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The Third Partner in the Symbiosis

Elena Barbieri, Paola Ceccaroli, Francesco Palma, Deborah Agostini,

and Vilberto Stocchi

8.1 Introduction

Forests function in a capacity that improves environmental quality and water and

carbon stocks and are critical to the conservation of biodiversity. To this end, the

application of techniques for controlled mycorrhization may be important for

improving reforestation strategies. Indeed, for efficient nutrient uptake, most

plant species need to be associated with mycorrhizal fungi that supply minerals,

increase growth, and confer stress resistance (Singh et al. 2011). The management

of these symbioses in natural and agricultural environments is of significant eco-

logical and economic importance.

The establishment of a functional symbiosis between plants and microorganisms

affects the chemical–biological nature of rhizosphere. Important examples of this

include nitrogen-fixing symbiosis between bacteria and leguminous plants and the

symbiosis between mycorrhizal soil fungi and numerous plant species. The microbial

populations that colonize roots often differ between plants involved, in a symbiotic

relationship with an active molecular dialogue between partners. This crosstalk

between plant and microbe can result in response mechanisms capable of attracting

additional microbial species that are not directly involved in the symbiosis. Recently,

some of these species, so far considered alien to the symbiosis, have been identified as

important components of the ectomycorrhizal system. The establishment of mycor-

rhizal symbiosis alters the composition and amount of root exudates, thus changing

the microbial equilibrium of the rhizosphere (Duponnois and Garbaye 1992; Barea

et al. 1997; Frey-Klett and Garbaye 2005; Frey-Klett et al. 2007). This effect, known

as the “mycorrhizosphere effect,” seems to favor the occurrence of particular bacteria

involved in the mycorrhization process, called “mycorrhizal helper bacteria” (MHB)
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(Dakora 2003; Frey-Klett et al. 2007), as well as the growth of bacteria, called

“mycorrhizal associated bacteria,” whose role is still unclear (Assigbetse et al.

2005; de Boer et al. 2005).

The bacterial populations present in the fruiting bodies of several species of

mycorrhizal fungi exceed numerically those usually found directly in soil for the

same bacterial species, whereas the diversity of species observed seems to be greatly

reduced (Gazzanelli et al. 1999; Sbrana et al. 2002). These MHB populations have

different roles and undoubtedly promote the establishment of mycorrhizal symbiosis

and stimulate the development of mycelium resulting in a greater surface contact

between the plant root and the fungus mycelium; this is easily verifiable through

bacteria and fungi coculture (Founoune et al. 2002; Deveau et al. 2007). While both

ectomycorrhizal (Garbaye 1994) and endomycorrhizal (Meyer and Linderman 1986)

fungi can interact with different bacterial species, we will focus on the interactions

relating ectomycorrhizal fungi.

In the past several years, the potential ability of bacteria associated with

ectomycorrhizas to fix atmospheric nitrogen has been suggested (Frey-Klett et al.

2007). This hypothesis originates from the observation that ectomycorrhizas are

particularly frequent on plants typical of land ecosystems characterized by a defi-

ciency in combined nitrogen. Based on the hypothesis of the presence of nitrogen-

fixing bacteria, previous research allowed for the detection of the occurrence of genes

directly involved with nitrogen fixation process.

Several studies have found that potential nitrogen-fixing bacteria can be associated

with ectomycorrhizal and arbuscular mycorrhizal fungi (Frey-Klett et al. 2007) and

that the highly conserved nifH gene, which encodes for the nitrogenase reductase, is

present in Pinus sylvestris and Pinus nigra ectomycorrhizas (Timonen and Hurek

2006; Izumi et al. 2006a).

These experiments suggest a real possibility that bacteria present in mycorrhizal

tissues contribute to the nutritional needs of both fungi, and consequently plants,

providing them with available nitrogen derived from atmospheric nitrogen (N2).

The recent detection of nitrogen-fixing bacteria in fruit bodies of Tuber borchii and
Tuber magnatum and in association with soil and ectomycorrhizal fungi led to the

hypothesis that nitrogen fixation activity may play an important role in fungal

growth and in the development of the ascocarp (Rainey et al. 1990; Barbieri et al.

2005a, 2007; Frey-Klett et al. 2007). However, in order to unequivocally demon-

strate this role, more targeted investigations are needed.

