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I. Introduction

CO

The living roots of most plant species are colonized by hyphae of nonpathogenic fungi to form structures known as mycorrhizas (from Greek
meaning ‘‘fungus‐root’’; Frank, 1885). Mycorrhizas normally represent
mutualistic interactions, the fungus receiving carbohydrate from its host
plant, allowing it to form a mycelial network in the soil which assimilates
nutrients (N, P, K, and some micronutrients) and water, a proportion of
which is transferred directly to the host (Smith and Read, 1997).
}
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There are several major types of mycorrhiza, which are classified
according to morphology and the types of fungi involved. The dominant type of mycorrhiza in terms of plant species and distribution are
the arbuscular mycorrhizas (AM), which form between fungi from the
Glomeromycota and angiosperms, gymnosperms, pteridophytes, and
bryophytes. Based on taxonomy, approximately 160 species of AM
fungus have been described, although this is likely to be a considerable
underestimate of actual diversity (Johnson et al., 2005a; Schussler
et al., 2001). In AM associations, the fungus penetrates root cortical
cells in which it proliferates and forms arbuscules through which
materials are exchanged between the symbionts. The fungus spreads
into the soil where it forms extraradical mycelial networks of varying
size and structural complexity (Hart and Reader, 2002).
The ectomycorrhizal (ECM) association forms largely between basidiomycete and ascomycete fungi and woody perennials, particularly members of the Pinaceae, Betulaceae, Fagaceae, and Dipterocarpaceae (Smith
and Read, 1997). Between 5000 and 6000 fungal species may form
ectomycorrhizas (Smith and Read, 1997). Hyphae penetrate the root
cortex, ramifying between cells to form a ‘‘Hartig net’’ through which
the symbionts exchange materials. The fungus forms a mantle of hyphae
which covers the root, and an extraradical mycelial network of varying
complexity (Agerer, 2001). There are a number of other mycorrhizal types
which are limited to specific plant families, including the Ericaceae and
Orchidaceae, which will not be considered in the current chapter.
Mycorrhizal fungi convey a range of benefits to their host plant in
addition to providing nutrients and water, including increased resistance to foliar‐feeding insects (Gange and West, 1994) and soilborne
pathogens (Whipps, 2004), and tolerance to salinity (Feng et al., 2002)
and heavy metals (Diaz et al., 1996). While plant diversity and age can
influence the structure and diversity of AM and ECM fungus communities (Johnson et al., 2005a), mycorrhizal fungi themselves may play a
key role in determining the structure and diversity of aboveground
plant communities (van der Heijden et al., 1998). There is widespread
interest in harnessing the benefits of mycorrhizal fungi in agricultural
systems to reduce fertilizer and pesticide inputs, and improve the
water relations of crop plants (Gosling et al., 2006).
II. The Mycorrhizosphere as a Soil Compartment

Plants allocate between 5% and 30% of photosynthetic assimilate to
their mycorrhizal fungus partner (Johnson et al., 2005a), and mycorrhizal hyphae comprise a major proportion of the soil biomass in many
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soil ecosystems. In boreal forests, ECM hyphae may comprise over 30%
of the microbial biomass (Hogberg and Hogberg, 2002), and AM mycelium forms around 20% of the microbial biomass in prairie and pasture
grasslands (Miller et al., 1995). Mycorrhizas therefore have a central
position in terrestrial nutrient cycling processes.
It has long been recognized that the physical, chemical, and biological
interactions which occur in the soil surrounding mycorrhizas may be
distinct from those of the nonmycorrhizal rhizosphere and bulk soil
(Rambelli, 1973). Mycorrhizal roots and mycelium have the potential
to affect, and be affected by, free‐living and pathogenic microbes and
fauna during the initiation and formation of mycorrhizas, as extraradical
mycelium grows through the soil, and following hyphal and root senescence (Johansson et al., 2004). Mycorrhizal fungi can directly affect
soil organisms via nutritional interactions, including the production of
hyphal exudates and the provision of living and senescent hyphae as a
food source, competition for nutrients, changes in pH (via exudation and
nutrient mobilization), and the production of inhibitory compounds.
Since mycorrhizal fungi can change soil structure and affect the quality
and quantity of rhizodeposits, plant growth and root:shoot ratio, they
can also have indirect impacts on the soil microbiota. In turn, free‐living
soil organisms can directly influence mycorrhizal fungi and their host
plant by stimulating the formation of mycorrhizas, changing nutrient
availability, enhancing plant growth, changing root:shoot ratio, and
using living fungal or plant tissues as a food source.
The region of soil inhabited by, surrounding and influenced by
mycorrhizal roots and mycelium has been termed the ‘‘mycorrhizosphere’’ (Linderman, 1988). This includes the zone where the hyphae,
spores, and fruit bodies of mycorrhizal fungi occur, and within the
fungal mycelium and mycorrhizal roots themselves. The region of soil
inhabited by extraradical mycelium alone is termed the ‘‘hyphosphere.’’
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III. The Physical and Chemical Environment of the Mycorrhizosphere
A. PHYSICOCHEMICAL PROPERTIES

