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5.1 Introduction 

Mycorrhizal fungi constitute a key functional group of soil biota that greatly 
contribute to productivity and sustainability of terrestrial ecosystems. These are 
ubiquitous components of most of the ecosystems throughout the world and are 
considered key ecological factors in governing the cycles of major plant nutrients 
and in sustaining the vegetation cover (van der Hejden eta!. 1998; Requena et al. 
2001; Schreiner et al. 2003). Two major forms of mycorrhizae are usually 
recognized: the arbuscular mycorrhiza (AM) and the ectomycorrhizas (ECMs). 
AM symbiosis is the most widespread mycorrhizal association type with plants that 
have true roots, i.e. pteridophytes, gymnosperms and angiosperms (Read eta!. 2000). 
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They affect about 80-90% land plants in natural, agricultural and forest ecosystems 
(Brundrett 2002). ECMs are found with trees and shrubs, gymnosperms (Pinaceae) 
and angiosperms, and usually result from the association of homobasidiomycetes 
with about 20 families of mainly woody plants (Smith and Read 2008), These 
woody species are associated with a larger (compared to the AM symbiosis) 
diversity of fungi, comprising 4,000-6,000 species, mainly Basidiomycetes and 
Ascomycetes (Allen et aL 1995; Valentine et aL 2004). The benefits of mycorrhizal 
symbiosis to the host plant have Usually been considered as a result of closed 
relationships between the host plant and the fungal symbiont However, the hyphae 
of these symbiotic fungi provide an increased area for interactions with other soil 
microorganisms by enhancing the development of the host plant root systems. 

Plant roots influence the soil microbial community in the narrow zone of soil 
called the rhizosphere (Hiltner 1904). In the rhitosphere, root exudates and organic 
breakdown products provide a specific ecological niche for microbes with chemical 
and physical characteristics (concentration and forms of nutrients, soil structure, 
moisture and pH) that differ from those recorded in the bulk soil (Timonen and 
Marschner 2006), Hence the density and activity of microorganisms are generally 
higher in the rhizosphere than in the bulk soil (Lynch 1990). Since plant roots in 
natural conditions are mycorrhizal and it is well known that the fungal symbiosis 
modifies root functions, microbial communities associated with mycorrhizas differ 
from those of the non-mycorrhizal plants and of the surrounding soil (Garbaye 
1991; Garbaye and Bowen 1987, 1989), Hence the rhizosphere concept has been 
enlarged to include the fungal component of the symbiosis to give the term 
"mycorrhizosphere" (Rarnbelli 1973; Linderman 1988). The mycorrhizosphere is 
the zone influenced by both the root and themycorrhizal fungus. It includes the soil 
surrounding individual fungal hyphae that has been named "hyphosphere" 
(Johansson et aL 2004). Mycorrhizal fungi act as a bridge connecting the rhizo­
sphere to the bulk soil and, through an active development of extraradical mycelium 
into the soil, the mycorrhizosphere extends root-fungal interactions with soil 
microbial communities (Whipps 2004; Leake et aL 2004 ). Interactions within the 
mycorrhizosphere microbial community are of special interest because some 
microorganisms · associated with mycorrhiza may complement mycorrhizal 
activities (Toro et aL 1996), More recently, Frey-Klett et aL (2005) have proposed 
that the ectomycorrhizal symbiosis could be considered as a microbial complex 
where the fungal symbiosis has a direct effect on plant growth (nutritional and 
hormonal mechanisms) but also an indirect positive effect via a selective pressure 
on bacterial communities resulting, for instance, to a higher abundance of 
phosphate-solubilizing fluorescent pseudomonads in the hyphosphere. It has been 
previously demonstrated that P-solubilizing bacteria can interact synergistically 
with mycorrhizal fungi and improve the phosphorus nutrition of the host plant 
(Muthukumar et aL 2001), 

To date, there is little information on the mechanisms controlling interactions 
between mycorrhizal fungi, soil bacteria and plant roots in the mycorrhizosphere. 
Although these interactions can influence the fungal symbiont itself and the plant 
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Fig. 5.1 The Mycorrhizosphere trophic complex and its role as an ecosystem service provider 

consequences on soil biofunctioning and ecosystem productivity remains poorly 
understood (Fig. 5.1). On one hand, some soil bacteria can act as mycorrhization 
helper bacteria (MHB) by improving the establishment of the mycorrhizal symbio­
sis and on the other hand, mycorrhizal fungi can have an impact on the structure and 
functional diversity of bacterial communities (Assigbetse et aL 2005; Artursson et aL 
2005). The purpose of this chapter is to· outline the mycorrhizosphere interactions 
betwee;n ectomycorrhizal ~ungi associated with forest tree species and soil microflora 
of potentially synergistic properties that lead to stimulation of plant growth. By 
focussing on the ectomycorrhizal symbiosis associated with Tropical and Mediterra­
nean tree species, we will review the global effects of ectomycorrhizal symbiosis on 
the functional diversity of soil microftora and in particular, the interactions between 
ectomycorrhizal fungi and some plant-growth-promoting rhizobacteria (i.e. rhizobia, 
fluorescent pseudomonads). It is well known that ectomycorrhizal fungi improve the 
phosphorus uptake of their associated host plant and enhance the plant development 
(Read and Perez-Moreno 2003). This ectomycorrhizal effect on plant growth has 
been mainly ascribed to the fact that the extramatrical mycelium increased the 
abilities of the host plant to explore a larger volume of soil than roots alone and to 
uptake nutrients froin a greater surface area through different biological processes 
(Srnith and Read 2008). Phosphorus (P) is one of the most essential macronutrients 
required for the growth and development of plant (lllmer and Schirmer 1992) and 
occurs in various organic and- inorganic forms not directly assimilable by plants 
and soil microorganisms. In degraded areas, the first objective of the controlled 
mycorrhization processes is to improve reforestation in areas presenting a loss or 
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reduction of major physico-chemical and biological soil properties (Requena et al. 
2001) and more particularly severe phosphorus deficienCies. This review aimed to 
state the interactions between ectomycorrhizal fungi and soil microflora leading to 
a sustainable microbial complex with high efficiency against phosphorus mobiliza­
tion and transferring phosphorus from the soil organic matter (SOM) or from soil 
minerals to the host plant. 