In this chapter, we first introduce the major biological characteristics of

ectomycorrhizas followed by a description of different types of interaction taking

place between bacteria and mycorrhizal fungi. Promotion of plant growth, release

of active molecules, and nutritional exchange strategies are discussed within the

establishment of plant–bacteria–fungus interactions. Particular attention is focused

on interactions between bacteria and ectomycorrhizal fungi belonging to the Tuber
genus with established or potentially synergistic properties important to its fruiting

and life cycle.
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8.2 Defining the Mycorrhizosphere

The influence of plant assimilates on microbial communities has been defined in

relation to the rhizosphere, the narrow zone of soil surrounding living roots. The

rhizosphere is characterized by increased microbial activity stimulated by the

exudation of organic substances from the root (Grayston et al. 1997). However,

since plant roots in natural and semi-natural ecosystems are commonly

mycorrhized, the rhizosphere concept has been extended to include the fungal

component of the symbiosis, resulting in the term “mycorrhizosphere.” The

mycorrhizosphere is the zone influenced by both the root and the mycorrhizal

fungus and includes the more specific term “hyphosphere,” which refers only to

the zone surrounding individual fungal hyphae. Since mycorrhizas and fungal

hyphae are more or less ubiquitous in natural soils, it could be argued that all soil

could be included in the term “mycorrhizosphere” (Johansson et al. 2004).

8.2.1 Occurrence of Ectomycorrhizas

Fossil records indicate that ectomycorrhizal associations emerged at least 50 million

years ago (Mya). For example, Hydnangiaceae appeared before 40 Mya according

to Ryberg and Matheny (2012), although there is molecular evidence that this

emergence dated to more than 180 Mya (Martin et al. 2007). In ectomycorrhizal

associations, hyphae of fungal symbionts produce extensive nets of mycelium that

extends beyond exploratory roots of plants. The mycelium acquires soil minerals

through solubilization, particularly of phosphorus and nitrogen, and exchanges

these nutrients with their host plants, which may allocate as much as 10–20 %

of their photosynthate to the mycobiont. Ectomycorrhizal (EM) fungi produce a

hyphal mantle during the colonization process that tightly covers the root tip, while

epidermal (and in some cases also cortical) cells become separated by the develop-

ment of labyrinth-like hyphae (the Hartig net), which increases the surface contact

area with root cells. Thus, in ectomycorrhizas, hyphae remain extracellular, induc-

ing important changes to root morphogenesis, whereas their presence only leads to

thin modifications in epidermal or cortical cells (Bonfante 2001).

EM fungi alter the physical, chemical, and microbiological characteristics of the

surrounding soil and create a special environment called mycorrhizosphere in

which the microbial communities differ from those in the rhizosphere and in

other portions of the soil (Izumi et al. 2006b). There is considerable evidence that

EM fungi influence the taxonomic composition of communities of soil bacteria,

although this effect varies among mycorrhizas of different fungi species and

between different root tips colonized with the same species (Burke et al. 2008;

Izumi et al. 2008; Kataoka et al. 2008). For example, Brooks and colleagues have

demonstrated that EM fungal hyphae may control organic phosphorus resources in

soil by selecting against soil bacteria with higher abilities to mobilize phosphorus
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from organic compounds. This interaction could result in complementary and

synergistic modes of action providing a sustained supply of phosphorus from

organic and inorganic fonts to the EM host (Brooks et al. 2011).

8.3 Interactions Between Ectomycorrhizal Fungi

and Associated Bacteria

Mycorrhizal symbiosis has long been considered as a bipartite relationship between

plant roots and mycorrhizal fungi. However, in natural conditions, ectomycorrhizal

fungi physically and metabolically interact with a wide community of soil bacteria

with potential unfavorable, neutral, and beneficial consequences (Bowen and

Theodorou 1979; Barea et al. 2002; Johansson et al. 2004; Frey-Klett et al. 2007,

2011; Bonfante and Anca 2009).

Bowen and Theodorou (1979) and then Garbaye and Bowen (1989) demonstrated

that the rhizosphere microflora could have positive or negative impacts on the

mycorrhizal symbiosis, depending on particular bacterial isolates involved. Garbaye

and Duponnois (1992) showed that pure bacterial strains such as Pseudomonas spp.
and Bacillus spp. stimulated the Pseudotsuga menziesii–Laccaria laccata symbiosis.