Microbial communities inhabiting the rhizosphere and mycorrhizosphere are subject to spatial and temporal gradients and variation
resulting from the uptake of oxygen, nutrients and water, and release
of CO2 by the plant and fungus (Hinsinger et al., 2005). Mycorrhizal
fungi also modify soil structure, with implications for aeration and
water retention (Gosling et al., 2006). Many studies have shown that
the mycorrhizosphere has a lower pH than the rhizosphere and bulk
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soil, with increased CO2 concentrations resulting from the presence of
mycorrhizal fungi proposed as one of the mechanisms responsible
(Knight et al., 1989). However, both nutrient uptake and exudation of
organic acids (see Section III.B) can also contribute to mycorrhizosphere
acidification. For example, Bago et al. (1998) showed that acidification
arising from uptake of NH4þ was greater in an AM hyphosphere compartment than a nonmycorrhizal rhizosphere. Mycorrhiza‐induced changes
in soil physicochemical properties may influence the growth of microbial communities, although information on the direct impact of such
changes on microbial community structure and functioning in the
mycorrhizosphere is lacking.
BY
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Mycorrhizal colonization can induce a range of qualitative and quantitative changes in rhizodeposition (Jones et al., 2004), although these
have rarely been characterized. Several studies have shown that
amounts of carbohydrates and amino acids exuded are lower in AM
roots relative to nonmycorrhizal roots, with reductions in the amount
of organic C exuded reported to be up to 78% (Bansal and Mukerji,
1994; Marschner et al., 1997). Furthermore, these differences in exudation were associated with contrasting population densities of bacteria
within the mycorrhizosphere. There are also reports of stimulated
release of phenolics within the mycorrhizosphere (Mada and Bagyaraj,
1993). However, other studies have found no quantitative or qualitative
impact of AM on rhizodeposition (Azaizeh et al., 1995). A variety of
factors could explain these contrasting results, including differences in
the plant and fungus species involved, the experimental system used,
and environmental conditions. ECM fungi can stimulate or inhibit
rhizodeposition of carbohydrates and amino acids depending on the
combination of plant and fungus (Leyval and Berthelin, 1993).
Living hyphae of ECM fungi have been shown to exude a variety of
soluble organic materials, although there is little information available
on exudation by the hyphae of AM fungi. Exudates may influence microbial communities in the mycorrhizosphere by direct impacts, such as
by changing pH or by providing a substrate for microbial growth, although
to date there is little direct evidence linking mycorrhizal fungus exudates
to the structure or functioning of mycorrhizosphere communities (see
Section V.A).
Most attention on exudation by ECM fungi has focused on organic
acids. When grown in vitro, large amounts of oxalic and citric acids,
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and smaller amounts of tartaric, glycolic, and formic acids can be
exuded by a number of ECM fungi (Lapeyrie et al., 1987). ECM roots
increase the amount and change the composition of organic acids in
soil (Griffiths et al., 1994; van Hees et al., 2003). While oxalic acid
appears to be the major organic acid detected in soil supporting mycorrhizal plants, large amounts of propionic, formic, acetic, citric, shikimic,
and lactic acid have also been detected (Ahonen‐Jonnarth et al., 2000;
van Hees et al., 2006). Although the relative contribution of the
plant root and fungus mycelium to the elevated organic acid levels
around mycorrhizal roots has not usually been determined, the precise
types of organic acids exuded by mycorrhizal roots do depend on
fungal species.
The role of organic acids exuded by ECM mycelium and roots
appears to be to dissolve mineral nutrients, including K, Al, and Mg,
increasing their availability for uptake (Jones et al., 2004). The amount
of organic acid exuded into soil by ECM mycelium can be large.
van Hees et al. (2006) estimated that oxalic acid exudation by the ECM
fungus Hebeloma crustuliniforme in symbiosis with Pinus ponderosa
represented 2–4% of the total C received by the fungus, which was
equivalent to 0.2% of the total C fixed by the plant. Organic acids
produced by ECM plants are degraded rapidly in soil, with elevated
degradation rates in the mycorrhizosphere compared to nonmycorrhizal
rhizosphere soil (van Hees et al., 2003).
The external mycelium of some hydrophobic and hydrophilic ECM
fungi can exude drops of liquid at the hyphal tip (Unestam and Sun,
1995). In the case of Suillus bovinus, carbohydrates comprised 32% of
the exudate mass. Ten different polyols (sugar alcohols) and sugars
were identified, with the major components found to be inositol, erythritol, ribose, threitol, and mannose (Sun et al., 1999). The drops also
contained significant amounts of peptides, which accounted for up to
14% of the exudate mass. Oxalic and acetic acids were also detected in
the hyphal drops, but no amino acids were found. The molecular and
environmental factors controlling exudation, and the extent to which
ECM hyphae exude carbohydrates while growing in symbiosis and in
natural soil, is not known.
A number of hydroxymate siderophores have been detected in pure
cultures of ECM fungi (Haselwandter, 1995) and soil colonized by ECM
mycelium (van Hees et al., 2006). These cyclic peptides sequester Fe
when it is in short supply, making it more accessible for assimilation.
The available data suggest that exudation rates of siderophores by ECM
mycelia are small, and around 10,000 times lower than for oxalic
acid (van Hees et al., 2006). Although siderophores can be readily
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catabolized by soil bacteria (Pierwola et al., 2004), it seems that
siderophore production by mycorrhizal mycelium does not represent
a major C input to soil. However, by changing the availability of
Fe, siderophores released by mycorrhizal fungi could influence the
growth of free‐living microbial communities, although this has not
been tested.
A number of other organic materials are exuded by ECM hyphae.
Some ECM fungi exude phenolic compounds when grown in vitro
(Sun et al., 1999). These compounds have antifungal activity against
plant pathogens (Yamaji et al., 2005), although the extent to which they
suppress the growth of mycorrhizosphere organisms, or represent a
substrate for saprophytic organisms, is not known. The ECM fungus
Pisolithus tinctorius exudes an indole alkaloid, hypaphorine, which
counteracts the action of the plant hormone indole‐3‐acetic acid (IAA),
resulting in the inhibition of root hair development (Beguiristain and
Lapeyrie, 1997). However, direct and indirect effects of hypaphorine on
mycorrhizosphere microbes have not been studied.
Information on exudation from AM hyphae is scarce. Attention has
focused on glomalin, a glycoprotein which has been shown to accumulate in concentrations up to 21 mg g1 soil (Wright and Upadhyaya,
1999). Glomalin is highly persistent in soil, with a turnover time of
6–42 years (Rillig et al., 2001). Alongside AM hyphae, glomalin may
play a role in promoting soil aggregation. Analysis of glomalin production in vitro showed that less than 20% of glomalin produced by
Glomus intraradices was exuded, with the remainder forming part of
the hyphal and spore cell wall (Driver et al., 2005). The significance of
glomalin, and its impact on mycorrhizosphere organisms are unclear,
and furthermore the processes controlling the fate of glomalin in soil
are poorly understood.

CO

IV. Interactions Between Microbes and Symbionts Prior to and During
Mycorrhiza Formation
A. MYCORRHIZATION HELPER BACTERIA

The term ‘‘mycorrhization helper bacteria’’ (MHB) was coined by
Garbaye (1994) to describe bacteria which can enhance the rate of
mycorrhiza formation. Such MHB may also suppress pathogens in
mycorrhizosphere soil (Budi et al., 1999; Schelkle and Peterson,
1996). The helper effect of soil bacteria on mycorrhiza formation
was initially investigated in nursery soils (Garbaye, 1983; Ridge and
Theodorou, 1972). In these soils, ECM formation was reduced following
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fumigation with methyl bromide, suggesting that bacteria are important in the formation of mycorrhiza. Further work demonstrated that
inoculation of microbial communities into sterilized soils containing
P. radiata with either Paxillus involutus, Rhizopogon luteolus, or
H. crustuliniforme resulted in enhanced mycorrhiza formation (Garbaye
and Bowen, 1987).
In many subsequent studies, pure bacterial strains which promote
mycorrhiza formation have been isolated and characterized. Early work
on specific MHB interactions focused on the ECM symbiosis Laccaria
bicolor S238N (formerly Laccaria laccata)–Pseudotsuga menziesii
(Duponnois and Garbaye, 1990, 1991; Duponnois et al., 1993), with
bacteria isolated from either the sporocarp or the ECM mantle. Further
MHB have been isolated from ECM symbioses involving the fungi
Lactarius rufus, Pisolithus spp., Suillus luteus, and Amanita muscaria
(Bending et al., 2002; Founoune et al., 2002b; Poole et al., 2001; Schrey
et al., 2005). MHB have also been studied to a lesser extent in AM
symbioses involving Glomus spp. (Duponnois and Plenchette, 2003;
Mamatha et al., 2002; Xie et al., 1995).
For both ECM and AM symbioses, MHB strains are predominantly
Bacillus and Pseudomonas, but examples have also been found in the
genera Bradyrhizobium, Burkholderia, Paenibacillus, Rhodococcus,
and Streptomyces. Bacteria have been categorized as MHB using a variety of contrasting experimental systems, including laboratory microcosms and glasshouse and nursery systems (Duponnois and Garbaye,
1991; Duponnois and Plenchette, 2003; Poole et al., 2001). Examples
of laboratory microcosm and glasshouse systems are shown in Figs. 1
and 2.
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B. CHARACTERIZING MYCORRHIZATION HELPER BACTERIA EFFECTS

