, 36
rhizosheath development and, 10, 54
sampling methods, 26
soil permeation, 10–11
vesicle transport, 32
Mugineic acid (MA), 48, 175
Multidimensional NMR, 8, 378
Multidrug-resistance ABC transporters, 32
Mutation and rhizosphere competence, 270
Myc factors, 206
Mycoheterotrophy, 224
Mycoparasitism, 85
Mycorrhizal fungi, 201–228, 320–321, See also Arbuscular
mycorrhizal (AM) fungi; Ectomycorrhizal (ECM)
fungi
ammonium uptake and, 163
appresoria formation, 321
bacteria and, 225–227, 321
carbon utilization, 221–222
categories, 202
chemodifferentiation at root surface, 206–208
colonization patterns and structure development,
209–218
functional genomics, 216–218
genetic basis, 215–216
plant-fungus interface, 212–215
enzyme activities, 214
flavonoid-induced root-microbe interactions, 321
functional genomics and morphological development,
216–218
fungal phytohormone production, 208
fungi-host signaling and hyphal morphology, 205–209
gene expression and development, 216–218
genetic basis of fungal colonization, 215–216
genetic diversity, 202–205
induced plant defenses, 321
microcosm systems, 218
molecular research techniques, 202–205
nitrogen acquisition, 219–221
nod factor, See Nod factors; Nod-gene-inducing
compounds
nutrient cycling and, 218–224
pathogenic microorganisms and, 204, 217, 227
P-deficiency-associated root exudation and, 41
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pH effects, 82–83
phosphorus uptake and utilization, 82, 161–162,
222–223
plant carbohydrate investments, 41
Rhizobia-legume symbiosis and, 256–257
rhizospheric signals and growth patterns, 205–209
root exudation and, 56
root-microbe communication, 205–209, 320
siderophore production, 183
soil detoxification and, 224–225
symbiont range (table), 203
symbiosis-regulated acidic polypeptides, 214
wood-wide web, 223–224
Mycorrhization helper bacteria (MHB), 225
Mycorrhizoplane, 202
Mycorrhizosphere, 202

N
N-acetylglutaminylglutamine amide, 256
N-acyl-homoserone lactones (AHLs), 272, 273, 275, 279,
280, 311, 317, 380
Naringenin, 241
NARK, 253
Natural genetic transformation, 406–411
Nectria haematococca, 311, 312, 315
Neisseria meningitidis, 412
Nematodes, 94–95, 112
biocontrol, 280–281
induced plant resistance, 317
N mineralization and, 121
transfer cell induction, 140
Neurospora crassa, 208
Niche competition, 85, 274–275
Nickel
carboxylate exudates and, 51
phytosiderophores and, 49
Nicotianamine, 47–48
Nicotianamine-aminotransferase (NAAT) gene expression,
56
Nicotiana plumbaginifolia, 152
Nicotiana tabacum (tobacco), 53, 57, 123, 159, 161, 166,
280, 319, 338, 379
Nitrate (NO3−) availability, root proliferation and, 136, 138
Nitrate (NO3−) uptake, 43
H+-ATPase and, 155
humic compound interactions, 157
ion channels, 165
mycorrhizal fungi and, 220–221
Nitrate fertilization, See Nitrogen fertilization effects
Nitrate reductase, 137
Nitrate transporter, 141
Nitrogen (N) mobilization, uptake, and nutrition, 4, 92,
118–122
amino acids and, See Amino acids
carbon budget, 77–78
denitrification, 258
atmospheric CO2 levels and, 117
fumigated soils and, 366
rhizodeposits and, 4
dissolved organic nitrogen assessment, 119–120
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ion carriers, 158–160
microbial loop, 121
microbial uptake, 118–119
mycorrhizal fungi and, 219–221
osmosensitivity, 256
plant sensing, 141
protozoans and, 95
reporter genes, 278
Rhizobia-legume symbiosis, 258
root exudates and, 43, 278
siderophore functions, 192–193
soil microfauna and, 120–122
solution cultures vs. field soil systems, 118
Nitrogen-15 (15N) labeling applications, 118, 119
Nitrogen fertilization effects, 92, 94, 117, 118
Nitrogen-fixing bacteria, 80, 82, 298, 318, 379, See also
Rhizobia-legume symbiosis
carbon budget, 77–78
Frankia-actinorhizal interactions, 319–320
non-legumes and, 82
Nostoc-cycad symbiosis, 320
protozoans and, 121
siderophore production, 183
siderophores and iron stress response, 192
Nitrogen oxide (NO), 141
Nitrogen rhizodeposition, 76, See also Amino acids
Nitrous oxide fluxes, 117
Nod boxes, 318, 320
Nod factors, 82, 206, 248–253, 319, 321
Nod-gene-inducing compounds, 82, 241, 242, 315,
318–319, 320
Nodulation receptor kinase (NORK), 319
Nodules, 82, See also Rhizobia-legume symbiosis
bacterial species forming, 238
compartmentation development, 252–255
Frankia-actinorhizal interactions, 319–320
infection and compartmentalization process, 252–255
Nodulins, 248, 251–252
Nopaline, 379
NRAMP, 163
Nuclear magnetic resonance (NMR), 8, 378
Nucleic acid labeling, stable isotope probes, See Stable
isotope probes
Nutrient availability and microbial growth, 4–5
Nutrient competition, as biocontrol mechanism, 85
Nutrient mobilization and uptake, 4–5, 111–112, See also
specific nutrients
cluster roots and, 34–35, 41
competition by biocontrol agents, 274–275
diffusion, See Diffusion
enzyme activities, See Enzyme activity
H+-ATPase and, See H+-ATPase
heterogeneous environments and, 360–363
interroot competition, 340
legume root hairs, 256
microbial loop, 112, 121
microfaunal interactions, 94–95, 112, 268
moisture and bioavailability, 136–137
mycorrhizal fungi and, 218–224
carbon utilization, 221–222
nitrogen acquisition, 219–221
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phosphorus utilization, 222–223, 256–257
wood-wide web, 223–224
new approaches and techniques, 125–127
nitrogen dynamics, 118–122, See also Nitrogen (N)
mobilization, uptake, and nutrition
organic acids and, 12–13, See also Organic acids and
carboxylate exudates
pH effects, 92–93, See also pH; Rhizosphere
acidification
phosphorus dynamics, 122, See also Phosphorus (P)
mobilization, uptake, and nutrition
plant-rhizobacteria coevolution, 76
Rhizobia-legume symbiosis, 256
rhizosphere carbon dynamics, 112–117, See also Carbon
dioxide; Carbon dynamics in the rhizosphere;
Carbon rhizodeposition; Organic acids and
carboxylate exudates
‘‘right set of circumstances” model, 3, 13–14, 301
root exudates and, 33–54, 92–93, See also Root exudates;
specific types
carboxylate exudates, 33–41, See also Organic acids
and carboxylate exudates; specific carboxylates
enzymes, 41–43, See also Enzyme activity; specific
enzymes, substrates
phytosiderophores, 49, See also Phytosiderophores;
Siderophores
signals affecting root trophomorphogenic responses, See
Nutrient signals and root trophomorphogenesis
soil solution and root cytoplasm concentrations (table),
154
systemic regulation, 136
transmembrane transport, See Plasma membraneassociated transport processes
water supply, See Water availability
Nutrient signals and root trophomorphogenesis, 135–136,
141–143, See also Phytohormones; Root growth
and development; specific nutrients
growth responses, 137–140
lateral roots, 137–138
root hairs, 138–139
transfer cells, 140
long-range signals, 145
regulation, 143–146
chromatin remodeling and protein-protein
interactions, 144
interorgan communication, 145
microRNAs, 144
transcription factors, 143
sensing, 140–141
signaling, 141–143
abcisic acid, 143
auxin, 141–142
brassinosteroids, 143
cytokinins, 142–143
ethylene, 143
signals, 136–137
Nutrient transport modeling, 331–348
continuity equation solutions, 341–348
diffusion and convection, 336
localized nutrients and, 360–363
plant-scale uptake, 352–353