This was the experimental evidence for the so-called helper effect of those bacteria

named MHB. The MHB are not plant-specific, but are clearly selective about the

fungal species, so they can be defined as fungus-specific (Garbaye 1994). They exist

in arbuscular and ectomycorrhizal systems and now are currently the most

investigated group among bacteria interacting with mycorrhizas. Some research has

proposed that the ability of Pseudomonas spp. to utilize trehalose may be key for

bacterial growth in association with the edible ectomycorrhizal fungus Cantharellus
cibariuswithout causing fungal cell damage (Rangel-Castro et al. 2002). SomeMHB

isolated from Lactarius deliciosus are able to enhance establishment of

mycorrhization with Pinus pinea and Pinus pinaster (Barriuso et al. 2008). More

recently, Wu et al. evaluated positively the effects of the co-inoculum between the

ectomycorrhizal fungus Boletus edulis and the MHB Bacillus cereus (HB12 or

HB59) on the growth and nutrient uptake of Pinus thunbergii (Wu et al. 2011).

Experimental evidence suggests that a release of active diffusible molecules occurs

prior to physical contact between bacteria and/or mycorrhizal fungi, which is impor-

tant for the establishment of their interactions. Recent data show the production of

volatile organic compounds (VOCs) from all the members of the symbiosis, impor-

tant for inter- and intra-organism communications (Splivallo et al. 2007; Tarkka and

Piechulla 2007). Studies performed on the ectomycorrhizal fungus Laccaria bicolor
S238N and the MHB strain Pseudomonas fluorescens BBc6R8 have indicated that

both fungal trehalose and bacterial thiamine play a key role in the mutually beneficial

interactions of two organisms (Deveau et al. 2010). The main significant functions of

MHB are in plant protection against root pathogens, nutrient mobilization from soil
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minerals and fixation of atmospheric nitrogen in forms available to plants, fungi,

and microbes (Frey-Klett et al. 2007). In addition, they may have an active role in

ascocarp decomposition and spore dispersal.

8.3.1 Plant Protection

Mycorrhiza-associated bacteria contribute, together with the fungal symbiont, protec-

tion against root pathogens. For example, there is now abundant evidence that some

Streptomyces species colonize the rhizospheres of plant roots and even plant tissues

(Coombs and Franco 2003), and it has been suggested that antibiotic production by the

streptomycete may protect the host plants against phytopathogens (Challis and

Hopwood 2003). More recently, Tarkka et al. (2008) illustrated the streptomyces

mechanism that induces plant defenses and facilitates symbiosis formation.Moreover,

Frey-Klett et al. (2005) revealed a significantly higher proportion of fluorescent

Pseudomonads inhibiting the growth of root-pathogenic fungi belonging to the genera
Rhizoctonia, Fusarium, Phytophthora, and Heterobasidion in the Douglas-fir L.
bicolor ectomycorrhizas than in the surrounding bulk soil. These findings suggest

that MHB could have evolved selective mechanisms of interaction with their micro-

bial surroundings, having neutral or positive effects on their host mycorrhizal

associations but negative effects on the root pathogens that might threaten their very

habitat.

8.3.2 Nutrient Mobilization

Recent findings suggest that ectomycorrhiza-associated bacteria complement the

roles of the external mycelium by mobilizing nutrients from minerals. In fact, these

bacteria can solubilize calcium phosphate, rock phosphate, iron phosphate, and

aluminium phosphate by secretion of organic acids. For example, different

experiments revealed a higher proportion of culturable bacteria able to release iron

from the biotite, in Quercus sessiliflora–Scleroderma citrinum ectomycorrhizas than

in the bulk soil (Uroz et al. 2007). Other authors demonstrated that the solubilization

of rock phosphate is enhanced by formation of mixed biofilms between phosphate-

solubilizing saprotrophic fungi and Bradyrhizobium elkanii strain (Jayasinghearachchi
and Seneviratne 2005).

8.3.3 Nitrogen Fixation

Nitrogen, a critical component of many biomolecules, is essential for growth and

development of all organisms. Although roughly 78 % of the Earth’s atmosphere is
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composed by nitrogen, it is in a form (N2) that is not biologically accessible.