5.2 Soil Microbial Processes Involved in Phosphorus 
Mobilization from Soil Organic Matter and Soil Minerals 

Ectomycorrhizal fungi enhance the capacity oi the host plants to mobilize P from 
soil inorganic and organic forms through different biological processes that are 
summarized below. 

5.2.1 Mobilization of P from Soil Organic Matter 

Soil organic matter contains a wide range of complex molecules such as inositol 
phosphate,' nucleotides and phospholipids (Criquet eta!. 2004). Soil microbes can 
degrade P-compounds through their capacity to produce a wide range of extracel­
lular and surface-bound enzymes leading to the release into the soil of smaller 
organic compounds that provide potential Sources of P for plants, ectomycorrhizal 
fungi and other soil microorganisms (Nahas eta!. 1982; Haas eta!. 1992). Phos­
phatase activities (acid and alkaline phosphatase) release orthophosphate ions (Pi) 
that are the unique form of P easily assimilable by soil microorganisms and plants 
(Rao eta!. 1996). Enzymes can be free in the soil solution or bound to soil colloids, 
to humic substances, to living and dead microbial cells or to plant roots. Acid 
phosphatase activity in the rhizosphere may also be due to plant roots (Goldstein 
eta!. 1988; Coello 2002), bacteria (Palacios eta!. 2005; Boyce and Walsh 2007) 
and fungi (Yoshida eta!. 1989; Weber and Pitt 1997; Bernard eta!. 2002). The 
secretion of acid phosphatases is induced by Pi-deficient conditions for all the 
organisms studied (Goldstein et a!. 1988; Bernard et a!. 2002). Most of the studies 
performed in laboratory conditions with known substrates showed that these enzy­
matic activities are generally not substrate specific, except for phytases (Wyss eta!. 
1999), and are able to release Pi from different phosphorylated substrates. Phos­
phatase activity has often been used as a general indicator in measurements of 
biological activity (Joner and Johansen 2000). Ectomycorrhizal fungi differ in their 
physiological capacities to acquire and transfer nutrients to a range of plant hosts 
(Abuzinadah and Read 1989; Dighton et a!. 1993; Bending and Read 1995). It has 
been suggested that ectomycorrhizal fungi contribute to organic P mobilization 
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from soil solution through the production of extracellular acid phosphatase 
(Quiquampoix and Mousain 2005). This beneficial effect (enhancement P nutrition 
of the host plant) is generally attributed to the development of external hyphae into 
the soil resulting in higher of soil volume exploited compared with nonmycorrhizal 
roots (Louche eta!. 2010). 

5.2.2 Mobilization of P from Soil Minerals 

Ectomycorrhizal fungi have the potential ability to mobilize and translocate essen­
tial plant nutrients from minerals (Landeweert eta!. 2001). Weathering processes 
of minerals (transformation of rock-forming primary minerals into dissolved 
compounds and secondary mineral residues into the biological environment) result 
from the activity of plant roots and their associated microbiota (rhizosphere bacteria 
and fungi). Plant root exudates and root-associated microorganisms affect the 
stability of minerals through the production of organic acids, phenolic compounds, 
protons, siderophores and polysaccharides (Barker eta!. 1997; Drever 1994; Drever 
and Vance 1994). Soluble organic acids affecting mineral weathering range from 
low to high molecular weight such as humic substances but low molecular weight 
(LMW) organic acids are considered to be the main agents of mineral dissolution 
because of their dual acidifying and complexing properties (Ochs 1996; Barker 
et a!. 1998). Numerous studies have shown that ectomycorrhizal fungal strains 
could dissolve minerals by excreting organic acids. Among these organic acids 
excreted by ectomycorrhizal fungi, oxalate, citrate and malate are the strongest 
chelators of trivalent metals. Oxalic acid is known to have the highest acid strength 
(Gadd 1999). This organic acid is involved in the dissolution process of common 
soil minerals such as apatite, biotite, phlogopite and microline (Courty eta!. 201 0). 
Many ectomycorrhizal fungi excrete oxalic acid in pure culture (Paris eta!. 1996), 
but this organic acid excretion is also observed with ectomycorrhizas (van Scholl 
et a!. 2006) and hypha! mats (Wallander et a!. 2003). However, most of these 
studies have been performed in pure cultures or in pot experiments and the real 
contribution of ectomycorrhizal fungi in mineral weathering remains difficult to 
determine in natural conditions (Landeweert eta!. 2001; Courty eta!. 2010). 

5.3 Impact of the Controlled Ectomycorrhization on Soil 
Microbial Functions and Phosphorus Mobilization 

In forest formations, extend of extraradical mycelium of ectomycorrhizas intercon­
nect roots belonging to the same or different ECM tree species. This common 
mycorrhizal network (CMN) allows a transfer of C and nutrients between host 
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plants (Simard and Durall 2004). Hence, the ability of ectomycorrhizal fungi to 
mobilize phosphorus and to transfer Pi to the host plants through this common 
mycorrhizal network could be supplemented by their positive selective pressure on 
soil microbial functions (i.e. phosphatase activity). This CMN effect is of particular 
importance in Mediterranean and Tropical areas where it has been clearly 
demonstrated that land degradation is associated with reductions in the below 
ground microbial diversity and/or activity (Kennedy and Smith 1995; Garcia 
et a!. 1997). 

