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Ectomycorrhizal Fungi: Role s
as Biofertilizers in Forestry

José Alfonso Dominguez-Niifiez, Marta Berrocal-Lobo, and Ada S. Albanesi

Abstract Ectomycorrhizal fungi (ECMF) play a fundamental role in the nutrient
cycle in terrestrial ecosystems, especially in forest ecosystems. In this chapter, the
value of ECMF species is reviewed from a global framework, not only to increase
the production of edible fruit bodies and biomass of plants but also for the regular
practices of reforestation and restoration of ecosystems, with implicit applications in
biofertilization, bioremediation, and control of soil pathogens. The valuation of the
ECMF in forest management must be considered fundamental for innovation and
sustainable development. Ecological functions and bioactive compounds of the
ECMF of interest to mankind are briefly reviewed. The direct implications of the
ECMFs in forestry are described. To do so, its role as a biotechnological tool in
forest nursery production is briefly analyzed, as well as the role of MHB bacteria
(mycorrhizal helper bacteria). Subsequently, the direct role as biofertilizers of the
ECMF in forest management is discussed: reforestation, plantation management,
and ecosystem restoration.

Keywords Nutrient cycle - Ecosystem restoration - Reforestation - Sustainable
development

4.1 Introduction

Certain groups of fungi establish a symbiotic relationship with the roots of plants,
called mycorrhizae. Frank established two large subdivisions of mycorrhizae, ecto-
and endomycorrhizae (Smith and Read 2008). Ectomycorrhizal fungi (ECMF) form
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mantle and Hartig network of intercellular hyphae in the roots of forest species. The
arbuscular mycorrhizal fungi (AM) form arbuscules, vesicles that are more variable
than that of the ECMF, since it forms a symbiosis with trees and herbaceous plants.
Endomycorrhizae are classified as arbuscular mycorrhizae, ericoid mycorrhizae,
arbutoid mycorrhizae, monotropoid mycorrhizae, ectendomycorrhizae, or orchid
mycorrhizae. Each of these categories is characterized by the invasion of plant root
cells by fungal hyphae, but differs in the nature of intracellular hyphal development
(Peterson et al. 2004; Sharma 2017).

Ectomycorrhizal fungi are predominantly Basidiomycetes and some Ascomy-
cetes. In these symbiotic structures, the Hartig network is the interface for the
metabolic exchange between the fungus and the root. The mycorrhizal mantle is
connected to the filaments of fungi that extend into the soil (extraradical mycelium),
directly involved in the mobilization, absorption, and translocation of soil nutrients
and water to the roots (Suz et al. 2012). More than 7000 species of fungi form
ectomycorrhizae (Rinaldi et al. 2008), many of them with important commercial
trees such as poplar, birch, oak, pine, and spruce (Wiensczyk et al. 2002). The
reproductive structures (fruiting bodies) of the macromycetes are known as mush-
rooms when they grow in the soil and, like truffles, when they grow underground.

The community of mycorrhizal fungi can be determinant in the structure of the
plant community (Fitter 2005), therefore, the identification of the mycobiont partner
and its functional structure (Agerer 2001) are fundamental to understand the eco-
logical importance of this symbiotic relationship. ECMF diversity studies were
initially based on studies of fruiting bodies and, more recently, on the direct
identification of ectomycorrhizae (Horton and Bruns 2001).

Most of the cultivated species of edible fungi are saprophytes, and only some of
them are ECMF (Savoie and Largeteau 2011). The tickets (Boletus edulis),
Chanterelles (Cantharellus spp.), the matsutake mushroom (7richoloma matsutake),
and the truffle (many species of the Tuber genus) are some ECM fungi for which the
crop has been studied (e.g., Chang and Hayes 1978; Chevalier 1998; Bencivenga
1998). The black truffle or Périgord, Tuber melanosporum, is widely grown, while
other species of ECM mushrooms have not yet been cultivated, including fungi
porcini (Boletus edulis S.) and the high-priced Italian fungus, white truffles
(T. magnatum).