root boundary conditions, 338–341
root growth assumptions, 352–360
solute diffusion, 332, 334–336
transfers between available and unavailable forms,
336–338
uptake in heterogeneous environments, 360–363
water and nutrient uptake, 363–365

O
Oat (Avena sativa), 47, 48, 186
Ocimum basilicum, 309, 312, 313
Oil contamination, 96
Oilseed rape, See Brassica napus
Oomycin A, 271
Opine production, 379
Organic acids and carboxylate exudates, 12–13, 278, See
also Carbon rhizodeposition; Citrate; Malate; Root
exudates; specific exudates
Al toxicity and, 13, 51–54
anion channels, 32, 53, 166
atmospheric CO2 levels and, 55
bicarbonate effects, 50
14C studies, 28
carbon flow dynamics, See Carbon dynamics in the
rhizosphere
cluster roots and, 35
degradation rate, 181–182
diffusion, 31
exudation physiology, 36–41
exudation release rates, 33–34
H+-ATPase and, 32, 40, 156
heavy metals and, 51
iron mobilization and, 44–46, 174–175
measurement methods, See Carbon rhizodeposition
measurement methods
metal complexation and soil adsorption, 30
micronutrient mobilization and, 49–50, 54
modeling rhizosphere carbon dynamics, 350–352
N uptake and
ammonium, 43
nitrate, 43
nutrient acquisition role, 12
pH and, 40, 43, 115, 338
phenolic derivatives, See Phenolics
P mobilization and, 33–36, 337–338
carbohydrate investments, 41
carboxylate biosynthesis, 36–38
carboxylate exudation mechanisms, 40–41
phosphatase activity and, 41–43
reduced turnover, 39–40
potassium mobilization and, 44
rhizosphere competence and biocontrol, 269–270
Orthophosphate transporters, 141, 161–162, 224–225
mycorrhizal fungi and, 222–223
Oryza sativa (rice)
allelopathy, 11, 301
Al tolerance, 57, 166
arsenic uptake, 49
atmospheric CO2 levels and, 93
cation transport system, 164
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Nostoc chemotaxis, 320
nutrient deficiency and carboxylate exudation, 41, 50
phytotoxins, 301
P utilization, 35, 337
quorum sensing mimics, 311
Si accumulation, 166
siderophores and, 47–48, 182, 186
symbiosis-specific gene, 251
Osmotic stress, 157, See also Water availability
rhizobia and, 256
Oxalate, 30, 36, See also Organic acids and carboxylate
exudates
Al complexes, 52
ion channels, 32
iron oxide dissolution, 175
P mobilization and, 33, 35, 43
Oxalic acid
degradation, 115
microbial activity and mineralization of, 115
phosphorus mobilization and, 42
Oxaloacetate, 39
Oxidative stress, 31, 303, See also Reactive oxygen species
Oxoanion transporters, 158
Oxygen availability and root exudation, 55, 91–92
Ozone, 375