The functioning of soil microbial community is central to understand ecosystem­
level processes such as decomposition and nutrient cycling. Various standardized 
methodologies have been developed to determine the microbial functional 
characteristics (i.e. enzymatic activities, Biolog TM method, etc.). Degens and Harris 
( 1997) proposed a method that avoids the pr<?blem of the culturability of soil 
microbial populations under artificial conditions. This method is based on the 
measurement of the patterns of in situ catabolic potential (ISCP) of microbial 
communities by adding individual organic substrates directly to the. soil and 
measuring the resulting respiration response. Patterns of ISCP provide a real time 
measure of microbial functional diversity and this kind of measurement has shown 
that microbial functional diversity responded to changed land use (Degens and 
Vojvodic-Vukovic 1999), cropping intensity (Sparling et a!. 2000), soil organic 
status (Degens eta!. 2000), successional sequences (Schipper eta!. 2001) and stress 
or disturbance to the soil (Degens eta!. 2001). The ISCP methodology has also been 
used to compare functional diversity among the different soil compatments 
influenced or not by ectomycorrhizai symbiosis (bulk soil, rhizosphere, mycorrhi­
zosphere and hyphosphere). In the present review, differences between microbial 
functionalities of these soil compartments will be reported from controlled 
mycorrhization experiments performed in glasshouse and in field conditions with 
regards to the biological processes involved in P mobilization and plant nutrition. 

5.3.1 Patterns of ISCP Profiles of Microbial Communities 
Influenced by Ectomycorrhizal Symbiosis in Controlled 
Conditions 

A glasshouse experiment was performed with seedlings of Uapaca bojeri, an 
endemic Euphorbiaceae of Madagascar, planted in pots filled with a natural soil 
collected in a forest ecosystem. Other results have Showri that this tree species was 
highly dependent to the ectomycorrhizal symbiosis that stimulated plant growth 
and P nutrition (Ramanankierana et a!. 2007). The aim of this study was to 
characterize the functional diversity in each of the soil compartroent influenced 
by ectomycorrhizal fungi. The results showed that the patterns ofiSCP of microbial 
communities from each of the four compartments were very significantly different 
(Fig. 5.2). They also showed that microorganisms able to catabolize organic acids 
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Table 5.1 Effect of ectomycorrhizal inoculation of Pinus halepensis with Pisolithus sp. on plant 
growth and needle nitrogen and phosphorus concentrations after 12-months culture in a non­
disinfected soil (from Ouahmane et al. 2009) 

Treatments 

Control (not inoculated) Pisolithus sp. 

Shoot biomass (mg dry weight) 312.2 (24.7) CO a''' 432.7 (21.5) b 
Root biomass (mg dry weight) 159.7 (21.6) a 254.6 (21.8) b 
Total biomass (mg dry weight) 480.9 (22.5) a 687.3 (21.6) b 
Needle N content(%) 1.2 (0.1) a 1.5 (0.2) b 
Needle P content (g kg-1

) 4.1 (0.11) a 7.3 (0.13) b 
Mycorrhizal colonization(%) 23.2 (1.5) a 52.5 (1.2) b 

(})Standard error of the mean. (Z)Data in the same line followed by the same letter are not 
significantly different according to the Newman & Keuls test (p < 0.05) 

were more abundant in the. zone influenced by ectomycorrhizal fungi since it 
recorded a higher organic acid induced respiration in the mycorrhizosphere and 
hyphosphere. The authors conclude that ectomycorrhizal fungi through its exudates 
and more particularly through their organic acid productions induced a selective 
pressure on soil microbial communities. This kind of experiment has been 
replicated with Pinus halepensis and a strain of Pisolithus sp., selected for its 
high ability to mobilize P from inorganic form of phosphate (Oualnnane et a!. 
2009). The objective of this study was to assess how inoculation with an 
ectomycorrhizal fungus, Pisolithus sp., affects (I) the early growth of Aleppo 
pine seedlings and (2) the determination of functional diversity of soil microflora. 
After 12 months of culturing, ectomycorrhizal inoculation significantly improved 
the plant growth and nutrient uptake (Nand P) (Table 5.1). Pisolithus inoculation 
induced strong modifications in soil microbial catabolic functions. In fact, 
Ectomycorrhizal inoculation led to higher average SIR responses with fumatic 
acid and citric acids (Fig. 5.3). This result suggested that large amounts of carbox­
ylic acids excreted by the ectomycorrhizal fungus could exert a selective influence 
on soil microbial communities through a multiplication of carboxylic acids-, 
fumaric acid- and citric acid-catabolizing microorganisms inducing a higher SIR. 

5.3.2 Patterns of ISCP Profiles of Microbial Communities 
Influenced by Ectomycorrhizal Symbiosis in Field 
Conditions 

From our knowledge, the measurement of the patterns of in situ catabolic potential 
(ISCP) of microbial communities in a controlled mycorrhization experiment has 
been rarely realized with Mediterranean and Tropical tree species. Numerous 
studies have previously demonstrated that controlled mycorrhization could signifi­
cantly improve the development of Australian acacias in glasshouse conditions 
(Comet and Diem 1982; Duponnois eta!. 2000; Duponnois and Plenchette 2003). 
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(2009) 

However, data on the effect of mycorrhizal inoculation on host plant growth and 
biological soil properties in the field are very scarce. In Senegal, a field experiment 
was carried out to determine the effectiveness of the ectomycorrhizal inoculation 
with an isolate of Pisolithus a/bus (P. a/bus IR!OO) on the early development of 
an Australian Acacia sp~cies, A. holosericea, and on biological soil properties 
(Duponnois eta!. 2005, 2007). After 2 years of plantation, ectomycorrhizal fungal 
inoculation significantly improved the diameter and the wood biomass of the 
A. holosericea trees as well as the N and P mineral contents per tree (Fig. 5.4). 
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biomass after 2 years of plantation in the field. From Duponnois et al. (2005) 

