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Preface

As we were writing this preface, the COP21 international conference on climate

change was being held in Paris, highlighting the importance of all initiatives to

protect the future of the planet. Forests, and more generally trees, play a key role in

carbon sequestration and greenhouse gas mitigation. Many trees live in strict

symbiosis with ectomycorrhizal fungi that are important for ecosystems’ function-
ing. Some ectomycorrhizal species, such as boletes and truffles, are also famous

because they form edible fructifications, and truffles belonging to the Tuber genus,
the so-called “true truffles,” are gourmet delicacies worldwide. The genus Tuber
includes around 180 species, most of which are naturally distributed in the northern

hemisphere. Some Tuber species, such as Tuber magnatum (the Italian white

truffle), T. melanosporum (the Perigord black truffle), T. aestivum (the Burgundy

truffle), and T. borchii (the bianchetto truffle), are the most economically important

fungi, but other Tuber species are edible and locally appreciated as well. Besides

their economic and culinary importance, many truffle species play a key role in

forest ecosystems, including disturbed forests, where they are often common

ectomycorrhizal symbionts. Moreover, the cultivation of some truffle species

such as T. melanosporum and T. aestivum has spread worldwide in the last two

decades and has diversified crops and incomes for local farmers. In this context,

many books have been written on truffles, but most of them in French and Italian, or

they are focused on a few species or specific aspects.

In this book, we decided to cover much of the taxonomic diversity of the genus

Tuber, in addition to economically important species, and include information

generated from more recent technological innovations (e.g., second-generation

DNA sequencing). The book is divided into five parts and comprises chapters

written by experienced and internationally recognized scientists. The aim is to

provide an inventory of the knowledge on truffle systematics, interactions with

abiotic and biotic environments, strategies for spore dispersal, and biochemistry.

Such multidisciplinary approach provides a unique insight and a better understand-

ing of the truffle ecology and the role these fungi play in natural and managed

ecosystems.
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Gian Maria Niccolò Benucci, Andrea G�ogán Csorbai,

Leonardo Baciarelli Falini, Giorgio Marozzi, Edoardo Suriano,

Nicola Sitta, and Domizia Donnini

6 Tuber magnatum: The Special One. What Makes It so Different

from the Other Tuber spp.? . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87

Claudia Riccioni, Andrea Rubini, Beatrice Belfiori,

Gianluigi Gregori, and Francesco Paolocci

7 The Puberulum Group Sensu Lato (Whitish Truffles) . . . . . . . . . . 105

Enrico Lancellotti, Mirco Iotti, Alessandra Zambonelli,

and Antonio Franceschini

vii



8 A Brief Overview of the Systematics, Taxonomy, and Ecology

of the Tuber rufum Clade . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 125

Rosanne Healy, Gregory M. Bonito, and Matthew E. Smith

9 Truffle Genomics: Investigating an Early Diverging Lineage

of Pezizomycotina . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 137

Claude Murat and Francis Martin

Part II The Abiotic Environment

10 Influence of Climate on Natural Distribution of Tuber Species
and Truffle Production . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 153

François Le Tacon

11 Soil Characteristics of Tuber melanosporum Habitat . . . . . . . . . . . 169

Benoı̂t Jaillard, Daniel Oliach, Pierre Sourzat,

and Carlos Colinas

12 Soil Characteristics for Tuber magnatum . . . . . . . . . . . . . . . . . . . . 191

Gilberto Bragato and Žaklina S. Marjanović
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Chapter 1

General Systematic Position of the Truffles:

Evolutionary Theories

Gregory M. Bonito and Matthew E. Smith

1.1 Introduction

When the “truffle” concept is evoked, what comes to mind may vary greatly

between people and cultural groups. As you read this book, your own concept of

what a truffle is may change, as ours has while discovering and learning about these

exquisite fungi!

In the very broadest sense, truffles are fungi that sequester their spores within

differentiated fruiting structures that are produced below the soil or leaf litter. These

fungi have also been referred to in the past as sequestrate fungi or hypogeous fungi,

depending on the author and the usage. Hypogeous fungi that belong to the phylum

Basidiomycota are sometimes referred to as “false truffles,” a name historically

used to distinguish these truffles from those in the Ascomycota. We regard truffles

as fungi that produce these sequestrate, hypogeous fruiting bodies regardless of

their taxonomic or phylogenetic relationships. However, for the purpose of this

book, we will use the term truffle in reference to the “true truffles” that belong to the

genus Tuber (e.g., Tuber melanosporum Vittad., Tuber magnatum Pico, and related

species). Truffles typically fruit on the forest floor just below the leaf litter or

sometimes within the mineral horizon. As you will read within this book, we know

a lot about the biology and ecology of these organisms, and yet there are still many

questions about truffles that remain unanswered.