P
Paenibacillus, 227, 384
PAP-H, 310
Parasitic plants, 306–309
Parasitism and biocontrol, 85, 272
Parthenium hysterophorus, 305
Paspalum notatum, 77
Pathogenesis-related (PR) proteins, 273, 310
Pathogenic microorganisms, 86–87, 268, 272, See also
specific microorganisms
antibiotic resistance genes, 412, 414–415
antimicrobial signals and resistance to, 309–311, See
also Allelochemicals; Antibiotics; Phytotoxins
biocontrol agents and, 80–81, 267–284, See also
Biocontrol
border cells and, 33
mycorrhizal fungi and, 204, 217, 227
plant growth-promoting rhizobacteria versus, 317
population dynamics modeling, 349
resistance to, See Biocontrol; Resistance to pathogens
siderophores and, 190–192, See also Siderophores
systemic resistance, See Induced systemic resistance
virulence factors, 268, 272, 298, 403
Paxillus involutus, 218
PCB degradation, 97
Péclet number, 336, 344
Pectin, 222
Peroxidases, 308
Pesticide effects, 96
pH, See also Rhizosphere acidification
ammonium toxicity and, 120
carboxylate exudates and, 43, 338
catechin treatment and, 303
H+-ATPase and, 152, 155–156
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mycorrhizal fungi and, 82–83
Rhizobia-legume symbiosis and, 257–258
rhizosphere modeling considerations, 337
root environmental ‘‘sensing,” 115
root exudation and, 92–93
Phanerochaete chrysosporium, 124
Phaseolus lunatus, 314
Phaseolus vulgaris, 241
Phenanthrene degradation, 96
Phenazines, 271, 275, 278
Phenolics, 3, 11, See also specific types
allelopathy, 11
antibiotic properties, 41
antimicrobial activity, 310
Fe deficiency and, 93
iron mobilization and, 44–45
mycorrhizal fungi and, 221
P deficiency and, 41
plant growth and, 11
reducing activity, 14
rhizoremediation applications, 97
vesicle transport, 32
Phenotypic plasticity of roots, 135–136
Phenylacetic acid, 241
2-Phenylethylisothiocyanate, 12
Pheromones, 298
Phlorglucinol, 275–276, See also DAPG
Phosphatases, 11, 41–43, 122, 123, See also specific types
atmospheric CO2 levels and, 55
plant age and developmental stage and, 123
Phosphate deficiency, 41, See also Phosphorus (P)
mobilization, uptake, and nutrition
auxin and trophomorphogenic responses, 142
carboxylate exudation and, 33–41
cluster roots and, 26–27, 34–35, 39, 40, 138
effect on root exudate composition, 33
ethylene and, 143
gnotobiotic system, 278
H+-ATPase and, 156
iron bioavailability and, 174
lacZ, 378–379
lateral root development and, 137
phosphatase activity and, 11, 41–43, 122
phosphite and, 136, 141
plant sensing, 140–141
plant stress response, 7
rhizobacteria and, 123, 379
root hairs and, 139
root respiration and, 39, 41
transcription factors and signaling pathway, 143–144
Phosphate uptake and nutrition, 122, See also Phosphorus
(P) mobilization, uptake, and nutrition
arsenate uptake and, 224–225
diffusion, 92
modeling, 337–338
mycorrhizal fungi and, 222–223, 256–257
Rhizobia-legume symbiosis, 256–257
root growth responses, 35
Phosphite, 136, 141
Phosphodiesterase, 124
Phosphoenolpyruvate carboxylase (PEPC), 36, 39
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Phosphoglucomutase (PGM), 36
Phosphohydrolases, 41–43
Phospholipid fatty acid bioindicators, 78, 126, 386–387
Phosphorus (P) deficiency, See Phosphate deficiency
Phosphorus (P) mobilization, uptake, and nutrition
anion transporters, 141, 161–162
localized nutrient patches, 362
microbial activity and, 35, 80
modeling, 337–338
mucilage and, 36
mycorrhizal fungi and, 82–83, 161–162, 222–223
pH and, 82–83, 337–338
phenolic exudates and, 41
phosphatase activity and, 41–43, See also Phosphatases;
Phytases
protein modification by sumoylation, 145
Rhizobia-legume symbiosis, 256
root exudates and, 33–41, 92, 337–338
carbohydrate investments, 41
carboxylate biosynthesis, 36–38
carboxylate turnover, 39–40
exudation mechanisms, 40–41
Photon flux density (PFD), plant growth and, 376, See also
Light intensity
Photosynthetic capacity, 116
Phyllobacterium spp., 89
Phytases, 11, 32, 41–42, 56, 123, See also Phosphatases
Phytoalexins, 9, 11, 86
Phytobial remediation, 97
Phytohormones, 9, See also specific hormones
Azospirillum secretions, 82
biocontrol agents, 86, 279–280
cluster roots and, 141, 142
iron mobilization and, 44–45
microfaunal grazing and, 122
mycorrhizal fungi and, 208
plant growth-promoting rhizobacteria and, 157–158
Rhizobia-legume symbiosis, 316
trophomorphogenic nutrient signals and, 141–142
Phytolacca americana, 310, 311
Phytophora cinnamoni, 86, 312
Phytophora spp., 268
Phytoremediation, See Bioremediation
Phytoseiulus persimilis, 314
Phytosiderophores, 49, See also Siderophores
anion channels, 32
atmospheric CO2 levels and, 55
bioremediation applications, 173
biosynthesis pathways, 47–48
degradation rate, 181–182
diurnal exudation patterns, 175, 180, 181
extraction, antibiotics and, 29
iron mobilization or uptake and, 30, 174, 175, 179, 180,
193, 378, See also Iron (Fe) mobilization, uptake,
and nutrition, siderophores and
bacteria, 181
plants, 179–181
strategy II plants, 46–49, 164
light intensity effects on exudation, 54
metal deposition process, 179
microbial iron stress response and, 186