Patterns of ISCP were determined in the soil collected out of the A. holosericea 
plantation (Crop soil), under uninoculated A. holosericea trees and under Pisolithus 
inoculated trees (Remigi et a!. 2008). The results showed that ectomycorrhizal 
inoculation induced significant changes in the functions of _soil microbial 
communities (Fig. 5.5). 
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Interactions Between Ectomycorrhizal Fungi and 
Selected PGPR 

been already shown that some phosphate-solubilizing bacterial strains could 
interact with mycorrhizal fungi and enhanced plant P uptake (Kim eta!. 1997; Toro 

1997; Muthukumar eta!. 2001). These studies reported from the interactions 
arbuscular mycorrhizal fungi and soil microflora. With regard to 

~1-orrtycorrhiz:as, Frey-Klett eta!. (2005) showed that phosphate-solubilizing bac-
were more abundant in the mycosphere of Douglas fir-Laccaria bicolor 
symbiotic association and suggested that this enrichment could contribute· 

imnrove. thP- nntrition of Dou2:las fir seedlin!!s in the nurserv soil. The positive 
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effect of the ectomycorrhizal symbiosis on this fnnctional bacterial group was also 
recorded by Ramanankierana eta!. (2006) who reported that the number of fluores­
cent pseudomonads was recorded in the mycosphere compartment similar to that in 
the mycorrhizosphere of hybrid larch, Sitka spruce and sycamore (Grayston et a!. 
1994), in the Douglas fir-L. bicolor mycorrhizosphere (Frey eta!. 1997) and in the 
A. holosericea-P. a/bus mycorrhizosphere (Founoune eta!. 2002a). In addition to 
this quantitative effect on fluorescent pseudomonads populations, ectomycorrhizal 
symbiosis has also modified the functional activities of fluorescent pseudornonads 
and, more particularly, in the mycosphere soil compartment. Thus, most of the 
P-solubilizing fluorescent pseudomonad strains were isolated from the mycorrhi­
zosphere, suggested that the selective effect of the extramatrical mycelium can 
improve the bio-available phosphorus around the hyphae and, consequently 
enhanced the phosphorus uptake by the host pl'!flt directly from the soil solution 
or indirectly through the hypha! transfer. 

The positive effect of the ectomycorrhizal symbiosis on the plant P nutrition 
could also stimulate the nodulation and N2-fixation of leguminous tree species. 
Such effects of arbuscular mycorrhizal fungi on nodulation have been reported in 
A. holosericea with Glomus intraradices (Duponnois and Plenchette 2003), 
G. fasciculatum (Senghor 1998) and G. mosseae (Comet and Diem 1982). In the 
same way, it has been shown that ectomycorrhizal fungi could enhance the number 
of rhizobia! nodules per plant and increase nodule weight in Australian Acacia 
species namely A. holosericea and A. niangium (Founoune et a!. 2002a, b, c; 
Duponnois et a!. 2002; Duponnois and Plenchette 2003). These results suggested 
that the ectomycorrhizosphere effect induced chemical and physical changes in 
the soil around the roots but also in the physiological characteristics of the host 
plant that facilitate the development of rhizobia in the mycorrhizosphere soil 
compartment. 

5.5 Conclusion 

It is concluded that the ectomycorrhizal symbiosis can enhance plant growth 
through two trophic ways (I) directly on plant growth (hormonal and nutritional 
mechanisms) and (2) indirectly through a qualitative and quantitative effect on soil 
microflora. All these data- showed the existence of soil multitrophic microbial 
associations resulting from interactions between the plants, the ecomycorrhizal 
fungal communities and soil microfiora. Both biological processes underlined the 
major role of ectomycorrhizal symbiosis in soil functioris and more particularly on 
soil biogeochemical cycles that ensure the nutrient availability for the cover plants. 
These fungal impacts on the genetic and functional diversity of soil microflora 
could have important implications for seedling establishment and, by extension, 
forest succession, dynamics and expansion. From a practical point of view, all these 
microbial factors have to be taken into account in improving the performance of 
afforestation programmes, especially in Mediterranean and Tropical areas. 

5 The Impact of Mycorrhizosphere Bacterial Communities 91 

References 

Abuzinadah RA, Read DJ (1989) The role of proteins in the nitrogen nutrition of ectomycorrhizal 
plants. V. Nitrogen transfer in birch (Betula pendula) grown in association with mycorrhizal 
and non-mycorrhizal fungi. New Phytol 112:61-68 

Allen EB, Allen "MF, Helm OJ, Trappe JM, MolinaR, Rincon E (1995) Patterns ~nd regulation of 
mycorrhizal plant and fungal diversity. Plant Soil 170:47-62 

Artursson V, Finlay RD, Jansson JK (2005) Combined bromodeoxyuridine immunocapture and 
terminal restriction fragment length polymorphism analysis highlights differences in the active 
soil baCterial metagenome due to Glomus mosseae inoculation or plant species. Environ 
Microbiol7:1952-1966 

Assigbetse K, Gueye M, Thioulouse J, Duponnois R (2005) Soil bacterial diversity responses to 
root colonization by an ectomycorrhizal fungus are not root-growth dependent. Microb Ecol 
50:350-359 

Barker WW, Welch SA, Banfield JF (1997) Biogeochemical weathering of silicate minerals. 
In: Banfield JF, Nealson KH (eds) Geomicrobiology: interactions between microbes and 
minerals. Mineralogical Society of America, Washington, pp 391-428 

Barker WW, Welch SA, Chu S, Banfield JF (1998) Experimental observations of the effects of 
bacteria on ~luminosilicate weathering. Am Mineral83:1551-1563 

Bending GD, Read DJ (1995) The structure and function of the vegetative mycelium of 
ectomycorrhizal plants. V. Foraging behaviour and translocation of nutrients from exploited 
litter. New Phytol 130:401-409 

Bernard M, Mouyna I, Dubreucq G, Debeaupuis JP, Fontaine T, VQrgias C, Fuglsang C, Latge JP 
(2002) Characterization of a cell wall acid phosphatase (PhoAp) in Aspergillus fumigatus. 
Microbiology 148:2819-2829 