Truffles often fruit within the rooting zone of forest plants and exhibit a range of

variable macroscopic characteristics such as color, shape, size, texture, and aroma.
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Microscopic, genomic, and developmental characters also vary widely between

truffle species and truffle lineages. Details regarding the natural ecology of the

majority of truffle species are still missing. Available evidence suggests that truffles

co-diversified with plants and animals and the evolution and distribution of these

fungal, plant, and animal symbionts forms a web that overlaps in time and space.

Truffle speciation and function in ecosystems are tightly linked to their

ectomycorrhizal (ECM) ecology and putative co-diversification with major plant

families including Pineaceae (pines), Fagaceae (oak/beech), Myrtaceae (eucalyp-

tus), and Salicaceae (willows/poplar) and also to adaptations for animal dispersal in

the Northern and Southern Hemispheres. Because most truffles form ECMs and

therefore actively exchange limiting nutrients with plants (truffles usually provide

nitrogen and/or phosphorous whereas plants supply carbohydrates), truffle fungi

play major roles in the functioning of forest soils and ecosystems as well as the

maintenance of Earth’s climate and food webs. On the other hand, human-induced

climate change appears to be having effects on the distribution and fruiting of

truffles and other fungi in Europe and across the globe (Kauserud et al. 2010).

Fungi that form truffle fruiting bodies have evolved independently in at least

13 orders that represent phylogenetically distant fungal lineages (Fig. 1.1) (Smith

and Bonito 2013). While there may be some commonalities among these fungi, they

are quite diverse in their morphology and ecology, and few generalities can be

made about “truffles” at such a coarse level. We do find it interesting that most

truffle fungi appear in lineages considered to be plant root-associated mutualists,

such as ECM fungi that form a mantel covering the external surface of the root tip

and a Hartig net forming laterally between the cortical cells of the root. These

structures can be visualized under a microscope or sometimes even with the aid of a

hand lens. Some truffle fungi form less evident orchid and ectendomycorrhizal

structures, which are only apparent upon staining and visualization under a light

microscope.

1.1.1 Loss of Active Spore Discharge in Truffle Fungi

Strong selection for active spore dispersal in fungi has led the evolution of bio-

physical innovations in forcible spore discharge across the Kingdom. Particularly

noteworthy, spores discharged from ascomycetes such as Podospora curvicolla
(Winter) Niessl can shoot nearly half a meter, and those of Gibberella zeae
(Schwein.) Petch can reach initial accelerations of 8.5� 106 m s�1 during spore

discharge (Yafetto et al. 2008). Such intense force results from a buildup and

release of turgor pressure stored in and released from fungal cells, which are critical

to dispersal and in maintaining gene flow between populations. However, in truffle

fungi that sequester their spores and fruit belowground the ability to actively

discharge spores has been lost. This would seem to be detrimental to truffles, yet

these fungi are extremely diverse and some species are dominant ECM partners in

some ecosystems (Bonito et al. 2011; Smith et al. 2007). Although “self-powered”

4 G.M. Bonito and M.E. Smith



active spore discharge has been lost in truffles, novel “passive” mechanisms for

spore dispersal have arisen in many truffle lineages. In this scenario the fungi have

evolved mechanisms to attract animals through the production of olfactory or visual

attractants (Beever and Lebel 2014), coaxing them into the consumption, release,

and dispersal of truffle spores. There are a great many instances of coevolution of

truffles with mammals in the Northern Hemisphere and with marsupials in the

Southern Hemisphere (Claridge et al. 2014). There is also evidence that some birds

act as truffle dispersers, such as Paurocotylis in New Zealand (Beever and Lebel

2014) and that some insect species could also serve to spread truffle spores (Fogel

and Peck 1975).