CO

Numerous studies have been conducted to characterize the helper
effect of specific MHB. For example, the bacterial strain BBc6 consistently stimulates mycorrhizal root formation in the L. bicolor S238N–
P. menziesii symbiosis. In bare root forest nurseries, stimulation of
mycorrhiza formation in the presence of this MHB is typically in the
order of 20–30% over controls receiving no bacterial inoculum
(Duponnois and Garbaye, 1991). Similarly, for Acacia auriculiformis–
Pisolithus alba, mycorrhiza formation can be stimulated from 45.8% in
controls to 70.3% in the presence of Pseudomonas fluorescens HR13
(Duponnois and Plenchette, 2003).
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FIG. 1. Photograph of Poole microcosm. A Petri dish–based system containing peat
vermiculate and inoculated with P. sylvestris, L. rufus, and, as appropriate, bacterial
strains.
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The concentration at which such MHB are applied has important
consequences for the degree of stimulation. P. fluorescens BBc6R8
increased mycorrhiza formation to a greater extent at lower than high
doses (Frey‐Klett et al., 1999). Similarly, Aspray et al. (2006) found
using microcosms and the P. sylvestris–L. rufus symbiosis that for
Burkholderia sp. EJP67 the effect on mycorrhiza formation was dependent on bacterial inoculation concentration, although in the same system, Paenibacillus sp. EJP73 stimulated mycorrhiza formation at a
greater range of inoculum concentrations. Therefore, in terms of bacterial concentration it seems that a fine equilibrium must exist, as least
for certain MHB, in order for the helper effect to be realized.
Although MHB were initially thought to be fungus specific (Dunstan
et al., 1998; Duponnois et al., 1993), MHB strains have since been
shown to stimulate mycorrhiza formation of several fungal strains.
Duponnois and Plenchette (2003) found that MHB P. fluorescens HR13
was able to stimulate ectomycorrhiza formation by P. alba and
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FIG. 2. Photographs of typical glasshouse experiment used to investigate MHB–
ectomycorrhiza interactions, as conducted at INRA Nancy, Research Unit ‘‘Tree‐
Microorganism Interactions, France’’ (Courtesy of Béatrice Palin). Three‐month‐old
P. sylvestris seedlings inoculated with ectomycorrhizal fungi and MHB.
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Scleroderma spp. In fact, HR13 also stimulated mycorrhiza formation
by the AM fungus G. intraradices. The nonfungal specificity of certain
MHB has been confirmed using the strain Paenibacillus sp. EJP73,
which stimulates L. bicolor–P. sylvestris mycorrhiza under glasshouse
conditions and L. rufus–P. sylvestris mycorrhiza in laboratory microcosms
(Poole et al., 2001; Aspray et al., in press).
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C. MYCORRHIZATION HELPER BACTERIA MECHANISMS
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A key focus for MHB research has been to understand the mechanisms responsible for producing the helper effect. Potential mechanisms
were hypothesized by Garbaye (1994) to include: (1) enhancing receptivity of the root to colonization by mycorrhizal fungi, (2) affecting root‐
fungus recognition processes, (3) stimulating presymbiotic fungal growth,
(4) affecting germination of fungal propagules, and (5) modifying soil
properties. Garbaye (1994) provided a thorough overview of potential
MHB mechanisms. As such, this section of the chapter will cover general
concepts and focus on more recent developments in this area.
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1. Enhancing Receptivity of the Root to Colonization by
Mycorrhizal Fungi
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One way in which MHB may enhance the colonization of plant roots
by fungi is by increasing the actual number of short roots available
for colonization (Garbaye, 1994). Bacteria can produce a wide array
of molecules which may alter the physical and chemical properties of
plant roots, including signaling molecules such as phytohormones, and
enzymes. In particular, the phytohormone IAA is important in plants
for controlling fundamental cellular processes, including cell division
and tissue differentiation (Leveau and Lindow, 2005). Some MHB have
been found to produce large amounts of IAA, which can stimulate the
initiation of short roots by P. menziessii seedlings (Duponnois, 1992;
Gamalero et al., 2003).
MHB may also enhance the receptivity of the plant root by softening
the cell wall and middle lamella of the root cortex (Duponnois, 1992),
and making physical growth of the fungus through the root easier. Soil
bacteria can produce a range of enzymes such as endoglucanases,
cellobiose hydrolases, pectate lyases, and xylanases. The MHB P. fluorescens 92 and P. fluorescens BBc6 have both been shown to produce
cellulase (Gamalero et al., 2003), although its role in MHB activity has
not been demonstrated. Enzymes such as endoglucanase and pectate
lyase are also involved in virulence and pathogenicity of bacterial plant
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pathogens (Ham et al., 2004; Liao et al., 1992), which could suggest a
fine balance between helper and pathogenic effects.
Finally, one area recently receiving attention in relation to both
pathogenic and mutualistic interactions between plants and microbes
is the involvement of bacterial secretion systems. The type III secretion
system (TTSS) in particular has been demonstrated to be involved both
in pathogenic and mutualistic interactions with plant roots (Buttner
et al., 2006; Molina et al., 2006). TTSS inject proteins into the cytosol
of eukaryotic cells, where the translocated proteins interfere with
host cell signal transduction and other cellular processes, resulting in
changes to host physiology. Further work is needed to clarify the role of
such systems in MHB interactions.
2. Affecting Root‐Fungus Recognition Processes
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In mycorrhizal symbioses, fungi and plants produce signal molecules
such as phytohormones, enzymes, polysaccharides, phenolic compounds, adhesins, and volatiles during the initiation of mycorrhiza
formation (Akiyama et al., 2005; Smith and Read, 1997). Bacteria in
the mycorrhizosphere may be able to synthesize many of these chemicals, and thereby affect mycorrhiza formation. In addition, degradation
or transformation of signal molecules by bacteria could affect root‐fungus
recognition.
Production of IAA is a mechanism by which some plant growth‐
promoting bacteria operate (Patten and Glick, 2002), and production
of IAA could also be an MHB mechanism. However, as the ECM fungus
L. bicolor also produces IAA, it is not clear what contribution bacterially produced IAA has on enhancing this symbiosis. Bacteria, for
example Pseudomonas putida strain 1290{, may also degrade IAA
(Leveau and Lindow, 2005). However, whether such bacteria can
enhance or inhibit mycorrhiza formation is unknown.
3. Stimulating Presymbiotic Fungus Growth

CO

The third hypothesis, that MHB stimulate presymbiotic growth of the
fungus, has been studied widely due to the simplicity of experiments
involving cocultures of the fungus and bacterium. One way in which
MHB can stimulate fungal growth is through the production of metabolites which can be used as nutrients or anabolic growth factors by the
fungus. A variety of studies have shown that bacterial isolates or their
culture filtrates can stimulate growth of ECM fungi on low nutrient agar
(Brulé et al., 2001; Duponnois and Garbaye, 1990). MHB may also
detoxify metabolites produced by the fungus that inhibit mycelial
growth (Duponnois and Garbaye, 1990).
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4. Affecting Germination of Fungal Propagules