Boyce A, Walsh G (2007) Purification and characterisation of an acid phosphatase with phytase 
activity from Mucor hiemalis Wehmer. J Biotechnoll32:82-87 

Brundrett MC (2002) Coevolution of roots and mycorrhizas of land plants. New Phytol 
154:275-304 

Coello P (2002) Purification and characterization of secreted acid phosphatase in phosphorus 
deficient Arabidopsis thaliana. Physiol Plantarum 116:293-298 

Comet F, Diem HG (1982) Etude comparative de l'efficacite des souches de Rhizobium d'Acacia 
isotees de sols du Senegal et effet de Ia double symbiose Rhizobium- Glomus mosseae sur Ia 
croissanCe de Acacia holosericea etA. raddiana. Bois et Fon~ts des Tropiques 198:3-15 

Courty PE, Bu6e M, Diedhiou AG, Frey-Klett P, Le Tacon F, Rineau F, Turpeau MP, Uroz S, 
Garbaye J (20 1 0) The role of ectomycorrhizal communities in forest ecosystem processes: new 
perspectives and emerging concepts. Soil Bioi Biochem 42:679-698 

Criquet S, FerreE, Farnet AM, Le Petit J (2004) Annual dynamics of phosphatase activities in an 
evergreen oak_litter, influence of biOtic and abiotic factors. Soil Bioi Biochem 36:1111-1118 

Degens BP, Harris JA (1997) Development of a physiological approach to measuring the catabolic 
t;Iiversity of soil microbial communities. Soil Bioi Biochem 29:1309-1320 

Degens BD, Vojvodic-Vukovic M (1999) A sampling strategy to assess the effects of land use on 
microbial functional diversity in soils. Aust J Soil Res 37:593-601 

Degens BP, Schipper LA, Sparling GP, Vojvodic-Vukovic M (2000) Decreases in organic C 
reserves in soils can reduce the catabolic diversity of soil microbial communities. Soil Bioi 
Biochem 32:189-196 

Degens BP, Schipper LA, Sparling GP, Duncan LC (2001) Is the microbial community in a soil 
with. reduced catabolic diversity less resistant to stres~ or disturbance? Soil Bioi Biochem 
33:1143-1153 

Dighton J, Poskitt JM, Brown TK (1993) Phosphate influx into ectomycorrhizal and saprotrophic 
fungal hyphae in relation to phosphate supply; a potential method for selection of effiCient 
mycorrhizal species. Mycol Res 97:355-358 



92 R. Duponnois et al. 

Drever Jl (1994) The effect of land plants on weathering rates of silicate minerals. Geochim 
Cosmochim Acta 58:2325-2332 

Drever JI, Vance GF (1994) Role of soil organic acids in mineral weathering processes. In: Lewan 
MD, Pittman ED (eds) The role of organic acids in geological processes. Springer, Heidelberg, 
pp 138-161 

Duponnois R, Plenchette C (2003) A mycorrhiza helper bacterium enhances ectomycorrhizal and 
endomycorrhizal symbiosis of Australian Acacia species. Mycorrhiza 13:85-91 

Duponnois R, Founoune H, Lesueur D, Thioulouse J, Neyra M (2000) Ectomycorrhization of six 
Acacia auricuilformis provenances from Australia, Papua New Guinea and Senegal in glass­
house conditions: effect on the plant' growth and on the multiplication of plant panlsitic 
nematodes. Aust J Exp Agric 40:443-450 

Duponnois R, Founoune H, Lesueur D (2002) Influence of controlled dual ectomycorrhizal and 
rhizobia! symbiosis on the growth of Acacia mangium provenances, the indigenous symbiotic 
microflora and the structure of plant parasitic nematode communities. Geoderma 109:85-102 

Duponnois R, Founoune H, MasseD, Pontanier R (2005) Inoculation of Acacia holosericea with 
ectomycorrhizal fungi in a semi-arid site in Senegak growth response and influences on the 
mycorrhizal soil infectivity. For Ecol Manage 207:351-362 

Duponnois R, Plenchette C, Prin Y, Ducousso M, Kisa M, B3. AM, Galiana A (2007) Use of 
mycorrhizal inoculation to improve reafforestation process with Australian Acacia in Sahelian 
ecozones. Ecol Eng 29:105-112 

Founoune H, Duponnois R, Meyer JM, Thioulouse J, Masse D, Chotte JL, Neyra M (2002a) 
Interactions between ectomycorrhizal symbiosis and fluorescent pseudomonads on Acacia 
holosericea; isolation of mycorrhization helper bacteria (MHB) from a Soudano-Sihelian 
soil. FEMS Microbial Ecol41:37-46 

Founoune H, Duponnois R, B3. AM (2002b) 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, B3. AM, Sail S, Branget I, Lorquin J, Neyra M, Chotte JL (2002c) 
Mycorrhiza helper bacteria stimulate ectomyc6rrhizal symbiosis of Acacia holosericea with 
Pisolithus alba. New Phytol 153:81-89 

Frey P, Frey-Klett P, Garbaye J, Berge 0, Heulin T (1997) Metabolic and genotypic fingerprinting 
of fluorescent pseudomonads associated with the Douglas fir :c.. Laccaria bicolor mycorrhi­
zosphere. Appl Microbial Environ 63:1852-1860 

Frey-Klett P, Chavatte M, Clausse ML, Courrier S, Le Raux C, Raaijmakers J, Martinotti MG, 
Pierrat JP, Garb_aye J (2005) Ectomycorrhizal symbiosis affects functional diversity of rhizo­
sphere fluorescent pseudomonads. New Phyto1165:317-328 

Gadd GM (1999) Fungal production of citric and oxalic acid: importance in metal speciation, 
physiology and biogeochemical processes. Adv Microb Physiol41:47-92 