4.2 Evaluating ECMF

Forest ecosystems and mycelial networks of ectomycorrhizal fungi play an impor-
tant role in biogeochemical cycles, biodiversity, climatic stability, and economic
growth (Smith and Read 2008). Ectomycorrhizal fungi not only promote the growth
and health of host plants but also form vast metabolic networks that may be of
critical value to ecosystem functions (Leake et al. 2004; Courty et al. 2010).
Ectomycorrhizal fungi are also important drivers for sustainable innovation
in different fields of research (Azul et al. 2014), such as the food industry,
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biotechnology, biomedicine, and agroforestry (Donnini et al. 2013). These are
desirable areas of innovation, given the threats to native forests around the world
from poor management, soil degradation, pollution, water scarcity, fire, and the
spread of invasive species and diseases (FAO 2010). The relationships between the
various native edible ECM fungi have been, until relatively recently, insufficiently
considered in the strategies of forest management (Dahlberg et al. 2010), and the role
of ECMF has been underestimated in bio-industrial innovation. Some authors have
presented several examples of representative models of the valuation of the ECMF
from a holistic conception (Suz et al. 2012; Azul et al. 2014).

Some of the intrinsic values of the ECMF to human activity are the food
(gastronomy, local, and international markets); the value of the landscape; the
popular culture; the ecological tourism, as indicators of environmental quality; and
the multifunctionality.

So far, different bioactive compounds have been identified from ECM fungi with
different biological activities, applications, or properties: low molecular weight
organic compounds, which may be used in the food industry to mimic mushroom
flavors (Mizuno and Kwai 1992), which may have anticancer properties (Wang et al.
2003) or antioxidant activity (Reis et al. 2011); polysaccharides, which may be
included in diabetic diets or to present immunosuppressive and anticancer activity
(Hu et al. 1994); fatty acids and other lipids, which may have antioxidant, anti-
inflammatory, anticancer (Reis et al. 2011), or immunosuppressive activity (Kreisel
et al. 1990); enzymes, which may have application in the paper industry, textile
industry, and detergent production (Campbell and Bedford 1992); or enzymes which
may have application in environment-contaminant degradation (Pointing and
Vrijmoed 2000), paint decoloration (Casieri et al. 2010), food industry (Gupta
et al. 2003), cosmetic industry (Liese et al. 2000), etc.; terpenoids, with anticancer
activity; and, finally, phenolic compounds, which define organoleptic properties
fungi (Ribeiro et al. 2006).

4.3 Ecological Functions of ECMF

Some of the traditionally known functions of the ECMF in the ecosystem are:

 Increase in the water and nutrient supply, extending the volume of land accessible
to the plants. Different fungal species (drought-sensitive hydrophilic or drought-
tolerant hydrophobic) can have different effects on hydraulic redistribution pat-
terns (Prieto et al. 2016).

e Increase in the plant’s nutrient supply, assimilating nutrients in the ways that
would not normally be available to plants.

¢ The mechanisms of improvement in the absorption of P would be: extension of
extramatrical hyphae and Pi transfer (inorganic), Pi transporters in the fungus/soil
interface; mobilization of organic P (labile), emission of phosphatases; and
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mobilization of insoluble mineral Pi, emission of low molecular weight organic
acids.

* The mechanisms of improvement in N nitrogen absorption would be intervention
in the mineral N cycle (NH4*, NO3") and assimilation of organic N (emitting
proteases, chitinases, others).

* Colonization of the root by ECMF can provide protection against soil pathogens.

* The non-nutritive benefits to plants due to changes in water relations, the level of
phytohormones, the assimilation of carbon, etc., have already been verified.

» Carbon is transferred through the fungal mycelium of ECMF that connects
different species of plants. This can reduce competition among plants and con-
tribute to the stability and diversity of ecosystems.

» Epigeous and hypogeal sporocarps of ECMF are important food sources for
placental and marsupial mammals. The mycorrhizal roots, the mycelium, and
the fruiting bodies of the fungi are important as food sources and habitats for
invertebrates.

e Mycorrhizae influence the microbial populations of the soil and the exudates in
the mycorrhizosphere and hyphosphere.