1.1.2 Enigmatic Truffles and Remaining Mysteries

With their strong aromas, culinary and economic interest, high diversity, and

importance to plant and animal nutrition, Tuber is a truffle genus that has attracted

Fig. 1.1 Phylogram

showing the distribution of

truffle-forming fungi

throughout the fungal tree

of life. Major fungal orders

(and families in the

Pezizales) that include

truffle taxa are color-coded

blue. Tuberaceae, the
taxonomic family which are

the focus of this book, are

shown in red
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much interest. However, a number of mysteries still remain concerning its evolu-

tion, ecology, and fundamental biology. Mature fruiting bodies of Tuber are

unusual in their distinctive spore morphology, large spore size (relative to many

other truffle fungi), and variable number of spores per ascus. The variable number

of spores per ascus is particularly notable since this feature is atypical among

Pezizales and varies between Tuber species and because the mechanisms for

packaging post-meiotic nuclei and nuclear contents into spores are not well

understood.

Recently, the sexual nature of T. melanosporum and T. magnatum was demon-

strated using multiple molecular markers and population genetic approaches

(Riccioni et al. 2008; Paolocci et al. 2006). Genome sequencing and subsequent

studies support the existence of a bipolar sexual mating system in Tuber (Martin

et al. 2010). In this mating system, there are two idiomorphs, mating loci charac-

terized by large regions of nonhomologous DNA. However, at least some species of

Tuber also produce mitotically produced (asexual) spores that are hypothesized to

function in reproduction or root colonization (Urban et al. 2004; Healy et al. 2013).

At least one (currently undescribed) species of Tuber belonging to the Puberulum

clade is only known from ECMs and masses of these asexual spores (Healy

et al. 2013). Although it is possible that these asexually derived spores function

as conidia to colonize roots and establish new colonies, these spores are small and

abundant and have very thin cell walls, suggesting that instead they may function as

spermatia for sexual outcrossing. Improved understanding of the cues and regula-

tion of sexual reproduction and asexual spore production in Tuber, aided by

population genomic tools, could enable the development of controlled fertilization

processes and selective breeding programs for truffles that have so far not been

possible.

Truffles evolved from epigeous (mushroom) ancestors, but the specific environ-

ments and selective forces leading to truffle evolution in the genus Tuber are not

clear. The belowground fruiting habit is believed to be adaptive for root-associated

fungi, since the spores are produced in closer proximity to roots, but fruiting

belowground helps to buffer against environmental fluctuations while the fruiting

bodies develops. Further, because the majority of a truffle fruiting body is com-

posed of spore mass, truffle fungi presumably shunt a greater proportion of energy

into sexual spore production than do mushroom-producing fungi, which must

partition reproduction resources toward the development of sterile cap and stem

tissues. Several authors have suggested that sequestrate taxa evolve continually due

to chance events, but that sequestrate lineages are selected for when both abiotic

environmental conditions (e.g., drought, frequent fires) and biotic interactions (e.g.,

presence of dispersal agents) are favorable (Albee-Scott 2007; Thiers 1984).

Ancestral biogeographic reconstructions show that Tuber most likely had an

origin in Eurasia (Bonito et al. 2013; Jeandroz et al. 2008). The most complete

phylogenetic treatment of this group indicates that Tuber evolved from a lineage of

epigeous, cup fungi and then diversified in the Northern Hemisphere throughout the

Jurassic and Cretaceous periods (Bonito et al. 2013). What triggered the radiation

and high level of Tuber diversity is still not completely clear.

6 G.M. Bonito and M.E. Smith



In the past, most differences between truffles were considered to be species-

specific and strongly influenced by the maturity of the truffle. While maturity is

definitely an important factor, there is wide inter- and intraspecific variation in

truffle fruiting body shape, size, and aroma and also in the community of bacteria

that constitute the truffle microbiome. Evidence from recent studies suggests that

the endobiotic bacterial community may be a highly influential and previously

underappreciated factor that influences truffle odors and therefore interactions with

other organisms (Splivallo et al. 2015; Splivallo and Ebeler 2015). An understand-

ing of how the genomes of endobacteria interact with their fungal hosts and respond

to their local environment is one of the grand challenges of truffle ecology, newly

invigorated by advances in high-throughput sequencing technologies. Such knowl-

edge will certainly lead to improved strategies for resource management, agricul-

tural production, truffle breeding, and strain development for Tuber species.