Garbaye J (1991) Biological interactions in the mycorrhizosphere. Experientia 47:370-375 
Garbaye J, Bowen GD (1987) Effect of different microflora on the success of mycorrhizal 

inoculation of Pinus radiata. Can J For Res 17:941-943 
Garbaye J, Bowen GD (1989) Ectomycorrhizal infection of Pinus radiata by Rhizopogon luteolus 

is stimulated by microorganisms naturally present in the mantle of·ectomycorrhizas. New 
Phytol 112:383-388 · 

Garcia C, Hernandez T, Roldan A, Albaladejo J (1997) Biological and biochemical quality of a 
semi-arid soil after induced revegetation. J Environ Qual 26:1116-1122 

Goldstein AH, Baertlein DA, McDaniel RG (1988) Phosphate starvation inducible metabolism in 
Lycopersicon esculentum. 1. Excretion of acid phosphatase by tomato plants and suspension 
cultured cells. Plant Physiol87:711-715 

Grayston SJ, Campbell CD, Vaughan D (1994) Microbial diversity in the rhizospheres of different 
tree species. In: Pankhurst CE (ed) Soil biota: management in sustainable farming systems. 
CSIRO, Adelaide, pp 155-157 

Impact of Mycorrhizosphere Bacterial Communities 93 

H, Redl B, Friedlin E, StOffler G (1992) Isolation and analysis of the Penicillium 
Chrysogenum phoA gene encoding a secreted phosphate-repressible acid phosphatase. Gene 
113:129-133 

L (1904) Uber neurer erfahrungen und probleme auf dem gebiete der bodenbaktefiologie 
unter besonderer beriicksichtigung der griindiingung und brache. Arbeiten der Deitschen 
Landwirtshaftlichen deserllshaft 98:59-78 

P, Schinner F (1992) Solubilization of inorganic phosphates by microorganisms isolated 
from forest soils. Soil Bioi Biochem 24:389-395 

.Jolo3Il,sscm JF, Paul LR, Finlay RD (2004) Microbial interactions in the mycorrhizosphere and their 
si!!Oificance for sustainable agriculture. FEMS Microbial Ecol48: 1-13 

-EJ, Johansen A (2000) Phosphatase activity of external hyphae of two arbuscular mycorrhi-
zal fungi. Mycol Res 104:81-86 

AC, Smith KL (1995) Soil microbial diversity and the sustainability of agricultural soils. 
Soil 170:75-86 

KY, Jordan D, McDonald GA (1997) Effect of solubilizing bacteria and vesicular-arbuscular 

Ul~~:~:~,i~:e on tomato growth and soil microbial activity. Bioi Fertil Soils 26:79-87 
U Hoffiand E, Finlay RD, Kuyper TW, van Breemen N (2001) Linking plants to 

ectonoy<:orrhizal mobilize nutrients from minerals. Trends Ecol Eva! 16:248-253 
i.e:!l(e JK., JC>nnson D, Donnelly DP, Muckle GE, Boddy L, Read DJ (2004) Networks of power and 

influence: the role of mycorrhized mycelium in controlling plant communities and 
agroecosystem functioning. Can J Bot 82:1016-1045 

!Jr<:::;;~~RG (1988) Mycorrhizal interactions with the rhizosphere microftora: the mycorrhi-
i effect. Phytopathology 78:366-371 

J, Ali MA, Cloutier-Hurteau B, Sauvage FX, Quiquampoix H, Plassard C (2010) Effi­
ciency of acid phosphatase secreted from ectomycorrhizal fungus Hebeloma cylindrosporum 
to hydrolyse organic phosphorus in podzols. FEMS MicrObial Ecol 73:323-335 

tJrnch JM 1:1990: Introduction: some consequences of microbial rhizosphere competence for plant 
In: Lynch JM (ed) The rhizosphere. Wiley, Chichester, pp 1-10 

~ulthlJkt<moar T, Udaiyan K, Rajeshkannan V (2001) Response of neem (Azadirachta indica 
A. Juss) to indigenous arbuscular mycorrhizal fungi, phosphate-solubilizing and asymbiotic 
nitrogen-fixing bacteria under tropical nursery conditions.· Bioi Fertil Soils 34:417-426 

E, Terenzi HF, Rossi A (1982) Effects of carbon source and pH on the production and 
secretion of acid phosphatase (EC 3.1.3.2) and alkaline phosphatase (EC 3.1.3.1) in Neuros­
pora crassa. J Gen Microbiol128:2017-2021 

M ( 1996) Influence of humified and non-humified natural organic compounds on mineral 

,:~::~~ti~~ Chern Geoll32:119-124 
)t L, Revel JC, Hafidi M, Thioulouse J, Prin Y, Galiana A, Dreyfus B, Duponnois R 

(2009) Responses of Pinus halepensis growth, microbial soil functionalities and phosphate­
solubilizing bacteria after rock phosphate amendment and ectomycorrhizal inoculation. Plant 
Soil320:169-179 

MC, Haros M, Rosell CM,. Sanz Y (2005) Characterization of an acid phosphatase from 
lActc•bacilluspentosus: regulation and biochemical properties. J Appl Microbiol98:229-237 

F, Botton B, Lapeyrie F (1996) In vitro weathering of phlogopite by ectomycorrhiza! fungi. 
2. Effect of K + and Mg Z+ deficiency and N sources on accumulation of oxalate and H . Plant 
Soill79:141-150 

Quiquampoi1x H, Mousain D (2005) Enzymatic hydrolysis of organic phosphorus. In: Turner BL, 
Frossard E, Baldwin DS (~ds) Organic phosphprus in the environment. CAB International, 
Wallingford, pp 89-112 

'::;}fi~fi] N, Rakotoarimaflga N, Thioulouse J, Kisa M, Randrianjohanny E, Ramaroson L, 
R (2006) The ectomycorrhizosphere effect influences functional diversity of soil 
IntJ Soil Sci 1:8-19 

N, Ducousso M, Rakotoarimanga N, Prin Y, Thioulouse J, Randrianjohany E, 
Ramaroson L, Kisa M, Galiana A, Duponnois R (2007) Arbuscular mycorrhizas and 