However, the ability to fix atmospheric nitrogen via the nitrogenase enzyme

complex has evolved in some bacteria. Many eukaryotic organisms are able to

obtain fixed nitrogen through their symbiotic interactions with nitrogen-fixing

prokaryotes. In the last decade, special attention has been paid to potential nitrogen

fixation by bacteria associated with ectomycorrhizas. Several studies have found

that potential nitrogen-fixing bacteria can be associated with ectomycorrhizal and

arbuscular mycorrhizal fungi (Frey-Klett et al. 2007; Kretzer et al. 2009). The

presence of nitrogen-fixing bacteria in these diverse ectomycorrhizal types clearly

supports their potential for improving plant nutrition. Using molecular methods,

several authors found DNA sequences of the nifH gene (encoding nitrogenase) in

P. sylvestris–S. bovinus and P. nigra–Suillus variegatus ectomycorrhizas (Timonen

and Hurek 2006; Izumi et al. 2006a). Furthermore, Barbieri et al. showed

the predominance of a-Proteobacteria represented by Sinorhizobium/Ensifer and

Rhizobium/Agrobacterium groups as well as by nitrogen-fixing Bradyrhizobium
spp. in T. borchii and T. magnatum ascocarps (Barbieri et al. 2005a, 2007). More

recently, Sphingobium sp. strain TMG 022C was isolated from the ascocarp of

white truffle T. magnatum. This strain is capable of growing in nitrogen-depleted

conditions and may thus be important in mycelial nutrition and ascocarp decompo-

sition (Pavić et al. 2011). These results suggest that diazotrophic bacteria present in

ectomycorrhizal tissues contribute to nitrogen input in forest ecosystems by directly

providing nitrogen of atmospheric origin to the two partners of the symbiosis, thus

bypassing classic nitrogen mineralization pathways.

8.3.4 Specificity in Cell-to-Cell Communication

Mechanisms used by prokaryotes to communicate with eukaryotic cells are an

important topic that has been widely investigated, particularly in regard to patho-

genesis. Bacteria that cause disease may express virulence genes in order to

successfully invade a host cell (Alfano and Collmer 2004). However, little infor-

mation is available on fungal–bacterial signaling. The crosstalk may involve a

combination of bacterial type III secretion system (TTSS) as well as host cell

cytoskeleton rearrangement, quorum sensing, stress responses, competence, conju-

gation, motility, sporulation, biofilm formation, antibiotic, and volatile microbial

organic compounds (MVOCs) production (Cotter and DiRita 2000; Miller and

Bassler 2001). Many symbionts, such as nodulating rhizobia, rely on TTSS for

communication (Freiberg et al. 1997; Marie et al. 2001). Moreover, a significant

number of bacteria occurring in the Laccaria proximamycorrhizosphere have been

described for their TTSS (Warmink and van Elsas 2008). These data could help to

identify in the TTSS a specific trigger in which bacteria and fungi become

associated. Among soil bacteria, the quorum sensing mechanisms are again well

described for Rhizobium sp., nodulation (Rodelas et al. 1999), nitrogen fixation, and

symbiosome development (Daniels et al. 2002).
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In this regard, as discussed above within Tuber-associated bacteria, another

molecular determinant for fungal–bacterial attachment is described by a specific

secreted protein, a lectin that binds Rhizobium sp. (Cerigini et al. 2008).

Moreover, some bacterial metabolites may favor hyphal growth. For example,

during its interaction with Amanita muscaria, Streptomyces sp. AcH505 produces

high levels of auxofuran, a secondary metabolite that promotes the extension of the

fungal mycelium. In another case, unidentified volatile substances synthesized by

some bark beetle-associated bacteria induce the growth of their symbiotic fungi

(Adams et al. 2009).

In contrast, an example of specificity crosstalk between Tuber and associated

bacteria showing a negative effect on mycelia growth is demonstrated by MVOCs

produced by Staphylococcus pasteurii, which is strongly antagonistic toward

T. borchii mycelium when grown together (Barbieri et al. 2005b). This bacterial

strain, found on the roots of micropropagated plantlets, appears to selectively inhibit

the growth of T. borchii, but not that of Hebeloma radicosum (Bull.) Ricken,

supporting the specificity in cell-to-cell communication between bacteria and

ectomycorrhizal fungal partners (Zambonelli et al. 2009).

8.4 Truffle Life Cycle: A New System for Studying

the Interactions Between Edible Ectomycorrhizal

Fungi and N2-Fixing Bacteria

Ectomycorrhizal symbiosis is often a necessary event that precedes fruit body

formation, such as that of truffles. Truffles of many Tuber species are edible and

in great demand because of their particular organoleptic properties. The presence of

nitrogen-fixing bacteria recently shown in the white truffle fruit bodies and in

association with soil and other ectomycorrhizal fungi led to the hypothesis that

nitrogen fixation activity may play an important role in fungal growth and in the

development of the ascocarp.