microbial siderophore interactions, 176
NAAT gene expression, 56–57
other metal chelates, 49, 180–181
temperature effects on exudation, 54
temporal and spatial exudation patterns, 47
vesicle transport, 32, 48
Phytotoxins, 9, 298, See also specific toxins
allelopathy, 301–305, See also Allelochemicals
anti-insect activity, 313–314
autoinhibition, 305–306
autotoxicity, 298, 305
concentration in soil, 7–8
detoxification mechanisms, 304
plant resistance, 304–306
Picea abies, 321
Pinus echinata, 93
Piscidic acid, 41
Pisolithus microcarpus, 208, 214
Pisum sativum, 311
autoinhibitors, 314
flavonoid-induced root-microbe interactions, 315
Plantago lanceolata, 278, 373
Plant-breeding programs, 95–96
Plant diseases, 267, See also Biocontrol
Plant growth, See also Root growth and development
atmospheric CO2 levels and, 376
phenolics and, 11
phenotypic plasticity, 135–136
photon flux density and, 376
Plant growth media, solution based, See Solution cultures
Plant growth-promoting rhizobacteria (PGPR), 80, 189,
257–258, 298
anti-pathogen activity, 317
biocontrol agents, See Biocontrol
biofilms, 317
H+-ATPase and, 157–158
induced systemic resistance, 86, 317
mycorrhizal fungi and, 225–227, 257
niche competition, 85
P deficiency and, 123
phytohormone production, 316
root exudates and chemotaxis, 316
root-microbe communication, 316–317
siderophores and, 189–191, 194
Plant immune system, See Induced systemic resistance
Plant-microbe interactions, See Microbial activity
Plant pathogens, See Biocontrol; Pathogenic
microorganisms
Plant-rhizobacteria coevolution, 76
Plant yield
autoinhibition, 305
cropping systems and, 94
deleterious rhizobacteria and, 87
dinitrogen fixation and, 82
model root growth assumptions and, 357–358
plant breeding and, 95–96
plant growth kinetics, 77
plant pathogens and, 267
induced systemic resistance and, 86
monoculture effects, 83
soil structure and, 4, 5
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Plasma membrane-associated transport processes,
151–152, See also Nutrient mobilization and uptake
carboxylate exudation and, 31, 40, 53
channels, 164–166, See also Ion channels
H+-ATPase, 152–158, See also H+-ATPase
ion carriers, 158–164
anions, 158–162
cations, 162–164
iron transport systems, 179
mycorrhizal interface, 213–214
Plasmids, 402, 411–412
Pollution bioremediation, 96
Pollux gene, 251
Polychlorinated biphenyl (PCB) degradation, 97
Polycyclic aromatic hydrocarbons (PAHs), 96–97, 124–125
Polygonella myriophylla, 306
Polymerase chain reaction (PCR), 383
community analyses, 383–384
DGGE and genetic fingerprinting, 187–188, 268–269,
366, 383, 384–385
mycorrhizal fungi research methods, 203–204
quantitative, 384
PolyP, 223, 225
Polyphenolics, 221
Polysaccharide utilization, mycorrhizal fungi, 221–222
Porin, 165–166
Potassium (K) mobilization, uptake, and nutrition
diffusion, 92
H+-ATPase and, 155
K+ transport system, 142, 162
root exudates and, 43–44
root hairs and, 162
Potassium ion (K+) channels, 32, 164–165, 215
Potato (Solanum tuberosum), 10, 31, 52, 53, 280, 317, 373
Pot experiment limitations, 112
Pouiseuille law, 363
Precoralloid roots, 320
Predation and parasitism, 272
Proline, 271
Proline betaine, 256
Proteoid roots, See Cluster roots
Proteomics approach, 124–125
Protocatechuic acid, 241
Protozoans, 94–95, 112
biomass, 121, 268
N mineralization and, 120–122
Pseudobactin, 182, 189, 191
Pseudomonas aeruginosa, 309
AHL, 312
biofilms and resistance to antimicrobial exudates, 313
biosurfactant, 279
exudation stimulation by, 80
transduction model, 406
Pseudomonas aureofaciens, 278
Pseudomonas cepacia, 190
Pseudomonas chlororaphis, 271, 282
Pseudomonas fluorescens
antimicrobial compounds, 317
biocontrol agent (CHA0), 269–271, 275, 280, 281
fungus colonization, 275, 278
induced systemic resistance, 273

441
iron stress response, 186
mineralization of organic residues, 78
mutant for studying exudate effects, 378–379
root colonization visualization, 282
seasonal successions, 89
siderophores and rhizosphere competence, 189
stable isotope probes, 388
Pseudomonas fluorescens CHA0, 85
Pseudomonas fluorescens F113, 83–84
Pseudomonas fluorescens N1R, 86
Pseudomonas putida
conjugative gene transfer, 414
CRR3000, 283
rhizoremediation applications, 96
WCS358, 189, 192
Pseudomonas spp.
biocontrol agents, 85, 268, 269–271, 272
colony phase variation, 270, 276
conjugative gene transfer, 414
enzyme activities, 124
gene reporter and iron stress response, 186
induction of systemic resistance, 273
iron chelators (siderophores), 181
pathogens, 268
quorum sensing, 310
root colonizing populations, 88
seasonal successions, 89
siderophore production, 183–185, 272
siderophores and biocontrol, 84–85, 190–192, 193
siderophores and rhizosphere competence, 189–190,
193
transduction gene transfer, 403
Pseudomonas stutzeri, 408
Pseudomonas syringae, 85, 311
Pteris vittata, 51
Pulse chase labeling, 113, 125, 126, 374–376, 387, 389
Putrescine, 270, 278
Pyochelin, 191, 273
Pyocyanin, 273
Pyoluteorin, 271
Pyoverdine, 84–85, 189–190, 191
Pyrolysis-field ionization MS, 378
Pyrrolnitrin, 271, 280
Pyruvate kinase (PK), 36
Pythium aphanidermatum, 85, 268, 312
Pythium damping off, 191, 280
Pythium intermedium, 272
Pythium splendens, 191
Pythium spp., 268
Pythium ultimum, 86, 272, 281, 312, 317