F

Whether the stimulation of fungal growth on agar or in liquid media
is an MHB mechanism remains to be proven conclusively. In the
absence of the plant partner, enhancing presymbiotic fungus growth
cannot be correlated with enhanced mycorrhiza formation. For example, P. monteilii HR13 stimulated radial growth of Pisolithus isolates,
but not Scleroderma dictyosporum or S. verrucosum, and yet the bacterium significantly enhanced mycorrhiza formation of all three fungi
(Duponnois and Plenchette, 2003).
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Bacteria have been shown to stimulate the germination of mycorrhizal fungus spores. For example, surface sterilization of G. versiforme
spores reduced the rate of spore germination compared to those with
naturally associated microbial communities (Mayo and Davis, 1986).
Furthermore, the addition of bacteria (including Pseudomonas and
Corynebacterium strains) isolated from nonsurface disinfected spores
also increased spore germination compared to disinfected spores.
Both volatile and nonvolatile metabolites released by bacteria have
been suggested to be responsible for increased spore germination
(Azcón, 1987; Carpenter‐Boggs et al., 1995; Mayo and Davis, 1986).
However, like the previous hypothesis a clear link between enhanced
spore germination and increased mycorrhiza formation remains to be
demonstrated.
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D. MYCORRHIZATION‐INHIBITING BACTERIA
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Some bacteria can have inhibitory effects on in vitro fungus growth or
on mycorrhiza formation itself and have been termed mycorrhization‐
inhibiting bacteria (MIB; Bending et al., 2002; Bowen and Theodorou,
1979; Varese et al., 1996). MIB include strains of Pseudomonas sp. and
Bacillus sp. The close phylogenetic similarity between MHB and MIB,
and the fact that MHB are able to stimulate mycorrhiza formation of
certain fungi and inhibit that of others suggests that bacteria are able to
act both as MHB or as MIB, depending on the particular fungal and
plant partners involved (Brulé et al., 2001). Furthermore, Brulé et al.
(2001) found that P. fluorescens BBc6R8 could act as an MHB or MIB of
the L. bicolor–P. menziesii symbiosis under different environmental
conditions. Such findings emphasize the dynamic nature of bacteria
in the mycorrhizosphere rather than the presence of discrete functional
groups.
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V. Interactions Between Mycorrhizas and Free‐Living
Nonpathogenic Organisms
A. BACTERIAL BIOMASS

AND

COMMUNITY STRUCTURE
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Most studies which have examined the impact of mycorrhizas on
bacterial communities have compared the rhizosphere of mycorrhizal
and nonmycorrhizal plants. Since colonization of roots by mycorrhizal fungi can alter root physiology, including patterns of rhizodeposition (see Section III.B), it is not clear to what extent these impacts
reflect direct or indirect effects of mycorrhizal fungi. Furthermore,
despite evidence that mycorrhizal fungi can alter the chemical and
physical environment within the mycorrhizosphere (see Section III),
most studies have failed to provide understanding of mechanisms
driving community structure in the mycorrhizosphere, or in many
instances the functional consequences of altered community structure.
Mycorrhizal fungi have been shown to have negative (Christensen
and Jakobsen, 1993), neutral (Olsson et al., 1998), and positive (Andrade
et al., 1998) effects on amounts or activity of total bacterial biomass,
or specific genotypic groups. Using plating techniques, Meyer and
Linderman (1986) showed that G. fasciculatum had no effect on the
number of bacteria or actinomycetes in the rhizosphere of Zea mays or
Trifolium subterraneum. However, relative to nonmycorrhizal plants,
the rhizosphere of mycorrhizal plants supported higher populations
of facultative anaerobic bacteria and chitinase‐producing actinomycetes, but lower populations of fluorescent Pseudomonads. Numbers
of bacteria in the mycorrhizosphere of ECM plants can also be higher
than those of bulk soil or nonmycorrhizal rhizosphere, although the
extent of differences can vary between mineral and humus horizons
(Heinonsalo et al., 2001).
Andrade et al. (1997) showed that more bacterial species occurred
in soil from the hyphosphere relative to that from AM‐colonized rhizosphere and that the precise communities found varied between
AM fungus species. A number of specific bacterial genera have been
found in greater abundance in the hyphosphere of AM fungi relative
to nonmycorrhizal rhizosphere or bulk soil, including Burkholderia
spp., Arthrobacter spp. (Andrade et al., 1997), and Paenibacillus spp.
(Artursson et al., 2005). These genera, together with Bacillus spp.,
Pseudomonas spp., and Rhodococcus spp. can also be abundant within
ECM roots (Bending et al., 2002; Izumi et al., 2006; Poole et al., 2001).
The mycorrhizosphere can also induce more subtle change to communities. Frey‐Klett et al. (2005) found that both the genotypic and
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functional diversity of P. fluorescens strains within the mycorrhizosphere was greater than in bulk soil.
In contrast to eubacteria, interactions between mycorrhizas and
archaea have received little attention. In a humus soil, Bomberg et al.
(2003) found greater diversity of archaea in mycorrhizal roots and soil
colonized by ECM mycelium relative to uncolonized soil, with no
archaea detected in nonmycorrhizal roots. However, the size of these
communities and their significance is unclear.
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A variety of nonsymbiotic microfungi occur within ECM roots or in
soil containing extraradical mycelium, although there is evidence that
the size of the saprophytic fungus community is reduced in the mycorrhizosphere relative to the bulk soil or nonmycorrhizal roots (Olsson
et al., 1998; Summerbell, 2005). However, population sizes of individual fungus species can be inhibited, stimulated, or not affected by the
presence of mycorrhizal mycelium (Larsen et al., 1998; Tiunov and
Scheu, 2005; Zadworny et al., 2004). Intriguingly, the ECM fungus
L. laccata has been shown to be a mycoparasite of the microfungus
Mucor hiemalis in vitro (Werner and Zadworny, 2003), although an
antagonistic interaction between these fungi, without mycoparasitism,
occurred in the rhizosphere of P. sylvestris (Werner et al., 2002). ECM
fungi are known to compete with litter‐inhabiting saprotrophic
macrofungi, which can exploit the same spatial niche as ECM fungi.
The outcome of competition between such ECM and saprotrophic
macrofungi depends on the species involved and can also depend on
C availability to each of the interacting fungi (Lindahl et al., 2001).
Much less is known about AM–saprophytic fungus interactions. Some
microfungal inhabitants of the mycorrhizosphere are known to be antagonistic to AM fungi (McAllister et al., 1997), and Trichoderma
harzianum has been reported to be a mycoparasite of AM spores and
mycelium (Rousseau et al., 1996).
C. INTERACTIONS

WITH

FAUNA

A variety of micro‐ and mesofauna inhabit the mycorrhizosphere,
and these organisms are likely to affect microbial communities through
feeding, inputs of fecal material, and disturbance, although these interactions are poorly understood. Mycorrhizal hyphae and their associated free‐living bacterial and fungal communities are grazed by a
variety of soil animals. Populations of protozoa have been found to be
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both lower and higher in ECM roots and soil supporting extraradical
mycelium relative to nonmycorrhizal roots (Jentschke et al., 1995;
Timonen et al., 2004). Ronn et al. (2002) found that numbers of protozoa were reduced in the AM mycorrhizosphere relative to the nonmycorrhizal rhizosphere, with lower bacterial biomass in the presence of
the AM fungus given as the reason.
Oribatid mites show varying feeding preferences for the mycelia of
ECM fungi (Schneider et al., 2005), while collembola can feed on the
mycelium of both AM (Klironomos and Ursic, 1998) and ECM fungi
(Hiol et al., 1994) and may also physically sever hyphae as they move
through soil (Johnson et al., 2005b). Tiunov and Scheu (2005) showed
that three species of collembola fed on saprotrophic rather than AM
hyphae in the mycorrhizosphere of the grass Cynodon dactylon, altering community structure of the saprotrophic community. Additionally,
the feeding preference for saprotrophic microfungi increased the extent
to which G. mosseae altered the structure of the saprotrophic community. The direct and indirect impacts of collembola on bacterial community structure and functioning within the mycorrhizosphere are not
known. Numbers of free‐living nematodes can be stimulated in the
mycorrhizosphere of ECM plants (Villenave and Duponnois, 2002),
and furthermore AM fungi can override the selective influence of host
plant on the structure of soil nematode communities (Villenave et al.,
2003). The effects of nematodes and other important faunal groups,
such as enchytraeid worms (Didden, 1993), on the structure and functioning of microbial communities within the mycorrhizosphere have
not been considered.
D. DECOMPOSITION PROCESSES