* The hyphal network produced by ECM fungi significantly alters and improves the
structure of the soil.

e Mycorrhizal fungi contribute to the storage of carbon in the soil by altering the
quantity and quality of organic matter in the soil.

* Enhancing plant tolerance to (biotic and abiotic) stresses.

Recent advances in the knowledge of nutrient translocation processes in the
fungus-plant and fungus-soil interaction are especially interesting, in particular, the
priority role of transporters of P, N, and C (Bonfante and Genre 2010). The inorganic
P and mineral or organic forms of N, such as NH4*, NO3 ™, and amino acids (AA),
are absorbed by specialized transporters located in the fungal membrane in the
extraradical mycelium. NH**/NH*" and inorganic P (from polyphosphates) are
imported from the symbiotic interface to the cells of the plant through selective
transporters. Transporters of hexoses import carbon of plant origin into the fungus,
while the transporter proteins that participate in the export of nutrients from the plant
or the fungus have not yet been identified. The nutritional strategies seem to be
different between symbiotic and pathogenic fungi, for example, in the translocation
of C. Even different transport strategies have been found between ECMF symbionts
belong to Ascomycota and Basidiomycota. The understanding of the different
systems of transporters or nutrient channels involved both at the level of the
extraradical mycelium and at the level of the symbiotic interface will clarify in the
future the processes of nutrition in the plant-fungus and fungus-soil interaction.

4.4 ECMF Genomic Studies

So far, genome sequencing of two ECMF (ectomycorrhizae), the Laccaria bicolor
and Tuber melanosporum (black truffle), helps in the identification of factors that
regulate the development of mycorrhiza and its function in the plant cell (Bonfante
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and Genre 2010). The study of symbiotic and transcriptomic genomes will provide
in the future, among others, the following lines of knowledge:

* A better understanding of the mesocosm of the tree (i.e., the interactions of the
host plant with its courtship of endophytes, symbiotics, and pathogenic
microorganisms).

e A basis for the study of the crosstalk of encoded proteins between symbiotic
partners that involve mycorrhizal effectors.

* A molecular definition of the mechanisms that lead to the initiation of the
carpophore and its development.

* The metabolic pathways that control the transport and assimilation of nutrients in
the symbiosis and in the body of fructification.

* Bioinformatic exploration of important symbiotic gene networks and major
transcriptional factors—the mycorrhizal genetic landscape.

* Comparative transcriptomics with other economically important saprobionts, and
with pathogenic fungi (Martin and Bonito 2012).

4.5 ECMF Selection Criteria for Sustainable Development

Some of the most common criteria considered for the selection of a most valued
species or strain of ECMF (some of them implicit in others) are the abiotic criteria
like climatic conditions, such as temperature, insolation, and humidity and improve-
ment of soil properties, such as texture and permeability, abiotic soil stress mitiga-
tion, soil contamination mitigation, soil metal mobilization, or nutrient cycling.
There may also be criteria regarding the host, such as the plant/fungus specificity,
the improvement of plant health, or the increase in the biomass of the plant. The
criteria regarding the fungus include abundance, effectiveness, propagules’ compet-
itiveness, fungus growth rate, or edibility. The other criteria may be the conservation
of native biodiversity, the functioning of the ecosystem, human health, food, nutra-
ceutical value, etc. (Suz et al. 2012; Azul et al. 2014).

4.6 Applications: ECMF and Forestry

Since the late 1950s, mycorrhizal fungi were utilized as biofertilizers to promote
plant growth, because of their ability to increase the plant uptake of P, N, mineral
nutrients, and water (Feldmann et al. 2009; Koide and Mosse 2004; Miransari 2011).
Much of our understanding of the functions of ECMF has come from research
directed toward practical application in forestry (Fig. 4.1). Although successful
inoculation of tree seedlings (already planted) in field has been known, nursery
inoculation is more common. Seedlings inoculated in nursery can establish a healthy
ECMF system before outplanting.
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Fig. 4.1 Main objectives of the inoculation of ectomycorrhizal fungi in forest nurseries and their
corresponding forest applications

4.7 ECMF in Forest Nurseries

The challenge in the controlled synthesis of the ectomycorrhizal symbiosis is to
produce quality mycorrhizal plant, only colonized by the desired fungus. Accurate
identification of the inoculum used and avoiding contamination during the growth of
the inoculated plants are essential parts of the production process to avoid the
introduction of unwanted species and to avoid the mixing of their genetic material
with indigenous species (Murat and Martin 2008).