1.2 Truffle Phylogeny: The Tuberaceae

The family Tuberaceae currently consists of six genera: Tuber, Choiromyces,
Reddellomyces, Labyrinthomyces, Dingleya, and Southern Hemisphere cup fungi

Nothojafnea. The two Northern Hemisphere genera, Choiromyces and Tuber,
produce sizable and aromatic fruiting bodies that are highly valued in some

European countries. It is interesting that species of Tuber are incredibly diverse

across the Northern Hemisphere, and yet, in contrast, the genus Choiromyces
includes just a few relatively rare but geographically widespread species.

Cup fungi belonging to the genus Nothojafnea have been described from South

America and Australia, but DNA sequences are only available for the South

American species, Nothojafnea thaxteri (E. K. Cash) Gamundı́. N. thaxteri fruits
directly on soil with species of Nothofagus and is presumed to form ECMs.

Molecular analyses indicate that N. thaxteri is phylogenetically nested among

Australasian truffles in the genera of Reddellomyces, Labyrinthomyces, and

Dingleya. Species in these genera are presumed to be ECM on Australasian

Myrtaceae such as Eucalyptus, Corymbia, Melaleuca, and Leptospermum as well

as with species of Acacia, Nothofagus, or perhaps other woody plants. These truffle
genera are broadly distributed and species rich in Australia, but none of the species

are known to have any economic or gastronomic value to humans. Bonito

et al. (2010a) found that at least 10 Tuber species are also present in Australia

and New Zealand, but molecular evidence indicates that these taxa were introduced

by humans. Bonito et al. (2010a) also provided molecular data to show that Tuber
clarei Gilkey is an invalid name erroneously applied to the cosmopolitan and

“pioneer” European truffle, Tuber rapaeodorum Tul. and Tul. More recently,

another Tuber collection collected in Australia and deposited in the Melbourne

herbarium (MEL2063143) as Tuber hiromichii (Imai) Trappe was shown to be

Tuber rapaeodorum (Bonito unpublished data, GenBank accession KP311464).
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1.2.1 Diversity, Ecology, and Distribution of the Genus
Tuber

Recently, Bonito et al. (2013) reassessed the diversity, ecology, and historical

biogeography of the genus Tuber using four genetic loci for inferences (RPP2,

TEF1, and ITS and 28S rDNA). They distinguished 11 major clades within the

genus Tuber. Recent estimates on the number of Tuber species are between 180 and
220 species, some of which are known only from “environmental” DNA sequences

derived from rhizosphere soil. Characteristics of each of the major Tuber clades and
exemplars of each are noted below.

1.2.1.1 Aestivum Clade

The Aestivum clade consists of some of the most morphologically diverse Tuber
species. Tuber aestivum Vittad., the type species of the genus Tuber, is one of the
most widespread and cultivated truffle species and is characterized by a dark warty

peridium and aveolate-reticulated ascospores. Tuber sinoaestivum Zhang and Liu is

an Asian species that is morphologically similar to T. aestivum, but T. sinoaestivum
has ascospores that are more globose and have a shallower reticulum ornamentation

(Zhang et al. 2012). In contrast, Tuber panniferum Tul. and Tul. is morphologically

distinct and characterized by a woolly peridium and very spiny ascospores. Tuber
mesentericum Vittad. is a species complex composed of at least two species of

European truffles (see Chap. 5). Interestingly, the famous and pungent white truffle

species T. magnatum, with its pale-colored and smooth peridium, also appears to

belong within the Aestivum clade despite the fact that it is morphologically quite

distinct. Species in this clade form mycorrhizal associations with diverse hosts

include angiosperms (e.g., Fagaceae, Betulaceae), gymnosperms (i.e., Pinaceae),

and even orchids. The evolutionary history of this clade may be deep and complex.

1.2.1.2 Excavatum Clade

Tuber species belonging in the Excavatum clade are distinguished by having a

cavity within the base of their fruiting bodies. Species in this group tend to have a

thick and hard peridium and generally have 3–5 coarsely reticulated ascospores per

ascus. They are symbionts of angiosperms and are distributed in both Europe and

Asia, but this group has never been documented in North America. Often found in

association with hardwood tree hosts, several species in this group have also been

found as symbionts of orchids (Illyés et al. 2010). The described species that belong

to this clade include Tuber excavatumVittad., Tuber fulgensQuél from Europe, and

Tuber sinoexcavatum Fan and Lee from Asia. This group has not been studied as

extensively as some Tuber clades, yet a number of unique phylogenetic species

were detected by Bonito et al. (2010a) indicating the presence of morphologically
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cryptic species. Truffles in the Excavatum clade can have favorable aromas, but are

not typically consumed by humans, likely because of their thick and hard peridium.