IN THE

MYCORRHIZOSPHERE

CO

RR

Mycorrhizal fungi coexist with saprotrophic organisms, and interaction between these groups of organism can have consequences for the
degradation of organic matter and xenobiotics (Cairney and Meharg,
2002). In forest soil, the presence of ECM roots can inhibit litter decomposition (Gadgil and Gadgil, 1971, 1975), an observation which has
been termed the ‘‘Gadgil effect.’’ A number of mechanisms have been
proposed for the apparent inhibition of saprotroph communities which
underlies the Gadgil effect (Bending, 2003). The simplest explanation is
that ECM fungi directly inhibit saprotrophic bacteria, fungi, and fauna
(see Sections V.A–C). The capacity of ECM fungi to degrade litter components is low relative to saprotrophic fungi, and the colonization and
exploitation of litter by ECM fungi in place of saprotrophic fungi would
result in reduced rates of decomposition. Other explanations include
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the selective exploitation and translocation of available forms of N and P
by ECM fungi, which lower the quality of the substrate remaining to
saprotrophs (Abuzinadah and Read, 1989; Bending and Read, 1995),
and the uptake of water by ECM roots, which could result in availability
of water limiting the activities of saprotrophic organisms (Koide and
Wu, 2003). However, the Gadgil effect does not occur universally, and
several studies have shown that the presence of mycorrhizal roots can
enhance decomposition rates (Zhu and Ehrenfeld, 1996). Similarly, the
presence of AM mycelium can stimulate decomposition rates of organic
matter in soil (Hodge et al., 2001).
The degradation of xenobiotics in the mycorrhizosphere has received
little attention. The mycorrhizosphere is a compartment in which xenobiotic catabolizing communities can be enriched, and in which survival
of inoculated catabolic communities can be enhanced (Sarand et al.,
1998). Joner and Leyval (2001) showed that the presence of G. mosseae
increased the degradation of several polycyclic aromatic hydrocarbons
(PAH) by up to 25% after 16 weeks, although using the same fungus
species, Binet et al. (2000) found no difference in the catabolism of a mix
of eight PAH between nonmycorrhizal rhizosphere and mycorrhizosphere soil. Genney et al. (2004) demonstrated that catabolism of the
PAH fluorine was inhibited in the presence of ECM mycelium, extending the significance of the Gadgil effect. However, ECM roots may have
no effect on degradation of other PAH (Genney et al., 2004; Koivula
et al., 2004). Since mycorrhizal fungi are considered to have little or no
capacity to degrade complex organic materials, direct stimulation of the
activities of saprotrophic organisms by mycorrhizal fungi has been proposed as the mechanism responsible for enhanced organic matter or
xenobiotic degradation in the mycorrhizosphere, although the communities involved, and the mechanisms underlying the interactions are
unclear.
E. INTERACTIONS

WITH

MICROBES CONTRIBUTING

TO

N

AND

P

CYCLING

CO

Availability of N and P is commonly the factor most limiting to plant
growth, and enhancing availability of these nutrients to the host is
generally believed to be the key function of mycorrhizal fungi (Smith
and Read, 1997). Many studies have indicated that organisms which
improve N and P availability to mycorrhizal fungi are specifically
enriched in the mycorrhizosphere. However, it is not clear whether
these effects reflect direct effects of the mycorrhizal fungus, or indirect
effects arising from mycorrhizal fungus‐induced changes to soil
moisture content or impacts on nutrient status.
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Li et al. (1992) found that N2 could be fixed by Bacillus spp. located
within tuberculate ECM of P. menziessii. However, actual numbers of
N2 fixing bacteria in the mycorrhizosphere may be no different to those
in nonmycorrhizal roots (Rozycki et al., 1999). Amounts of N2
fixed within the mycorrhizosphere are likely to contribute a relatively
small proportion of total atmospheric N inputs to soil (Barkmann and
Schwintzer, 1998). However, since the fixed N2 directly enters the root
zone, it could nonetheless be important for tree nutrition. The number
of free‐living N2 fixing bacteria has been shown to be elevated in the
mycorrhizosphere of several AM fungi growing individually with the
grass Panicum maximum (Secilia and Bagyaraj, 1987), although N2
fixation rates were not determined.
Many studies have shown that the AM symbiosis improves both
nodulation and symbiotic N2 fixation, with the extent to which this
occurs depending on the specific strains of AM fungus and N2 fixing
bacteria involved (Requena et al., 1997). Improved P and/or N nutrition
of the host by the AM fungus is thought to be responsible for determining these interactions (Barea et al., 2002). However, the relative competitiveness of nodule N2 fixing bacteria can be altered within the
mycorrhizosphere relative to the rhizosphere, with implications for
patterns of nodulation and N2 fixation (André et al., 2003). AM colonization can also protect nodules and N2 fixation from drought, although
AM species vary in their effectiveness (Ruiz‐Lozano et al., 2001).
Enhanced water uptake by AM fungi, in addition to reduction of
oxidative damage, may be responsible for these effects.
The population sizes of other organisms involved in N cycling can
be altered within the mycorrhizosphere. Numbers of autotrophic
NH4þ‐oxidizing bacteria were higher in the mycorrhizosphere of
G. mosseae and G. fasciculatum growing with Z. mays relative to nonmycorrhizal rhizosphere soil, with the reverse situation for numbers of
denitrifying and NH4þ‐producing organisms (Amora‐Lazcano et al.,
1998). However, actual rates of N transformation processes were not
determined in this study, so the significance is unclear.
The main functional role of AM is thought to be to enhance P uptake to
the host plant by obtaining P from beyond the depletion zone surrounding plant roots (Smith and Read, 1997). A variety of free‐living soil
bacteria and fungi are extremely effective at mobilizing P from insoluble
minerals through the production of organic acids (Richardson, 2001),
and there has been much interest in the interaction of native and
coinoculated P‐solubilizing bacteria with AM fungi. In Medicago
sativa, populations of native P‐solubilizing bacteria can be enhanced
in the mycorhizosphere of G. mosseae relative to the nonmycorrhizal

Comp. by: MPonvenkatesh Date:21/9/06 Time:12:28:29 Stage:1st Revises
File Path://Spsind002s/Production/PRODENV/0000000001/0000001430/
0000000016/0000091927.3D Proof by: QC by: ProjectAcronym:bs:AAM
Volume:60004

114

BENDING et al.