Although there are many studies concerning interactions between ectomycorrhizal

fungi and bacteria, the underlying mechanisms behind these associations are gener-

ally not well understood, and their functional properties still require further experi-

mental confirmation.

8.4.1 Truffle Life-Cycle Phases and Bacterial Interactions

Truffles belonging to the Pezizales establish ectomycorrhizal symbiosis with the

roots of gymnosperms and angiosperms (Pegler et al. 1993). The truffle life cycle is

highly complex and includes morphogenetic changes which can be summarized in

three different stages: in the first stage, spore germination generates a filamentous
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mycelium that successively establishes a symbiotic association with the plant roots

leading, in the second stage, to the formation of the mycorrhizas where the fungus

and the plant are in an intimate symbiotic relationship. In the final stage, an

hypogeous ascoma containing asci and ascospores is formed (Trappe 1979; Harley

and Smith 1993). Hypogeous mycorrhizal fungi constantly interact with

microorganisms present in the soil, but questions remain about when and how

bacteria and mycorrhizal fungi interact and when and how bacteria become

associated with truffles and mycelium.

Recent molecular approaches demonstrate that prokaryotes are associated not

only with the extra radical hyphae of mycorrhizal fungi, but they also occur in their

mycorrhizas and ascocarps, i.e., the Cytophaga/Flexibacter strain found in

T. borchii (Barbieri et al. 2005a), suggesting that bacteria occur within the symbi-

otic fungi during their life cycle.

From the perspective of the bacterium, there are a number of ways in which it

may establish an interaction with the ectomycorrhizal fungi, but many questions

have not yet been answered (1) Is there a specific stage of the fungal life cycle that

attracts bacteria? (2) How do bacteria adhere, colonize, and infect fungal tissues

and remain associated with the fungus? (3) What are the advantages for the host to

maintain this association?

It is important to assess whether there are potential helper bacteria for the truffle

ontogenetic cycle. Some of our studies are planned to address this, and a recent

molecular approach based on 16S rRNA ribosomal genes (rDNAs) has allowed us

to identify a large number of microbial species associated with the most important

species of white truffle T. borchii and T. magnatum at different stages of matur-

ation, greatly expanding the scenario of the microbial ecology that characterizes

truffle development and maturation. Indeed, the molecular approaches used for both

T. borchii and T. magnatum fruit bodies generated a high variety of 16S rDNA

sequences from six phylogenetic groups: a-, b-, g-Proteobacteria; Bacteroidetes;
and low G þ C and high G þ C Gram-positive bacteria. However, the largest

portion of operational taxonomic units (OTUs) within these species was identified

as a-Proteobacteria with close relatives among the Sinorhizobium/Ensifer, Rhizobium/
Agrobacterium, and Bradyrhizobium groups. The prevalence of a-Proteobacteria
associated with T. magnatum ascocarps, regardless of their stage of maturation, was

confirmed by the quantitative FISH approach (85 % of a-Proteobacteria among all

FISH-positive cells). This method demonstrated the occurrence of rhizobia-like

bacterial cells, detected by hybridization of the specific Rhizobium probe RHI1247.

The most representative clones among the a-Proteobacteria were closely related to

B. elkanii (Barbieri et al. 2005a, 2007). This OTU was consistently present within

each ascoma analyzed. B. elkanii was previously described as an inoculant for

soybean, which is capable of fixing atmospheric nitrogen in symbiotic interactions

with leguminous plants (Rumjanek et al. 1993). No information is currently avail-

able on the specific interaction of this species with ectomycorrhizal fungi.

Preliminary studies on the survey of a-Proteobacteria occurring in the

ectomycorrhizas collected in productive experimental truffle grounds by 16S rDNA
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sequencing retrieval also revealed the presence of Bradyrhizobium spp. within

T. borchii ectomycorrhizas (unpublished data). These results provide the first

evidence that potential nitrogen-fixing bacteria may be involved in the entire life

cycle of truffle and that the nitrogenase expression may be a common feature of this

symbiosis (Fig. 8.1).

8.4.2 Toward Molecular Signaling for Truffle–Bacterial
Attachment

Although the interaction between fungi and bacteria has been extensively described

in several different contexts, including agriculture and clinical environment to food

microbiology (Frey-Klett et al. 2011), more studies are needed in these areas to

acquire significant progress in the interaction between bacteria and ectomycorrhizal

fungi belonging to the Tuber genus and in different phases of the truffle life cycle.