The appropriate selection of suitable plant-host species is essential for the success
of mycorrhization (Olivier 2000). Relatively fast-growing fungi are generally pre-
ferred for inoculation because of their short incubation period. Unfortunately, many
otherwise desirable ECMF grow slowly. According to Marx (1980), fresh cultures
are preferred to cultures repeatedly transferred and stored for several years. He
further suggested passing important fungus cultures through a host inoculation and
mycorrhiza formation followed by re-isolation, every few years, to maintain
mycorrhiza-forming capacity. Moreover, fungi which produce large hyphal stands
of rhizomorphs in culture of soil may be superior in soil exploration and mineral
uptake to those which lack rhizomorphic growth. On the other hand, the fruiting of
the ECMF species is not based solely on the mycorrhizal state of the seedlings. After
planting, in addition to the presence of indigenous competitors, the biotic and
physicochemical characteristics of the soil also influence the persistence and spread
of the cultivated fungus (Hortal et al. 2009).
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The type of ECMF material used for inoculation can affect the success of a
mycorrhizal inoculation program. In addition to remaining viable during storage and
transport, the inoculant must also maintain its infectivity for several months after its
introduction (Rossi et al. 2007).

There are three main sources of fungal inoculum:

(a) The use of the soil or humus collected from the area in which the mycorrhizal
seedlings are going to be planted: Its main disadvantage is the lack of control of
the species of ECMF present in the soil or of microorganisms and harmful
germs. It is widely used in developing countries, although it is currently
discarded in mycorrhization programs. Also, planting mycorrhizal “nurse” seed-
lings or incorporating chopped roots of ECMF hosts into nursery beds as a
source of fungi for neighboring young seedlings has been successful (Sim and
Eom 2006).

(b) The use of spores of fruit bodies collected in the field: The main advantages are
that the spores do not require the extension of the aseptic culture and that the
spore inoculum is not heavy (Marx and Cordell 1989). Most of the recent
research has been with P. tinctorius; however, inoculation with Rhizopogon
species also appears promising. Abundant Rhizopogon mycorrhizae formed on
seedlings produced from the coated seed of P. radiata with basidiospores of
Rhizopogon luteolus (Sharma 2017). However, it has three main drawbacks:
(A) significant quantities of fruiting bodies are required and may not be available
each year; (B) the success of the inoculation is highly dependent on the viability
of the spores; and (C) the lack of genetic definition. Freeze drying and storage at
a low temperature in the dark is helpful to maintain its viability. The spores can
be mixed with physical supports before the soil inoculation, suspended in water
and soaked in the soil, sprinkled, sprayed or pelleted and emitted to the ground,
encapsulated or coated on the seeds and they can be embedded in hydrocolloid
chips (Marx and Cordell 1989).