Q
Quantitative PCR (qPCR), 384
Quercetin, 208
Quiescent center (QC), 140
Quinolone, 279
Quorum sensing, 310–311, 315, 379–380
AHL degradation and biocontrol, 272, 275, 279, 280, See
also Acyl-homoserone lactones
autoinducers, 311, 312, 315
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mimics, 311, 315
reporter gene system, 380
rhizobia, 238

R
Radioisotope labeling, See Carbon-14 (14C) techniques and
applications
Ralstonia, 238
Random amplified polymorphic DNA (RAPD), 383
Rape, See Brassica napus
Reactive oxygen species (ROS), 303, 315, See also
Oxidative stress
Recombination in vivo expression technology (RIVET),
277
Reducing agents, 6, 13–14, 179
Reporter bacteria, root exudate detection, 28
Reporter genes, See also Green fluorescent protein
biocontrol and, 268, 276–278, 281–283
iron stress response and, 186
nitrogen availability, 278
quantitative PCR, 384
quorum-sensing assessments, 380
siderophores and iron reporters, 277–278
studying carbon rhizodeposition flow dynamics,
379–380
Resistance to herbivores, 313–314
Resistance to pathogens, 267, See also Biocontrol
antimicrobial signals, 309–311
breeding, 95–96
genetic engineering, 267
induced disease responses, 312
Rhamnolipid, 279
Rhizobacteria, See also Microbial activity; specific bacteria
biocontrol agents, See Biocontrol
chitinolytic, 85
colonization on fungal hyphae, 275
composition, See Microbial composition and community
structure
deleterious (minor pathogens), 88
effect on root exudation, 80
gene transfer or transformation, 402–416, See also Gene
flow
microfaunal interactions, 94–95
modeling population dynamics, 349–352
mycorrhizal fungi and, 225–227, 321
plant age and developmental stage and, 79
plant coevolution, 76
plant growth-promoting (PGPR), See Plant growthpromoting rhizobacteria
plant species and cultivar effects on composition, 79
quorum sensing, See Quorum sensing
root colonization, See Root colonization
root composition, 81, See also Microbial composition
and community structure
root-microbe signaling, See Root-microbe
communication
siderophore production, 183–184
siderophores and rhizosphere competence, 189–190
Rhizobia-legume symbiosis, 80, 82, 237–259, See also
Nitrogen-fixing bacteria