One of the few examples of molecular signaling for fungal–bacterial attachment

in truffles is given by the TBF-1 protein secreted by T. borchii in the ascocarp, a

species-specific lectin that binds Rhizobium sp. (Cerigini et al. 2008).

The participation of lectins in the Rhizobium–Leguminosae association has been

extensively investigated, and it was proposed that the interaction occurs between

lectins present in the roots of the leguminous plants and the bacterial surface

polysaccharides (Hamblin and Kent 1973; Bohlool and Schidt 1974; Kijne et al.

1997; Hirsch 1999; Fraysse et al. 2003; Laus et al. 2006). The TBF-1 is expressed

only during the fructification phase (De Bellis et al. 1998), when the presence of

nitrogen-fixing bacteria could be required for fruiting body development, and fungus

bacteria mediator molecules, such as lectins, may be involved in these mutualistic

associations. Rhizobium spp. produces different surface polysaccharides which are

either secreted or included into the capsule surrounding the cell (Laus et al. 2006;

Skorupska et al. 2006). The rhizobial exopolysaccharides (EPS), species-specific

complex heteropolysaccharides, are exported outside the cell, and they seemed to

be involved in the attachment of some rhizobacteria to arbuscular mycorrhizal hyphal

structures (Bianciotto et al. 2001).

In a recent paper (Cerigini et al. 2008), we employed some of the Rhizobium
strains isolated from T. borchii and T. magnatum ascomata and a few reference

Rhizobium strains, which showed a mucoid phenotype, for crude EPS extracts

testing to evaluate their ability to bind TBF-1 in an hemagglutination inhibition

assay. One interesting result was that TBF-1 lectin binded only to EPS extracted by

the Rhizobium strains from T. borchii ascoma. The correlation between the speci-

ficity of the lectin and its ability to recognize the correspondent bacteria was very

strict: it did not react either with specific Rhizobium symbionts of Leguminosae nor

with Rhizobia isolated from the phylogenetically related organism T. magnatum.
The high binding specificity of TBF-1 towards the rhizobial surface

polysaccharides led us to suppose an active role of the protein to attract and to sort
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Ectomycorrhizas

Spore dispersion and

Truffle life cycle

mycelium propagation

16S rDNA
in T. borchii

Truffle maturation

nifH mRNA
16S rDNA  mRNA
inT.borchii and T.magnatum

Tuber–associated bacteria

Tuber–associated bacteria

ABG74604 Bradyrhizobium elkanii94

93

93

AAU93872 Frankia sp.

NP_435695 Sinorhizobium meliloti

α-Proteobacteria

α-Proteobacteria

93 Tuber–associated bacteria
ABG7 4604 Bradyrhizobium elkanii

AAU93872 Frankia sp.

Fig. 8.1 Neighbor-joining phylogenetic analysis of the NifH amino acid-deduced sequences

extracted from ascomata of both Tuber magnatum and Tuber borchii RNA overlapping with the

16S rDNA sequence analyses from the RNA extracted from the same truffle species and 16S rDNA

sequences from DNA extracted from T. borchii ectomycorrhizas collected in productive experi-

mental truffle grounds. Sequences obtained were compared with homologous sequences obtained

by t/BLASTX algorithm. Bootstrap analyses were based on 1,000 re-samplings of the sequence

alignment. The sequence of Frankia sp. was included as the out-group
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these bacteria during the fructification phase. The ability of this protein to selectively

bind the respective T. borchii-associated Rhizobia supports the hypothesis of its

involvement in species-specific interaction with soil bacteria.

In which phase of the fungal biological cycle these bacteria interact, mycelium

propagation, ectomycorrhizal establishment, or ascoma formation, still remains to

be discovered. Since TBF-1 lectin is expressed only in the fructification phase, it

could be hypothesized that rhizobia first infect the developing ascocarp and remain

attached to the hypha which emerge from germinating truffle spores. Further

investigation will be needed to confirm this hypothesis, and although truffle is not

fully culturable in vitro, T. borchii is one of the ideal experimental models because

the entire biological cycle is already available in vitro for this species (e.g., mycelial

culture, pre-symbiosis, and ectomycorrhizal synthesis as well as experimental

truffle-producing areas for ascocarp collection).