(c) Mycelial inoculum: It is the use of hyphae as an inoculum in a solid or liquid
medium or substrate. Fungal hyphae are cultivated mainly from sterile parts of
fruiting bodies, less frequently from mycorrhiza due to their low (approx.
5-20%) success rate (Molina and Palmer 1982) and rarely from sclerotia (Trappe
1969) or sexual spores (Fries and Birraux 1980). It is considered the most
appropriate method since it allows the selection of particular strains of a fungus
previously tested for its ability to promote the growth of plants (Marx 1980).
Many species do grow well in culture, e.g., most species of Suillus, Hebeloma,
Laccaria, Amanita, Rhizopogon, and Pisolithus. Liquid substrates have the
advantage over solids because they are easily mixed, and they produce more
uniform conditions for crop growth, but the risk of bacterial contamination and
costs are higher (Rossi et al. 2007). On the other hand, the main advantages of
the solid medium (Cannel and Moo-Young 1980) are the reduction of bacterial
contamination due to the lower water content, the low costs of the equipment,
and the simplified design of the bioreactors. The main drawback of the use of
mycelial inocula is that several species of ECMF are difficult to grow under
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laboratory conditions, or growth is very slow (due to the absence of their
symbiont), and it is not always easy to produce large amount of inoculum viable
for large-scale nursery inoculation programs. Some advances have been made
using mycelium encapsulated in “beads” of calcium alginate (Le Tacon et al.
1983), but they have to be refrigerated. Inoculant beads can remain viable for
several months under refrigeration, although the results vary between fungal
species. For several species, the mycelial inoculum has been tested with trees of
economic interest. This technique has great potential for the inoculation of
seedlings in reforestation programs. For example, Rossi et al. (2007) designed
a bioreactor with the capacity to produce inoculum for 300,000 seedlings,
enough to reforest 200 ha. Based on a global demand of 3.0 billion cubic meters
of wood, an estimated 4.3 tons of mycelium would be needed to inoculate
12 billion seedlings (5 g of dry mycelium per plant, Rossi et al. 2007). An
advantage of alginate gel is the possibility of preparing a multimicrobial
inoculant.

4.7.1 Mycorrhizal Helper Bacteria

The concept of “mycorrhizal helper bacteria” (MHB) was introduced in a “Tansley
Review”—Helper Bacteria: a new dimension of mycorrhizal symbiosis (Garbaye
1994)—which has led to new research in the plant-fungus model system, as for the
meaning of these bacteria that promote the formation of mycorrhizae and cause
many physiological effects of mutualistic interaction.

In general, the ability of some microorganisms to influence the formation and
functioning of the symbiosis is known, through activities of various kinds such as the
activation of infective propagules of the fungus in presymbiotic stages (Azcon-
Aguilar and Barea 1996), facilitating the formation of entry points in the root
(Linderman 1988), and increase the growth rate (Carpenter-Boggs et al. 1995).
The MHB improve mycorrhiza formation, although the same MHB can benefit
mycorrhization for certain fungi and be negative for others (Garbaye and Duponnois
1992). The above reflects the fungal specificity by isolate, which exemplifies the
genetic distance between isolates of different origin.

Among the mechanisms presented by the MHB are:

(a) Promotion of the establishment of the symbiosis by stimulation of the mycelial
growth. The germination of spores and mycelial growth are improved by the
production of growth factors (Keller et al. 2006).

(b) Increased contact and colonization root-fungi surfaces: increasing of lateral root
number by the production of phytohormones (Bending et al. 2002) and the
improvement of radical colonization by induction of flavonoid production (Xie
et al. 1995).

(c) Reduction of the impact of adverse environmental factors on the mycelium of the
mycorrhizal fungus. Bacteria can detoxify soils, restoring their conductivity,
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similarly freeing them from contamination generated by heavy metals (Brulé
et al. 2001) and reducing the concentrations of phenolic antagonist compounds
produced by the same mycorrhizal fungi (Duponnois and Garbaye 1990). The
rhizospheric microorganisms also have an effect on the growth of the plants,
reaching a synergistic effect, where the presence of the micro-fungus and the
other microorganism produce an increase in the growth, vigor, and protection of
the plant (Dominguez et al. 2012). These effects are based on activities such as
the acquisition of nutrients, inhibition of the growth of pathogenic fungi (Budi
et al. 1999), and improvement of the root ramification (Gamalero et al. 2004).

In recent years, a potential capacity of bacteria associated with ectomycorrhizae
to fix atmospheric nitrogen has been suggested (Frey-Klett et al. 2007). Several
studies suggest a real possibility that the bacteria present in mycorrhizal tissues
contribute to the nutritional needs of both the fungus (ascocarp development) and
consequently of the plants, by providing them with available nitrogen derived from
atmospheric nitrogen (N5).