cell cycle regulation, 252–253
flavonoid-induced root-microbe interactions, 241–244,
315, 318–319
genera and species concept, 238
GRAS proteins, 249–251
infection and nodule compartmentation, 252–255
infection process, 251
legume agriculture, 239–240
microsymbiont recognition, 319
mycorrhizal fungi and, 256–257
nitrogen cycle and, 256, 258
Nod factor signaling, 82, 206, 248–252
nod-gene-inducing compounds, 241, 315, 318–319
nodule formation, 82
nodulins, 248, 251–252
phytohormone production, 316
plant-bacteria signal exchange, 241
cyclic glucans, 244
EPS, 246
flavonoids and, 241–244
lipopolysaccharides, 246
quorum sensing, 238
root-microbe communication, 318–319
siderophores and iron stress response, 192
soil stress factors and, 255–258
acid tolerance, 257–258
osmotic adaptation, 256
symbiosomes, 250, 252, 253–255
Rhizobiales, 239
Rhizobium, 238
NGR 234 genome project, 237
transduction gene transfer, 403
Rhizobium etli, 241, 246, 317, 318
Rhizobium leguminosarum, 238, 241, 316
Rhizobium meliloti, 192
Rhizoctonia solani, 85, 272, 280, 312
Rhizoctonia spp., 205, 268
Rhizodeposition, 75, 278, See also Root exudation
amounts released, 6–8
carbon, See Carbon dynamics in the rhizosphere; Carbon
rhizodeposition; Sugars
carboxylate exudates, See Organic acids and carboxylate
exudates
categorizing, 75
CO2 and, See Carbon dioxide
environmental issues, 97
exudates, See Root exudates
measurement methods, See Carbon rhizodeposition
measurement methods
phytotoxins, See Phytotoxins
problematic research issues, 4
root distribution heterogeneity, 278–279
root product classification, 5, 8
Rhizoferrin, 180
Rhizopus, 183
Rhizoremediation, 96–97
Rhizoscyphus ericae, 205
Rhizosheath development, 10, 54
Rhizosphere, 1, 333–334
definitions, 1, 74–75, 332, 349
factors affecting interactions, 78–80
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microbial concentrations, 75, See also Microbial
population dynamics
overlapping, 5
soil volume, 111
Rhizosphere acidification, See also pH
ammonium uptake and, 120
carboxylate exudation and, 40
H+-ATPase and, 152, 155–156
iron nutrition and, 44
micronutrient mobilization and, 49
mycorrhizal fungi and P mobilization, 82–83
P mobilization and, 337–338
Rhizobia-legume symbiosis and, 257–258
Rhizosphere competence
biocontrol and, 269–271
genetic contribution, 271
rhizoremediation and, 97
siderophores and, 189–190, 193, 194
‘‘Rhizosphere effect” assessment, 112
Rhizosphere microorganisms, See Microbial activity;
Rhizobacteria
Rhizosphere modeling, See Modeling; Nutrient transport
modeling
Rhizosphere respiration, 112–113, See also Carbon
dioxide; Root respiration
Rhodes grass (Chloris gayana), 50
Rhodotorulic acid, 180
Riboflavin, 179
Ribonucleases, 122
Ribosomal DNA sequencing, 204
Ribosomal intergenic spacer analysis (RISA), 383
Ribosomal RNA-based markers (16S rRNA gene), 79, 94,
126–127, 183, 187–188, 226, 268, 383–385, 389
Ribosome-inactivating proteins (RIPs), 310
Rice, See Oryza sativa
Ricinus communis, 38
‘‘Right set of circumstances,” 3, 13–14, 101
r-K strategy distribution, 89, 381
RNA
16S rRNA marker, 79, 94, 126–127, 183, 187–188, 226,
268, 383–385, 389
extraction, 388
microRNAs and posttranscriptional gene expression
regulation, 144
stable isotope probes, 126–127
Rockwool, 268
Root absorbing power, 347
Root border cells, 6, 33
antimicrobial exudates, 311
mucilage effects, 10
Root boundary conditions, 338–341
Root clumping, 5
Root clusters, See Cluster roots
Root colonization, 81
biological control agents and, 85, 269–271
competition for iron, 174
competitive colonization and biocontrol, 269–271
endophytic colonization, 270
gnotobiotic systems, See Gnotobiotic systems
microbial composition and, 87–88
microbial growth kinetics, 185–186
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mycorrhizal structures and, 209–218, See also
Mycorrhizal fungi
visualization of biocontrol, 281–283
Root debris, 6
Root exudates, 74, 75, 194, 337–338, See also
Rhizodeposition; Secondary metabolites; specific
exudates
allelopathy, See Allelochemicals
amounts released, 6–8
antimicrobial signals, 309–311
artificial models versus real soils, 3
13C labeling of microbes, 127
carbon rhizodeposition products, See Carbon
rhizodeposition
carboxylate, See Organic acids and carboxylate exudates
categorizing, 5, 8, 75
composition analysis, 377–380
degradation effects on microbial composition, 115–116
degradation of, 28–29, 300–301
enzymatic interactions, See Enzyme activity
factors affecting activity, 14
future research directions, 55–56
hormones, See Phytohormones
humic compound interactions, 30
iron mobilization and, 44–46, 174–175, See also
Phytosiderophores
microbial attraction, 315, 316
microbial gene expression and, 278
mycorrhizal fungal growth and, 205–206
natural roles of small molecules, 278
nod-gene-inducing compounds, 241, 242
pathogen stimulation, 86–87, 316
phytohormonal regulation, 144, See also Phytohormones
phytotoxic, See Allelochemicals; Phytotoxins
problematic research issues, 4, 14–15
reducing agents, 6, 13–14
rhizobacterial associations, 81
rhizoremediation applications, 96–97
rhizosphere competence and biocontrol, 269–270
‘‘right set of circumstances” model, 3, 13–14, 301
secondary metabolites in, 32, 299–300, See also
Secondary metabolites
secretions and their roles, 8–13
siderophores, See Phytosiderophores
soil nutrient interactions, 33–54, See also specific
nutrients
Al toxicity, 51–54
Fe, 44–49, See also Siderophores
K, 43–44
N, 43, 278
P, 33–43
solute concentration gradients, 332
sorption at soil matrix, 30
spatial variation, 26–27
tables, 2, 24
toxins, See Phytotoxins
Root exudates, sampling and assessment methods, 25–31,
77
bioindicators, 28
factors affecting recovery, 28–31
localized sampling, 26–27
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soil culture systems, 27–28
solution culture systems, 27
microbial degradation, 28–29
microbial diversity and, 125–126
trap solutions, 25–26
updating earlier studies, 55–56
Root exudation
biocontrol efficacy and, 278
cluster roots, 26–27, 34–35, See also Cluster roots
diurnal patterns, See Diurnal exudation patterns
manipulation applications, 95–97
mechanisms, 31–33
membrane-associated processes, See Plasma membraneassociated transport processes
microbial activity and, See Microbial activity
modeling rhizosphere carbon dynamics, 350–352
mycorrhizal associations, 56
plant-rhizobacteria coevolution, 76
root-microbe signaling, See Root-microbe
communication
root-root signaling, See Root-root communication
transgenic approaches to manipulating, 56
Root exudation, factors affecting, 78–79
Al toxicity, 51–54
application, 95–97
CO2, 55, 93
cropping systems, 94
fertilizer applications, 94
hypoxic conditions, 91–92
light intensity, 54, 93
microbial composition, 80–81
mineral nutrients, 33–51, 92
pH, 92–93, 115, See also pH; Rhizosphere acidification
plant age and developmental stage, 79
plant growth, 80
plant species, 79
presence of microorganisms, 80
root environmental ‘‘sensing,” 115
soil structure, 93
temperature, 54, 90–91
water supply, 54–55, 91
Root foraging model, 137, 363
Root growth and development, 4, 136, See also Root
morphology and architecture
atmospheric CO2 levels and, 117
bicarbonate effects, 13, 50
deleterious rhizobacteria and, 88
detection and navigation signals, 314–315
effect on soil structure, 9–10
exudation amounts and, 80
interspecies differences, 136
localized nutrients and, 360–363
long-range signals, 145
microbial growth kinetics, 185–186
microbial iron nutrition and, 174
microfaunal interactions, 121
model assumptions, 352–360
nutrient signals and, 35, 136–140, See also Nutrient
signals and root trophomorphogenesis; specific
nutrients
phenotypic plasticity, 135–136