F. LOCALIZATION

OF

MICROBES WITHIN

OO

F

rhizosphere (Toro et al., 1998), while Frey‐Klett et al. (2005) showed that
the ectomycorrhizosphere selected P‐mobilizing strains of P. fluorescens. Furthermore, several studies have found that the effectiveness of
inoculated P‐solubilizing bacteria (Villegas and Fortin, 2002) and fungi
(Osorio and Habte, 2001; Tarafdar and Marschner, 1995) is stimulated
within the mycorrhizosphere, with the inoculants acting synergistically
with AM fungi to enhance P uptake by the host plant. However, in other
studies, no interactive relationships between AM fungi and inoculant
P‐solubilizing bacterial strains have been found (Toro et al., 1998).
THE

MYCORRHIZOSPHERE
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There is considerable spatial variability in the localization of bacteria
within the mycorrhizosphere. Nurmiaho‐Lassila et al. (1997) showed
that within the S. bovinus–P. sylvestris mycorrhizosphere, bacteria
occurred inter‐ and intracellularly within the mantle and Hartig net of
the root, and while fungal rhizomorphs supported few bacteria, the fungal
front, which was composed of dense mycelium, supported an extensive biofilm of bacteria. The localization of bacteria on P. involutus–
P. sylvestris mycorrhizas was shown to be different, with bacteria mostly
absent from mycorrhizal roots. Furthermore, the precise structure of
bacterial communities can vary between root and hyphosphere locations
within the mycorrhizosphere (Timonen et al., 1998).
The spores and hyphae of some AM fungi, including Gigaspora
margarita, contain obligate endocellular bacteria, which have been
identified as a new taxon, Candidatus Glomeribacter gigasporarum
(Jargeat et al., 2004). Similarly, living hyphae of the ECM fungus
L. bicolor can harbor diverse endobacteria, mainly belonging to the
a‐proteobacteria (Bertaux et al., 2005). However, the functional significance of endocellular bacteria within mycorrhizal hyphae has yet to be
elucidated.
Much less is known of the localization of fungi within the mycorrhizosphere. Bending and Read (1995) showed that conidiophores of
Penicillium sp. were associated with senescent areas of mycelium
behind the fungal front and were absent from active mycelium.
G. NUTRITIONAL ASPECTS

OF

MYCORRHIZOSPHERE INTERACTIONS

Frey et al. (1997) demonstrated that the structure of fluorescent
Pseudomonad communities associated with P. menziesii–L. bicolor
mycorrhizas and mycorrhizosphere soil was different to that of the
bulk soil, and that those from mycorrhizal compartments preferentially
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utilized the fungus sugar trehalose. Similarly, Izumi et al. (2006) found
that diverse endophytic bacteria isolated from a range of P. sylvestris
mycorrhizas had a preference for trehalose relative to plant sugars.
These studies indicate that exudation and specific nutrient availability
could be a key driver determining the community structure of organisms inhabiting the mycorrhizosphere surrounding active hyphae,
although such links remain to be proven.
The major routes by which C is released from mycorrhizal roots and
hyphae into the soil are likely to be through senescence and following
ingestion by fauna. The impact of these processes in determining the
structure and functioning of mycorrhizosphere bacterial and fungal
communities is poorly understood. In the case of AM, hyphae have
been shown to have a life span of just 5–6 days, following which they
senesce (Staddon et al., 2003). Many ECM fungus species form dense
mycelia at the foraging front, connected to plant roots by rhizomorphs
(Agerer, 2001). For S. bovinus, the time from initial colonization of
substrate by the fungal front to senescence was less than 40 days
(Bending and Read, 1995). Chitinolytic bacteria are frequently encountered within the mycorrhizosphere of ECM (Bending et al., 2002) and
AM fungi (Meyer and Linderman, 1986), and these organisms could
potentially utilize chitin from living or senescent mycorrhizal hyphae.
Some microfungi which show antagonism to AM fungi have been
shown to penetrate living spores and hyphae, and proliferate inside,
although chitinolytic activity only occurred at the infection point
(Rousseau et al., 1996). Endophytic bacteria associated with ECM
and AM fungi must clearly derive all their nutrition from their host
fungus, although it is not clear how this is achieved. Furthermore, it
remains to be seen whether endophytic bacteria have any positive or
negative impact on the mycorrhizal fungus itself. Although Candidatus
Glomeribacter gigasporarum has been shown to possess N2 fixation
genes (Minerdi et al., 2001), their significance is not known.

CO

VI. Pathogen Interactions with Mycorrhizas
A. CONTROL

OF

PATHOGENS

BY

MYCORRHIZAS

The majority of studies concerning pathogen–mycorrhiza interactions have been focused on developing mycorrhizal fungi for biological
disease control and this topic has been comprehensively reviewed in
recent years (Harrier and Watson, 2004; Whipps, 2004). Consequently,
in the main, only general concepts and principles associated with this
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topic are presented with key or more recent references cited where
necessary.
Both AM and ECM fungi have been reported to provide control of
numerous plant pathogens and some examples are given in Table I.
There is considerable diversity in mycorrhizal fungi capable of reducing diseases caused by a number of different plant pathogens, but
Glomus spp., especially G. intraradices and G. mosseae are the most
studied AM fungi and L. bicolor, L. laccata, and P. involutus are the most
widely studied ECM fungi. Fungal pathogens, such as Fusarium spp.,
Rhizoctonia solani, Cylindrocarpon destructans, and Phytophthora
spp., have been examined numerous times along with nematodes including Meloidogyne spp. and Pratylenchus spp., reflecting their widespread
nature and economic importance. Control of bacterial diseases has been
little studied, although there are a few examples (Garcia‐Garrido and
Ocampo, 1989; Zhu and Yao, 2004).
The level of control achieved by any AM or ECM fungus can depend
on the cultivar of plant (Duchesne, 1994; Mark and Cassells, 1996), the
aggressiveness of the pathogen (Strobel and Sinclair, 1991), the isolate
of mycorrhizal fungus, and the substrate and environment used for
plant cultivation, but control is never complete. Combinations of mycorrhizal fungi may also give improved control of pathogens in comparison with those used individually (Requena et al., 2001). However,
it should be noted that there are reports that some soilborne diseases
are increased by mycorrhizal infection (Davis and Menge, 1980; Garmendia et al., 2004; Ross, 1972) suggesting that, in some instances, a
healthy mycorrhizal plant may be more susceptible than a poorly
developed nonmycorrhizal one (Dehne, 1982).
AND

RR

B. MECHANISMS

MICROBIAL INTERACTIONS ASSOCIATED
DISEASE CONTROL

WITH

CO

Research on mycorrhiza–pathogen interactions has focused on
understanding the mechanisms by which mycorrhizal roots resist
attack by a plant pathogen. But more recently, it has been realized that
complex interactions of mycorrhizal fungi with other microorganisms
in the mycorrhizosphere can also influence the ability of a pathogen
to infect a plant, particularly where bacterial and fungal biocontrol
agents are combined with mycorrhizal fungi as inocula. These areas
are considered below.
Four major groups of modes of action have been identified (Whipps,
2004): (1) direct competition or inhibition; (2) enhanced or altered plant
growth, nutrition, and morphology; (3) biological changes associated

EXAMPLES

CO

OF

MYCORRHIZAS EXHIBITING CONTROL

Pathogen

Mycorrhizal fungus

OF

PLANT PATHOGENS

Host plant

References

Arbuscular mycorrhizal fungi
Gigaspora margarita

Glomus spp.