MHB belong to a wide range of genera (Burkholderia, Paenibacillus, Poole et al.
2001; Pseudomonas, Bacillus, Duponnois and Garbaye 1991; Streptomyces, Maier
et al. 2004).

However, the molecular mechanisms by which MHB induce the growth of
ECMF are not well described. Recently, changes in expression of genes involved
in the development of certain ECMF have been studied at the molecular level in
confrontations with MHB (Schrey et al. 2005; Riedlinger et al. 2006; Deveau et al.
2007; Zhou et al. 2014). Research in mycorrhizae should, therefore, strive towards
an improved understanding of the functional and molecular mechanisms involved
in interactions in the mycorrhizosphere, in order to develop ad hoc biotechnology
that allows the application of optimized combinations of microorganisms as
effective inoculators within sustainable systems of plant production (Artursson
et al. 20006).

4.7.2 Polymicrobial Formulations

Polymicrobial formulations containing a diverse mixture of beneficial rhizosphere
microorganisms with multiple functionalities is attractive because combining
different classes of soil organisms can take advantage of multiple plant growth-
promoting mechanisms and could be applied to multiple crops (Avis et al. 2008;
Gravel et al. 2007; Hayat et al. 2010; Malusa et al. 2012; Vestberg et al. 2004). A
key concept in constructing effective polymicrobial multifunctional formulations
is the selection and use of a right combination of rhizosphere bacteria and fungi
that are mutually compatible, have complementary functionalities, effectively
colonize the rhizosphere of the crop(s) of interest, and bring about a synergistic
promotion of growth and yield of crop(s) (Avis et al. 2008; Azcén-Aguilar et al.
2009; Barea et al. 2005; Hata et al. 2010). It is to be expected that well-designed
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multifunctional formulations such as the one described would be a welcome
addition to the fast-growing inoculant enterprises worldwide. Such an inoculant
is also expected to be eco-friendly and suitable for organic farming and other
integrated production systems, where synthetic fertilizer inputs are not allowed or
restricted by law. However, construction of such complex formulations is techni-
cally demanding (Reddy and Saravanan 2013).

Ectomycorrhizal fungi exhibit synergistic interactions with other plant-beneficial
organisms such as symbiotic N,-fixers. For example, ectomycorrhizal symbiosis
enhanced the efficiency of inoculation of two Bradyrhizobium strains on the growth
of legumes (Andre et al. 2005). It is also of interest that similar synergies were seen
when AMF (Glomus mosseae), ECM fungus (Pisolithus tinctorius), and
Bradyrhizobium sp. were used together to inoculate Acacia nilotica; enhancement
of N, fixation, growth, and dry biomass were observed when all three organisms
were present (Saravanan and Natarajan 1996, 2000).

Also, using plant growth-promoting microorganism (PGPM) strains that form
stable and effective biofilms could be a strategy for producing commercially viable
inoculant formulations (Malusa et al. 2012; Seneviratne et al. 2008). A majority of
plant-associated bacteria found on roots and in the soil are found to form biofilms
(Ude et al. 2006). Bacterial, fungal, and bacteria/fungal biofilms were suggested as
possible inoculants. This is a novel and interesting idea, but to what extent this
approach would be practiced remains to be seen (Reddy and Saravanan 2013).

4.8 Application of ECMF in Forest Management

The inoculation of ECMF can be done not only with the objective of producing
edible carpophores but also because of its considerable value in forest management
(Fig. 4.1); in particular, they have had great importance in reforestation programs
where it was expected that the quality and economic productivity of the plantations
would increase (Garbaye 1990). The success of the plantations with mycorrhized
seedlings from the nursery depends on their ability to quickly access the nutrients
and water available within the soil matrix (Dufiabeitia et al. 2004).