94 R. Duponnois et al. 

ectomycorrhizas of Uapaca bojeri L. (Euphorbiaceae): sporophore diversity, patterns of root 
colonization and effects on seedling growth and soil microbial catabolic diversity. Mycorrhiza 
17:195-208 

Rambelli A (1973) The rhizosphere of mycorrhizae. In: Marks GL, Koslowski TT (eds) 
Ectomycorrhizae. Academic, New York, pp 299-343 

Rao MA, Gianfreda L, Palmi era F, Violante A ( 1996) Interactions of acid phosphatase with clays, 
organic molecules and organic mineral complexes. Soil Sci 161:751-760 

Read DJ, Perez-Moreno J (2003) Myconhizas and nutrient cycling in ecosystems -a journey 
towards relevance? New Phytol157:475-492 

Read DJ, Duckett JG, Francis R, Ligrone R, Russell A (2000) Symbiotic fungal associations in 
"lower" land plants. Philos Trans R SoC Land B Bioi Sci 355:815-830 

Remigi P, Faye A, Kane A, Deruaz M, Thioulouse J, Cissoko M, Prin Y, Galiana A, Dreyfus B, 
Duponnois R (2008) The ex.otic legume tree species Acacia holosericea alters microbial soil 
functionalities and the structure of the Arbuscular mycorrhizal community. Appl Environ 
Microbio1 74:1485-1493 

Requena N, Perez-Solis E, Azcon-Aguilar C, Jeffries P, Barea JM (2001) Management of indige­
nous plant-microbe symbioses aids restoration of, desertified ecosystems. Appl Environ 
Microbial 67:495-498 

Schipper LA, Degens BP, Sparlip.g-GP, Duncan LC (2001) Changes in microbial heterotrophic 
diversity along five plant successional sequences. Soil Bioi Biochem 33:2093-2103 

Schreiner RP, Mihara KL, McDaniel·KL, Bethlenfalvay GJ (2003) Mycorrhizal fungi influence 
plant and soil functions and interactions. Plant Soill88:199-209 

Senghor K (1998) Etude de !'incidence du nematode phytoparasite Meloidogyne javanica sur Ia 
croissance et la symbiose fixatrice d'azote de douze especes d'Acacia (africains et australiens) 
et mise en evidence du rOle des symbiOtes endo et ectomycorhiziens contre ce nematode. 
Doctoral thesis. University of Chekh Anta Diop, Dakar 

Simard SW, Durall DM (2004) Mycorrhizal networks: a review of their extent, function and 
importance. Can J Bot 82: 1140-1165 

SmithS, Read J (2008) Mycorrhizal symbiosis (Ed. Hardcover). Academic Press. 800 p. 
Sparling GP, Schipper LA, Hewitt AE, Degens BP (2000) Resistance to cropping pressure of two 

New Zealand soils with contrasting mineralogy: Aust J Soil Res 38:85-100 
Timonen S, Marschner P (2006) Mycorrhizosphere_concept. In: Mukerjii KG, Manoharachary C, 

Singh J (eds) Soil biology. Springer, Berlin, pp 155-172 
Taro M, Azcon R, Barea JM (1996) The use of isotropiC dilution techniques to evaluate the 

interactive effects of Rhizobium genotype, mycorrhizal fungi, phosphate-solubilizing 
thizobacteria and rock phosphate on nitrogen and phosphorus acquisition by Medicago sativa. 
New Phyto1138:265-273 

Taro M, Azc6n R, Barea JM (1997) Improvement of arbuscular mycorrhiza development by 
inoculation of soil with phosphate-solubilizing rhizobacteria to improve rock phosphate 
bioavailability e2P) and nutrient cycling. Appl Environ Microbiol63:4408-4412 

Valentine LL, Fieldler TL, Hart AA, Petersen CA, Beminghausen HK, Southworth D (2004) 
Diversity of ectomycorrhizas associated with Quercus garryana in southern Oregon. Can J Bot 
82:123-135 

van der Hejden MGA, Klironomos JN, Ursie M, Moutoglis P, Streitwolf-Engel R, Boller T, 
Wiemken A, Sanders IR (1998) Mycorrhizal fungal diversity determines plant biodiversity 
ecosystem variability and productivity. Nature 396:69-72 

Van SchOll L, Smits MM, Hofftand E (2006) Ectomycorrhizal w~athering of the soil minerals 
muscovite and hornblende. New Phytol171:805-814 

Wallander H, Mahmood S, Hagerberg D, Johansson L (2003) Elemental composition of 
ectomycorrhizal mycelia identified by PCR-RFLP analysis and grown in contact with apatite 
or wood ash in forest soil. FEMS Microbial Ecol44:57-65 

Weber RWS, Pitt D (1997) Purification, characterization and exit routes of two acid phosphatases 
secreted by Botrytis cinerea. Mycol Res 101:1431-1439 

The Impact of Mycorrhizosphere Bacterial Communities 95 

)Vhipps JM (2004) Prospects and limitations for mycorrhizas in biocontrol of root pathogens. Can 
J Bot 82:1198-1227 · 

M, Brugger R, Kroenberger A, Remy R, Fimbel R, Osterhelt G, Lehmann M, van Loon A 
(1999) Biochemical characterization of fungal phytases (myo-inositol hexakisphosphate 
phosphohydrolases): catalytic properties. Appl Environ Microbiol65:367-373 

Yoshida H, Oikawa S, Ikeda M, Reese ET (1989) A novel acid-phosphatase excreted by Penicil­
lium funiculosum that hydrolyzes both phosphodiesters and phospho- monoesters with aryl 
leaving groups. J Biochem 105:794-798 



Already published volumes: 

Bacteria in Agrobiology: Crop Ecosystems 
Dinesh K. Maheshwari (Ed.) 

Bacteria in Agrobiology: Plant Growth Responses 
Dinesh K. Maheshwari (Ed.) 

Bacteria in Agrobiology: Plant Nutrient Management 
Dinesh K. Maheshwari (Ed.) 