rate assumption for modeling, 353–356
root-root signaling, See Root-root communication
transcription factors regulating, 144
Root hairs
essential mineral content (legumes), 256
ethylene and, 143
isolation methods, 251
modeling, 339
nutrient effects on differentiation and growth, 138–139
potassium uptake, 162
Rhizobia-legume symbiosis, 251–252
Root injury, effect on exudate recovery, 30–31
Root knot nematode, 280–281
Root membrane activities, See Plasma membraneassociated transport processes
Root-microbe communication, 379, See also Biocontrol;
Microbial activity; Root exudates
beneficial signals, 315–316
chemotaxis, 315
disease response induction, 312, See also Induced
systemic resistance
extracellular plant growth-promoting rhizobacteria,
316–317
Frankia-actinorhizal interactions, 319–320
microbial resistance to plant antimicrobial signals, 313
mycorrhizal fungi and, 205–209, 320
Nostoc-Cycad interactions, 320
plant antimicrobial signals and resistance to pathogens,
309–311
quorum sensing, See Quorum sensing
Rhizobia-legume interactions, 318–319, See also
Rhizobia-legume symbiosis
Root morphology and architecture, 4, See also Root border
cells; Root growth and development; Root hairs
chromatin remodeling, 144–145
cluster roots, See Cluster roots
epidermal cell differentiation, 138–139
surface area, 4
transfer cells, 140
trophomorphogenic responses to nutrient signals, See
Nutrient signals and root trophomorphogenesis
water supply and, 136–137
Root radius assumption, 353–356
Root respiration, 91, 375–377, See also Carbon dioxide
P deficiency and, 39, 41
Root-root communication, See also Root exudates
allelopathy, 301–305
autoinhibition, 298, 305–306, 314
beneficial signals, See also Mycorrhizal fungi;
Nitrogen-fixing bacteria; Rhizobia-legume symbiosis
herbivore resistance, 313–314
parasitic plant interactions, 306–309
root detection and navigation, 314–315
self-detection and species identification, 314–315
Root sensing of environment, 115, 140–141
Root trophomorphogenesis, nutrient signals and, See
Nutrient signals and root trophomorphogenesis
Root windows, 27
Rosmarinic acid, 309
RpoB, 384
R/S ratio, 380–381
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Saccharomyces cerevisiae, 221
Salicylates, 85, 97
Salicylic acid (SA), 191, 273
Salt stress, 156–157
Sand-based media, 372–373
Saponin, 281
Schizokinen, 182
Sclerotium rolfsii, 85
Secondary metabolites, 32, 56, 298, 299–300, See also
Organic acids and carboxylate exudates;
Phytohormones; Root exudates; Siderophores;
specific substances
antibiotics production, 83–84, See also Antibiotics
mobility, persistence, and activity, 300–301
resistance to pathogens and, 309–311
‘‘right set of circumstances” model, 301
Secretions, 5
Selective adsorption media, 26
Selenium (Se), 6
Sensitivity analysis, 346
Serratia liquefaciens, 273
Serratia marsescens, 85
Serratia spp., 273
Siderophores, 173–174, See also Phytosiderophores
bioassays, 182–183
biocontrol and, 84–85, 190–192, 193, 272
bioremediation applications, 173
fungal, 180
induction of systemic resistance, 273
iron efficiency stress response, 182
iron mobilization and nutrition and, 173–181, 193, See
also Iron (Fe) mobilization, uptake, and nutrition
iron reporter genes, 277–278
iron sources for plants, 185
methodologies, 174, 177–179, 182–183
nitrogen fixation and, 192–193
phytosiderophore interactions, 176
plant microbial interactions, 176–177, 179–180,
181–182
plant systemic resistance induction and, 85
production in the rhizosphere, 182–187
microsite differences, 182–185
types, 182–185
rhizosphere competence and, 189–190, 193, 194
temporal and spatial exudation patterns, 47
Silicon (Si) uptake, 166
Single strand conformation polymorphism (SSCP), 383
Sinorhizobium fredii, 241, 318
acid tolerance, 258
Sinorhizobium meliloti, 237, 238, 241, 246, 312
nod factor signaling, 249, 252
osmotic adaptation, 256
Sinorhizobium spp., 238
Soil diffusion, See Diffusion
Soil extraction methods, 27–28
Soil microorganisms, See also Microbial activity
community diversity, 87–89, See also Microbial
composition and community structure
dinitrogen fixation, See Nitrogen-fixing bacteria
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microfauna, See Nematodes; Protozoans
mycorrhizae, See Mycorrhizal fungi
pathogens, See Pathogenic microorganisms
rhizobacteria, See Rhizobacteria
rhizobia symbioses, See Rhizobia-legume symbiosis
Soil moisture, See Water availability
Soil organic matter
assessment techniques, 113
δ13C variations, 114, 377
biomass composition, 268
carbon dynamics, See Carbon dynamics in the
rhizosphere
cropping systems and, 94
fulvic acids, 175, 179
humic substances, 30, 46, 157, 175, 179
mycorrhizal utilization of, 221–222
nitrogen mineralization from, 95, 118
rhizodeposits and, 76, See also Carbon rhizodeposition
rhizosphere respiration and, 113
root foraging activity, 121
Soil-plant interface, defined, 74
Soil-plant-microbe interactions, study of, 76–78, See also
Microbial activity
Soil respiration, 112–114, 376–377, See also Carbon
dioxide; Root respiration
Soil sampling methods, 111–112, 115–116
Soil type and structure effects, 9–10, 93
clays and, 93, 404–405
Solanum tuberosum (potato), 10, 31, 52, 53, 280, 317, 373
Solute diffusion modeling, 332, 334–336
Solution cultures
extrapolating results to soil systems, 3, 118, 181
exudate degradation rates, 181–182
exudate sampling methods, 25–26
rhizosphere carbon flow measurement methods, 372–373
‘‘right set of circumstances” model, 14
Sorghum (including S. bicolor)
allelopathy, 11, 14, 301, 303–304
mycorrhizae and P uptake, 83
mycorrhizae and rhizobacterial diversity, 226
phytosiderophores, 47
root exudate composition analysis, 378
root foraging model, 363
Sorghum vulgare, 363
Sorghum xenognosin (SXSg), 307–308
Sorgoleone, 11, 14, 303–304
Soybean agriculture, 239–240, See also Glycine max
Sphingomonas paucimobilis, 89
Spider mites, 314
Stable isotope probes (SIP), 78, 126–127, 385, 387–388
Stachydrine, 241
Stenotrophomonas maltophilia, 317
Streptomyces, 268
transduction gene transfer, 403
Stress response, 7, 13, See also specific mineral deficiencies
H+-ATPase and, 156–157
rhizosphere signal response, 157–158
humic compound interactions, 157
plant growth-promoting rhizobacteria and, 157–158
Stress-responsive genes, 144
Striga asiatica, 307–309
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Striga hermonthica, 307, 309
Strigol, 206, 209, 321
Sucrose, root microdistribution patterns, 278
Sucrose synthase (SS), 36
Sugars, See also specific types
active retrieval mechanisms, 30
addition rate and mineralization, 114–115
bioreporters and, 277
exudation under hypoxic conditions, 55
natural roles in rhizosphere, 278
root microdistribution patterns, 278–279
soil dynamics, in situ investigation methods, 125
temperature effects on exudation, 54
Sulfate transporters, 160, 165
Sulfur, 160
Sulfur deficiency, 142
microRNAs and, 144
SUMO, 145
Superoxide dismutase, 50
Surfactants, 36, 272, 279
Symbiosis-regulated acidic polypeptides (SRAPs), 214
Symbiosomes, 250, 252, 253–255
Sym genes, 215
Synomones, 298
Syringolin, 273
Systemic acquired resistance (SAR), 273, See also Induced
systemic resistance