8.4.3 Can Nitrogen-Fixing Bacteria Play a Role
in the Nutrition of Fruiting Bodies in Truffles?

Extending previous research from our group, we have recently addressed the problem

of the molecular link between nif gene expression and the energetics of N2 fixation in

truffles. In our efforts to identify N2-fixing bacteria within truffles, we also

demonstrated nitrogen fixation activity throughout the study of bacterial nitrogenase

gene expression and by assay of enzymatic activity in T. magnatum. The nitrogenase
activity, evaluated by an acetylene reduction assay, was 0.5–7.5 mmol C2H4 h

�1 g�1,

comparable with early nodules of legumes associated with specific nitrogen-fixing

bacteria. The phylogenetic analysis of nitrogenase gene nifH from T. magnatum
ascomata at different stages of maturation revealed the presence of a-Proteobacteria
belonging to Bradyrhizobium spp., and expression of Bradyrhizobia nifH genes was

also detected (Barbieri et al. 2010). Since Bradyrhizobium spp. is found abundantly

within the mature ascoma, the conditions these bacteria encounter in the colonized

tissue may approach those required for free-living nitrogen fixation (Agarwal and

Keister 1983; Casella et al. 1988). Indeed, T. magnatum ascomata develop in soil

exposed to variable temperatures during a period from late summer to autumn/winter,

where drought and moisture alternate. These seasonal fluctuations affect their

development.

Nitrogenase activity in the specific association of T.magnatumwith diazotrophic

bacteria has important implications for the biology of this fungus. Although the

saprotrophic strategy of ascocarp development is debated (Barry et al. 1994; Zeller

et al. 2008), T. magnatum ascomata can grow in soils that appear to have low

numbers of mycorrhizas (Bertini et al. 2006). Moreover, direct linkages among

belowground mycelium, mycorrhizas, and ascocarps in T. magnatum truffle ground

are not evident (Zampieri et al. 2010). Under these conditions, enhanced nutrient
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availability by nitrogen-fixing bacteria might have a beneficial effect on the devel-

opment and maturation of the fruit bodies.

The Italian white truffle is highly regarded by chefs and gourmets and

commands very high market prices, but repeated attempts to cultivate it have

been unsuccessful (Murat et al. 2005; Hall et al. 2007). Traditional cultivation

techniques, which involve planting Tuber colonized plants in suitable sites, do

not consider the potential effects of nitrogen-fixing bacteria on truffle develop-

ment (Zambonelli and Iotti 2006). The recent studies on Tuber-associated
bacteria provide new insights into the role of the nitrogen-fixing bacteria,

occurring within fungal tissue during the maturation of T. magnatum ascomata,

and suggest new possibilities for improving the cultivation technique of this

prized delicacy.

The ability of nitrogen fixation demonstrated for the white truffle T. magnatum
has been recently analyzed in other species, and preliminary results from our

laboratory show that nitrogenase expression of a-Proteobacteria is also associated

with T. borchii, Tuber aestivum, and Tuber melanosporum (unpublished data). This

evidence leads to hypothesize that a common mechanism in nitrogen utilization

occurs during truffle development and maturation.

8.5 Conclusions and Perspectives

The studies described in this chapter are useful in advancing knowledge in

plant–fungal–bacteria interactions and helpful in guiding future investigations on

nitrogen-fixing bacteria associated with ectomycorrhizal fungi, with particular atten-

tion to the genus Tuber. Indeed, the expression analyses of both nitrogenase gene and
enzyme activity in T. magnatum ascocarps and the occurrence of nitrogen-fixing

bacteria in other truffle species suggest that diazotrophic bacteria may contribute to

nitrogen input in forest ecosystems. These microbes can therefore be assigned to the

recently revisited mycorrhizal helper bacteria group, given that they positively

interact with the functioning of the mycorrhizal symbiosis. Nevertheless, direct

confirmation of nitrogen fixation and quantification of the net nitrogen input remain

to be performed and improved understanding of the regulation of the nitrogenase

genes expression is needed.

Current evidence suggests that mutualistic fungal–bacterial interactions are more

widespread than expected and that their influence may be crucial in ecosystems. The

possibility that the competitiveness of ectomycorrhizal fungi in the soil and perhaps

the composition of fungal communities could be influenced by nitrogen-fixing

bacteria is an interesting scientific speculation, which may have serious implications

for micropropagated plant production in forestry and agronomy.
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