Bacteria in Agrobiology: Stress Management 
Dinesh K. Maheshwari (Ed.) 

Dinesh K. Maheshwari 
Editor 

Bacteria in Agrobiology: 
Plant Probiotics 

~Springer 



Editor 
Dinesh K. Maheshwari 
Gurukul Kangri University 
Faculty of Life Sciences 
Department of Botany and Microbiology 
Haridwar (Uttarakhand) 
India 

ISBN 978-3-642-27514-2 ISBN 978-3-642-27515-9 (eBook) 
DO! 10.1007/978-3-642-27515-9 
Springer Heidelberg New York Dordrecht London 

Library of Congress Control Number: 2012936668 

©Springer-Verlag Berlin Heidelberg 2012 
This work is subject to copyright. All rights are reserved by the Publisher, whether the 'whole or part 
of ~he. material is c?ncerned, spe~ifically the rights of translation, reprinting, reuse of illustrations, 
~ecltatto~, broadcastmg, reproduction on microfilms or in any other physical way, and transmission or 
mformatton storage and retrieval, electronic adaptation, computer software, or by similar or dissimilar 
~ethodolo.gy n~w kno:-vn or hereafter developed. Exempted from this legal reservation are brief excerpts 
m connectton wtth revtews or scholarly analysis or material supplied specifically for the purpose of being 
enter~d and .exe.cuted on a compute~ system.' for exclusive use by the purchaser of the work. Duplication 
of th_ts pu,bhcatto? or ~~s thereof ts pet;mtted only un?e~ the provisions of the Copyright Law of the 
Pu~hsher s loc.att?n, m rts current verston, and permrsston for use must always be obtained from 
S~nng_er. Pernu_sstons for use may be obtained through RightsLink at the Copyright Clearance Center. 
Vtolatrons are hable to prosecution under the respective Copyright Law. 
The use ~f general de~criptive names, registered names, trademarks, service marks, etc. in this publication 
does not tmply, even m the absence of a specific statement, that such names are exempt from the relevant 
protective laws and regulations and therefore free for general use. 
~ile the advice and information in this book are believed to be true and accurate at the date of publication, 
ner~e.r the authors nor the editors nor the publisher can accept any legal responsibility for any errors or 
omrssrons that may be made. The publisher makes no warranty, express or implied with respect to the 
material contained herein. · ' 

Cover illustration: Optical micrograph showing cross sections of intercellular colonization rice calli and 
r~generated plantle~s by A. caulinodans: CS view of root uninoculated control; magnified cross sectiOn 
vtew of leaf colomzed by A. caulinodans in regenerated rice plant; possible sites cif infection and 
colonizati_on ?f ric_e root .Cfrom left to right); see also Fig. 3.1 in "Endophytic Bacteria- Perspectives 
and Apphcatrons m Agncultural Crop Production", Senthilkumar M, R. Anandham, M. Madhaiyan, 
V · Venkateswaran, T .M. Sa, in "Bacteria in Agrobiology: Crop Ecosystems, Dinesh K. Maheshwari (Ed.)" 

Background: Positive immunofluorescence micrograph showing reaction between cells of the rhizobia! 
biofertiliz~r strain.E~,1 and sp.ecific anti-E~ 1 antiserum prepared for autecological biogeography studies; 
see also Ftg. 1.0.6 m B_eneficml Endoph~t•:,Rhizobia as Biofertilizer Inoculants for Rice and the Spatial 
Ecology of thts Bactena-Plant Assoctatron , Youssef G. Yanni, Frank B. Dazzo, Mohamed r: Zidan in 
"Bacteria in Agrobiology: Crop Ecosystems, Dinesh K. Maheshwari (Ed.)" 

Printed on acid-free paper 

Springer is part of Springer Science+ Business Media (www.springer.com) 

Preface 

Bacteria are ubiquitous in nature: some of them are harmful but majority of them 
are beneficial to the plants. They comprise various attributes which directly and 
indirectly support plant growth and their fitness against adverse conditions of both 
abiotic and biotic in any given environmental system. 

Coordinated interactions between microbes and plants are utmost important for 
their healthy association. Through this book we intend to provide a total of 18 
chapters which signify the added advantages of bacteria, in general, and PGPR, in 
particular. in nutrient uptake and triggering defense responses of the plant against 
deleterious phytopathogens. Probiotics for plants exhibits multifarious functional 
characteristics beneficial in nature which lead to sustainable microbial complex 
ecosystem. Due to their diverse ecology. they exhibit multifarious functional 
characters beneficial in nature which lead to sustainable microbial complex ecosys­
tem favorable to the host plants. Due to their probiotic nature and sometimes 
because of intimate association (example endophytes), they often serve as an 
alternative to fertilizers, herbicides, and chemical pesticides. A brief understanding 
of diversity, colonization, mechanism of action formulation, and application of 
such bacteria inoculants facilitate their contribution in the management of sustain­
able" agroecosystem as exemplified by studying their responses on a plant model, 
Arabidopsis. Such bacteria have also been exploited in the improvement of quality 
of silk production. The probiotic nature of various group of bacteria found suitable 
candidates for combating fungal. bacterial nematode, and other diseases which are 
injurious to majority of plant besides conferring health benefits to above-ground 
plant parts and roots deep seated in soil. Some of the chapters highlight the impact 
of bacteria on soil structure _and microbial community function that involved 
rhizosphere signals (molecules) apart from mediated systemic resistance for plants, 
potential for phosphorus nutrition application for microbial consortium, nitrogen 
fixation. and biofertilizer for eco-friendly low-input sustainable crop production. 
The book will benefit the teachers, researches students, and those interested in 
strengthening the subject of Agricultural Microbiology, Biotechnology. Plant Pro­
tection, Agronomy, and Environmental Sciences. 

I wish to express my gratitude to all the subject experts who have provided their 
masterpiece work in giving the shape of the book. The work of several reviewers is 