In mycorrhizal plantations (productive or conservation forest reforestations), a
consequence of the recognition of the advantages of fungal diversity in ecosystems
will be an increase in the refusal to introduce potentially dominant species in mixed
communities. On the other hand, unfortunately, it seems that many of those fungi
selected for optimal colonization in the nursery have been poor competitors in the
field, especially when the planting sites contained indigenous populations of mycor-
rhizal fungi. There are several possible explanations for the inoculation failure (from
the nursery) to produce beneficial effects in the planting sites. Probably, among the
most important of these is the inability of inoculum introduced to persist in the roots
of the plant after the transfer of the nursery to the field. The soil conditions
experienced in the nursery and with the plant growing in a container are very
different from those of most of the planting sites; in addition, the raising, storage,
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and transport of seedlings can reduce the vigor of fine roots and their fungal
associates. Species such as Pisolithus tinctorius (15 sub spp), in circumstances
such as degraded environments, with absence or scarcity of autochthonous mycor-
rhizal populations, have achieved the greatest success in inoculation programs
(McAfee and Fortin 1986).

In the case of an artificially mycorrhized plant with edible ECM fungi of interest,
such as Tuber melanosporum (black truffle), the establishment of plots has always
had the main objective of producing fruiting bodies, leaving in the background the
contribution of ecological functions of the symbiosis (in the plant, soil, and, in
general, the ecosystem, Dominguez et al. 2006). The example of mycorrhizal
plantations for truffle production has been generally successful (Olivier et al.
1996), obtaining productions from 6 to 7 years of implantation.

In restoration of ecosystems, the biofertilization, bioremediation, or the control
of soil pathogens are prominent roles of the mycorrhizal forest plants. Degraded
ecosystems are the result of a wide range of characteristics and factors related to
unfavorable land management or industrial activities. Environmental degradation
of the soil is increasing worldwide at an alarming rate due to erosion, acidity,
salinization, compaction, the depletion of organic matter, and water scarcity. In a
healthy ecosystem, there is a balanced microbiota of the soil, in such a way that the
potential of pathogenic and mycorrhizal fungi coexists in apparent harmony.
Ectomycorrhizal fungi can survive in extreme habitats with high or low tempera-
ture (Tibbett and Cairney 2007; Geml et al. 2011), salt and metal concentration
(Colpaert et al. 2011), drought (Azul et al. 2010), and other circumstances related
to the degradation of the ecosystem. The importance of ECM fungi in the balance
of the ecosystem can be enormous, since they can be used to increase the tolerance
of plants against abiotic stresses, especially their capacity to fix heavy metals or to
degrade a wide variety of persistent organic compounds; to interact with soil
bacteria; to attack fungi, bacteria, and pathogenic nematodes; and to improve the
vegetative growth and the nutritional status of its symbiont plant. In addition, the
extraradical mycelium of the ECM fungi provides a direct pathway for the trans-
location of photosynthesized carbon to microsites in the soil and a large surface
area for interaction with other microorganisms (Sun et al. 1999; Suz et al. 2012).
Very little is known about how the tolerance of fungi to metals affects the transfer
of metal to the host plant. The ability to accumulate metals depends not only on the
inter- and intraspecific variation of the sensitivity of mycorrhizal fungi to metal but
also on environmental factors (Suz et al. 2012). Meharg and Cairney (2000)
revised potential ways in which ectomycorrhizal fungi might support rhizosphere
remediation of persistent organic pollutants (POPs). Recently, the importance of
low molecular weight organic acids and metal-chelating agents (such as
siderophores) from ECMF in the fixation of metal ions and their transmission or
not to the root of the host plant has been described (Machuca 2011).
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4.9 Conclusions

Research on ectomycorrhizae should focus on better understanding the functional
and molecular mechanisms involved in interactions in the mycorrhizosphere. It
should aim to find the appropriate technology for the commercial techniques of
multiplication and large-scale inoculation of the mycorrhizal inoculum and the
application of optimized combinations of plant-microorganisms, adopted under
well-defined environmental and soil conditions. The role of ECMF as biofertilizers
in reforestation and environmental restoration has been fundamental up to now, and
its importance in the balance of the ecosystem can be enormous, increasing the
tolerance of plants against biotic and abiotic stress.
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