Transposons, 411, 412
Trap solutions, 25–26
Trehalose, 226, 256
Trichoderma atroviride, 282
Trichoderma harziarum, 281, 282
Trichoderma spp., 268
Trichoderma spp., 271, 272, 275
Trifolium repens, 93, 312
Trifolium subterraneum, 123
Trigonellin, 241
Triphysaria versicolor, 309
Tripsacum dactyloides, 309
Triticum aestivum, See Wheat
Trophomorphogenesis, See Nutrient signals and root
trophomorphogenesis; Root growth and
development
Tryptophan, 278–279, See also Indoleacetic acid
Tuber borchii, 208
Tuber magnatum, 214
Tylose, 221

U
UNITE database, 204
Uranium, 49
Urease, 124

V
T
Tartarate, Al complexes, 52
Taylor diffusion, 336
Teline stenopetala, 258
Temperature effects, 54, 90–91
bacteriophage-bacteria interactions, 404
Pseudomonas syringae Ice- mutant, 85
Temperature gradient gel electrophoresis (TGGE), 383
Tensin, 272
Terminal restriction fragment length polymorphism
(T-RFLP), 383
Tetranychus urticae, 314
Thielaviopsis basicola, 85, 86
Thin layer chromatography (TLC), 378
Tobacco (Nicotiana tabacum), 53, 57, 123, 159, 161, 166,
280, 319, 338, 379
Tobacco black root rot (Thielaviopsis basicola), 85, 86
Tomato, See Lycopersicon esculentum
Tomato foot and root rot (TFRR), 268, 280, 282
Topsoil foraging, 137
Tortuosity factor, 343
Transcription factors, 143
Transduction gene transfer, 402–406
Transfer cells, 140, 156
Transgenic approaches, See also Genetic engineering
techniques and applications
Al tolerance and, 53
enzyme activities, 11, 49, 123–124, 137
phytotoxic resistance and, 304
root exudation and, 39, 56, 379
studying carbon rhizodeposition flow dynamics,
378–379

Vacuum suction, 26
Verticillium spp., 268
Vesicle transport, 32, 48
Vicia faba, 314
Violacein, 380
Virulence factors, 268, 272, 403
Viruses (bacteriophages), 402–406
Viscosinamide, 272

W
Water availability
iron mobilization and, 178
nutrient uptake modeling, 363–365
rhizobia and, 256
root architecture and, 136–137
root exudation and, 54–55, 91
Watermelon, 86
Water transport channels, 165–166
Wheat
allelochemicals, 12, 301
Al tolerance, 13, 53, 57, 166
amino acid uptake, 119
associated microbial communities, 88–89
bacterial conjugation and, 413–414
Cd accumulation, 51
CO2 levels and, 55
C rhizodeposition and microbial growth, 4, 79
environmental effects on C rhizodeposition, 90, 92, 94
ion channel, 32, 166
metal uptake, 180, 256
microbial antibiotic production and, 83, 192, 275, 279
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Mn uptake, 8
mucilage and, 8
N mineralization and, 78, 121
N rhizodeposition, 76
nutrient deficiency and carboxylate exudation, 31, 38, 52
phytosiderophore exudation, 47, 49, 54, 180–181
root exudation and root growth, 80
selenite reduction, 6
soil enzyme activity and, 123–124, 271
White lupin, See Lupinus albus
Wood-wide web, 223–224

X
Xanthomonas maltophila, 89
Xanthomonas spp., siderophore production, 183
Xylans, 221
XylE, 30, 277

Y
Yersinia, 241
Yield, See Plant yield

Z
Zea mays (maize)
Al resistance, 13
border cells, 6, 10
carboxylate deposition rate, 31
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CO2 levels and, 55, 93
dessication effects, 91
diurnal exudation patterns, 378
H+-ATPase activity, 155, 157
interroot competition, 340
ion channels, 32
iron mobilization, 5
siderophores and, 47–49, 182
K limitation and root exudation, 43–44
lactic acid accumulation, 41
lateral root development and, 355, 365
microbial colonization of roots, 5
model root growth assumptions, 352–353
mucilage, 9, 10
N form and root exudation, 43
plant growth-promoting rhizobacteria and, 123,
189
rhizodeposition and microbial growth, 4, 115, 278
rhizosphere respiration effects, 377
root exudates, mycorrhizal and nonmycorrhizal, 373
Striga germination inducer, 307
temperature and root exudation, 54
yellow stripe mutant, 164
Zinc
carboxylate exudates and, 50
ion transport, 163
mucilage and uptake in dry soils, 54
phytosiderophores and, 49, 180
ZIP gene family, 163
Zwittermycin A, 271
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