RR

Fusarium oxysporum
f. sp. asparagi

Asparagus officinalis
(Asparagus)

Matsubara et al. (2001)

Meloidogyne incognita

Gossypium hirsutum (Cotton)

Roncardori and Hussey (1977)

Meloidogyne incognita

Lycopersicon esculentum
(Tomato)

Talavera et al. (2001)

EC

Pratylenchus penetrans

TE

Daucus carota (Carrot)

Talavera et al. (2001)

Prunus persicaria (Peach)

Traquair (1995)

Glomus aggregatum

Cylindrocarpon destructans

Glomus clarum

Rhizoctonia solani

Glomus coronatum

Rhizoctonia solani

Vigna radiata (Mung bean)

Kasiamdari et al. (2002)

Glomus etunicatum

Phytophthora fragariae var. fragariae

Fragaria x ananassa (Strawberry)

Norman et al. (1996)

Glomus fasciculatum

Fusarium oxysporum f. sp. asparagi

Asparagus officinalis (Asparagus)

Matsubara et al. (2001)

Radopholus similis

Musa acuminata (Banana)

Umesh et al. (1988)

Glomus fistulosum

Phytophthora fragariae var. fragariae

Fragaria vesca (Wild strawberry)

Mark and Cassells (1996)

Glomus intraradices

Fusarium solani f. sp. phaseoli

Phaseolus vulgaris (Bean)

Meloidogyne javanica

Musa sp. (Banana)

Aphanomyces euteiches

Pisum sativum (Pea)

Pratylenchus vulnus

Prunus domestica (Plum)

Camprubi et al. (1995)

Cylindrocladium spathyphylli

Musa acuminata (Banana)

Declerk et al. (2002)

Glomus mosseae
Glomus proliferum

D

Vigna unguiculata (Cowpea)

PR

OO

Abdel‐Fattah and Shabana
(2002)

F

Filion et al. (2003)

Pinochet et al. (1997)
Larsen and Bødker (2001)

(continued)
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Pathogen

Mycorrhizal fungus
Glomus versiforme

Host plant

RR

References

Ralstonia solanacearum

Lycopersicon
esculentum (Tomato)

Zhu and Yao (2004)

Verticillium dahliae

Gossypium hirsutum
(Cotton)

Liu (1995)

Clitocybe claviceps

Fusarium moniliforme

Picea glauca (White spruce)

Chakravarty et al. (1999)

Hebeloma crustiliniforme

Phytophthora cambivora

Castanea sativa (Chestnut)

Brazanti et al. (1999)

Hebeloma sinapizans

Phytophthora cambivora

Castanea sativa (Chestnut)

Brazanti et al. (1999)

Laccaria bicolor

Fusarium moniliforme

Picea glauca (White spruce)

Chakravarty et al. (1999)

Laccaria laccata

Phytophthora cinnamomi

Castanea sativa (Chestnut)

Brazanti et al. (1999)

Rhizoctonia solani

Pinus sylvestris (Scots pine)

Chakravarty and Unestam
(1987)

Paxillus involutus

Cylindrocladium floridanum

Picea mariana (Clack spruce)

Morin et al. (1999)

Phytophthora cinnamomi

Castanea sativa (Chestnut)

Brazanti et al. (1999)

Pisolithus spp.

Natural plant parasitic nematodes

Acacia spp.

Meloidogyne javanica

Acacia spp.

Pisolithus tinctorius

Rhizoctonia solani

Pinus sylvestris (Scots pine)

Scleroderma spp.

Tylenchorenchus gladiolatus

Afzelia africana
(African hardwood)
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Duponnois et al. (2000)

Chakravarty and Unestam
(1987)
Villenave and Duponnois
(2002)
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with plant defense mechanisms and induced resistance; and (4) development of an antagonistic microbiota. Thus, in (1) the mycorrhizal
fungus acts directly on the pathogen, in (2) and (3) it acts on the plant,
and in (4) it acts on the microbiota around the root.
Direct competition or inhibition may involve competition for photosynthate in or on the root, or for exudates and rhizodeposits external to
the roots. There may also be competition for infection sites or space
on the roots, and for ECM fungi, mechanical sheathing of the root
forming a defensive barrier. The quantity and quality of exudates from
the roots or mycorrhizal fungus could inhibit the pathogen including
production of low levels of antibiotics or defense compounds, and
there may be direct competition in the soil.
Enhanced or altered plant growth, nutrition, and morphology can
involve increased nutrient uptake (particularly P), increased uptake of
trace elements, drought tolerance, and decreased toxicity to salt and
heavy metals, all providing alleviation of abiotic stress. The age of the
plant when a pathogen attacks the root can also influence the biocontrol level seen (Idoia et al., 2004). Similarly, there may be changes in
plant hormone levels and damage compensation. All these effects would
provide a healthier plant potentially more tolerant to pathogen attack.
Biochemical changes associated with plant defense mechanisms and
induced resistance have been a major focus in recent years. Production
of phenolics, terpenes, phytoalexins, specific amino acids, internal
structural barriers, defense‐related proteins, and increased DNA
methylation and respiration have all been reported as involved in
pathogen control. Combinations of these responses may also give rise
to systemic‐induced resistance throughout the plant. Potentially, colonization by mycorrhizal fungi could enable the plant to respond more
rapidly to subsequent pathogen challenge by resistance mechanisms
being preactivated.
Molecular approaches are now being applied to dissect the changes
in signaling and defense mechanisms related to disease resistance
induced in response to mycorrhizal colonization (Colditz et al., 2005;
Pozo et al., 2002; Requena et al., 1999). In a proteomics study, the
proteins expressed in G. intraradices‐colonized Medicago truncatula
roots in response to infection by Aphanomyces euteiches showed similar changes to those induced by A. euteiches alone except for a proteasome subunit alpha type 4 which was increased in abundance (Colditz
et al., 2005). This protein is involved in protein degradation by the
ATP/ubiquitin‐mediated proteolysis pathway, which has been shown
to play a key role in regulation of plant disease resistance responses in
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other systems, with ubiquitin‐associated proteins acting as signaling
components in defense response signal cascades.
Development of a microbiota antagonistic to pathogens in soil around
roots in response to mycorrhiza formation is a relatively recent concept
(Andrade et al., 1998) but as evidence has accumulated that the microbiota around the root can be changed in the presence of mycorrhizal
fungi (see Section V), the need for further work in this area has been
highlighted. One result of this has been the concept of utilizing combinations of biological disease control agents with mycorrhizal fungi to
enhance disease control. A huge number of potential candidates that
control soilborne plant pathogens when applied to seeds, roots, or soil
are known (Whipps, 2001), but relatively few have so far been tested
with mycorrhizal fungi. Dual inoculations of Glomus spp. with a variety
of bacteria, including Azospirillum spp., Bacillus spp., Pseudomonas
spp., and Rhizobium spp., and fungi, such as Gliocladium and Trichoderma spp., have resulted in either improved plant growth or
decreased severity of several pathogens (Berta et al., 2005; Whipps,
2004). With ECM fungi, a number of bacteria have been utilized as
ECM helper bacteria (see Section IV) resulting in enhanced plant
growth but there have been no studies involving pathogen control.
Combinations of ECM fungi with other fungi are restricted to a single
in vitro synthesis experiment involving P. sylvestris, L. laccata, and
Trichoderma virens (Werner et al., 2002) but there were no significant
effects of the introduction of T. virens.
An important feature of these studies is to ensure that the biocontrol
agents do not affect the activity of the mycorrhizal fungi and vice versa.
Numerous studies have investigated these interactions and there are
examples of bacteria and fungi stimulating, having no effect or inhibiting growth of mycorrhizal fungi; bacteria and fungi enhancing mycorrhiza formation and development; and cases where bacteria and fungi
inhibit mycorrhizal formation (Barea et al., 2005; Whipps, 2004). Similarly, mycorrhizal fungi can also stimulate or inhibit specific bacteria
and saprotrophic fungi (see Section V.A and B), illustrating the diversity of interactions that are possible between mycorrhizal fungi and
the soil microbiota including plant pathogens. These deserve further
study.
VII. Conclusions

There is clearly considerable spatial and temporal variability of
microbial community structure and functioning within the mycorrhizosphere with the region representing a mosaic of spatial habitats,
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resulting from rhizoexudation and hyphal exudation, hyphal and root
senescence, and the feeding habits of grazers. The mycorrhizosphere
microbial community may play a role in supporting plant growth, by
mobilizing nutrients and suppressing plant pathogens. The importance
of these processes clearly depends on the characteristics of the mycorrhizal fungus species itself, but also on the host plant and soil and
environmental variables.
The biological and chemical interactions which take place within
the mycorrhizosphere are still largely unexplored, and furthermore
the relative importance of the host and mycorrhizal fungus mycelium
for directing interactions largely remains to be resolved. One of the
key research challenges is to elucidate the mechanisms driving microbial community structure and functioning within the mycorrhizosphere, including the role of exudates and signal molecules. A variety
of techniques have recently become available which will prove valuable to address these issues. These include stable isotope probing
(Radajewski et al., 2000) and the use of bromodeoxyuridine immunocapture and mRNA (Artursson and Jansson, 2003) to identify metabolically active organisms, and microarrays (Wu et al., 2001) and
metagenomic techniques (Tringe et al., 2005) to profile microbial
community structure and functioning. Furthermore, transcriptional
profiling of mycorrhizosphere interactions (Duplessis et al., 2005;
Morel et al., 2005; Schrey et al., 2005), and the genome sequencing of
mycorrhizal fungi and their host plants (Town, 2006; Tuskan et al.,
2004) will generate understanding of the mechanisms involved in
mycorrhiza formation, including the role of free‐living mycorrhizosphere
organisms. Ultimately, this information should provide new possibilities to exploit biological interactions within the mycorrhizosphere for
agricultural and environmental management.
ACKNOWLEDGMENTS

CO

We thank the Biotechnology and Biological Sciences Research Council and the
Department for Environment, Food, and Rural Affairs for funding.

REFERENCES

Abdel‐Fattah, G. M., and Shabana, Y. M. (2002). Efficacy of the arbuscular mycorrhizal
fungus Glomus clarum in protection of cowpea plants against root rot pathogen
Rhizoctonia solani. J. Plant Dis. Prot. 109, 207–215.
Abuzinadah, R. A., and Read, D. J. (1989). The role of proteins in the nitrogen nutrition of
ectomycorrhizal plants. 4. The utilization of peptides by birch (Betula pendula L.)
infected with different mycorrhizal fungi. New Phytol. 112, 55–60.

Comp. by: MPonvenkatesh Date:21/9/06 Time:12:28:33 Stage:1st Revises
File Path://Spsind002s/Production/PRODENV/0000000001/0000001430/
0000000016/0000091927.3D Proof by: QC by: ProjectAcronym:bs:AAM
Volume:60004

122

BENDING et al.

CO

RR

EC

TE

D

PR

OO

F

Agerer, R. (2001). Exploration types of ectomycorrhizae: A proposal to classify ectomycorrhizal mycelial systems according to their patterns of differentiation and putative
ecological importance. Mycorrhiza 11, 107–114.
Ahonen‐Jonnarth, U., van Hees, P. A. W., Lundstrom, U. S., and Finlay, R. D. (2000).
Organic acids produced by mycorrhizal Pinus sylvestris exposed to elevated aluminium and heavy metal concentrations. New Phytol. 146, 557–567.
Akiyama, K., Matsuzaki, K., and Hayashi, H. (2005). Plant sesquiterpenes induce hyphal
branching in arbuscular mycorrhizal fungi. Nature 435, 824–827.
Amora‐Lazcano, E., Vazquez, M. M., and Azcon, R. (1998). Response of nitrogen‐
transforming microorganisms to arbuscular mycorrhizal fungi. Biol. Fert. Soils 27,
65–70.
Andrade, G., Mihara, K. L., Linderman, R. G., and Bethlenfalvay, G. J. (1997). Bacteria
from rhizosphere and hyphosphere soils of different arbuscular‐mycorrhizal fungi.
Plant Soil 192, 71–79.
Andrade, G., Linderman, R. G., and Bethlenfalvay, G. J. (1998). Bacterial associations
with the mycorrhizosphere and hyphosphere of the arbuscular mycorrhizal fungus
Glomus mosseae. Plant Soil 202, 79–87.
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Duponnois, R., and Garbaye, J. (1990). Some mechanisms involved in growth stimulation
of ectomycorrhizal fungi by bacteria. Can. J. Bot. 68, 2148–2152.
Duponnois, R., and Garbaye, J. (1991). Effect of dual inoculation of Douglas fir with the
ectomycorrhizal fungus Laccaria laccata and mycorrhization helper bacteria (MHB)
in two bare‐root forest nurseries. Plant Soil 138, 169–176.
Duponnois, R., and Plenchette, C. (2003). A mycorrhiza helper bacterium enhances
ectomycorrhizal and endomycorrhizal symbiosis of Australian Acacia species.
Mycorrhiza 13, 85–91.

Comp. by: MPonvenkatesh Date:21/9/06 Time:12:28:34 Stage:1st Revises
File Path://Spsind002s/Production/PRODENV/0000000001/0000001430/
0000000016/0000091927.3D Proof by: QC by: ProjectAcronym:bs:AAM
Volume:60004

MICROBIAL INTERACTIONS IN THE MYCORRHIZOSPHERE

125

CO

RR

EC

TE

D

PR

OO

F

Duponnois, R., Garbaye, J., Bouchard, D., and Churin, J. L. (1993). The fungus‐specificity
of mycorrhization helper bacteria (MHBs) used as an alternative to soil fumigation
for ectomycorrhizal inoculation of bare‐root Douglas‐fir planting stocks with Laccaria laccata. Plant Soil 157, 257–262.
Duponnois, R., Founoune, H., Lesueur, D., Thiolouse, J., and Neyra, M. (2000). Ectomycorrhization of six Acacia auriculiformis provenances from Australia, Papua
New Guinea and Senegal in glasshouse conditions: Effect on the plant growth and
on the multiplication of plant parasitic nematodes. Aust. J. Exp. Agric. 40, 443–450.
Feng, G., Zhang, F. S., Li, X. L., Tian, C. Y., Tang, C., and Rengel, Z. (2002). Improved
tolerance of maize plants to salt stress by arbuscular mycorrhiza is related to higher
accumulation of soluble sugars in roots. Mycorrhiza 12, 185–190.
Filion, M., St‐Arnaud, M., and Jabaji‐Hare, S. H. (2003). Quantification of Fusarium
solani f. sp. phaseoli in mycorrhizal bean plants and surrounding mycorrhizosphere
soil using real‐time polymerase chain reaction and direct isolations on selective
media. Phytopathology 93, 229–235.
Founoune, H., Duponnois, R., and Ba, A. M. (2002a). Ectomycorrhization of Acacia
mangium, Willd. and Acacia holosericea, A. Cunn ex G. Don in Senegal. Impact on
plant growth, populations of indigenous symbiotic microorganisms and plant
parasitic nematodes. J. Arid. Environ. 50, 325–332.
Founoune, H., Duponnois, R., Meyer, J. M., Thioulouse, J., Masse, D., Chotte, J. L., and
Neyra, M. (2002b). Interactions between ectomycorrhizal symbiosis and fluorescent
pseudomonads on Acacia holosericea: Isolation of mycorrhiza helper bacteria
(MHB) from a Soudano‐Sahelian soil. FEMS Microbiol. Ecol. 41, 37–46.
Frank, B. (1885). Ueber die auf Wurzelsymbiose beruhende Ernährung gewisser Bäume
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