1.2.1.3 Gennadii Clade

An early diverging clade within Tuber species in the Gennadii group are only thus

far known from Europe. Recently, Alvarado et al. (2012) identified two species in

this clade [Tuber gennadii (Chatin) Pat. and Tuber lacunosumMattir.]. The truffles

in this group have only been found in association with the genus Tuberaria
(Cistaceae) suggesting that these species may have very specific host requirements.

Due to the fact that they are relatively rare and restricted in distribution, truffles in

the Gennadii clade are generally not consumed by humans.

1.2.1.4 Gibbosum Clade

Endemic to Pseudotsuga forests of the Pacific Northwest of the USA, truffles in the
Gibbosum clade have a light-colored peridium characterized by microscopic

beaded hyphae emanating from the surface (Bonito et al. 2010b). The four known

species in this group appear to associate exclusively with Pinaceae hosts, particu-

larly Pseudotsuga but also occasionally with Pinus. Because of their economic

value, Tuber gibbosumHarkn. and Tuber oregonense Trappe, Bonito, and Rawl. are
two of the most important species in the Gibbosum clade. These truffles have not

yet been cultivated but in the Pacific Northwest of the USA they are wild harvested

during winter and spring (Lefevre 2013).

1.2.1.5 Japonicum Clade

Kinoshita et al. (2011) recently discovered a new clade of Tuber in Japan. Although
species in this group have not yet been officially described, Kinoshita et al. (2011)

noted that these species have some unique morphological traits, including pale

yellow globose ascospores and fewer spores per ascus than most other Tuber
species (often only 1 spore per ascus). Internal vein patterning within the gleba of

mature truffles in the Japonicum clade tends to be more faint and less conspicuous

than in other Tuber clades giving them the appearance of unripe truffles. This group

is well supported as a monophyletic lineage, but there is still uncertainty regarding

the closest relatives of this group (Bonito et al. 2013). We found no information on

truffles in the Japonicum clade being consumed by humans.
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1.2.1.6 Macrosporum Clade

Truffles in the Macrosporum clade are characterized by the presence of small warts

on the outside surface of the peridium and one-, two-, or three-spored asci with

relatively large (often >60 μm in length) alveolate-reticulate spores. This group

occurs in Asia, Europe, and North America. Tuber glabrum Fan and Feng and

Tuber sinomonosporum Cao and Fan are two new species in the Macrosporum

clade that were recently described from China (Fan et al. 2014). Species in this

clade tend to be associated with either angiosperm or Pinaceae species. The

geographical origin and ancestral host of this clade were not well resolved by

Bonito et al. (2013). Paradoxically, truffles in the genus Paradoxa actually belong

in the Macrosporum clade of Tuber. These truffles contain single large ascospores

within their asci and had previously been difficult to place phylogenetically without

DNA sequence data. Two species in the Macrosporum clade have commercial

value. Tuber macrosporum Vittad. is found across Italy and eastern Europe and

has recently been cultivated in Austria and Hungary (Benucci et al. 2012, 2014).

Tuber canaliculatum Gilkey is one of the larger and more pungent of the North

American Tuber species, and this species has a wide distribution in the Eastern

USA from the mid-Atlantic states (e.g., North Carolina, Maryland, Virginia) to the

upper Midwest (e.g., Michigan) and into Canada. Mycorrhizal synthesis and culti-

vation trials with T. canaliculatum are underway (Benucci et al. 2013).

1.2.1.7 Maculatum Clade

The Maculatum clade produces truffles that have a light-colored peridium with a

smooth to cracked texture. The elliptical ascospores of species in this clade tend to

have alveolate-reticulate ornamentation. Many species in the Maculatum lineage

that have been described from North America and Asia over the past few years and

several additional species remain undescribed (Guevara et al. 2013; Su et al. 2013).

Truffles in the Maculatum clade are generally not as aromatic as other Tuber
species. Aside from New Zealand, where Tuber maculatum Vittad. has been

marketed, species in this clade are not typically consumed by humans but instead

are considered undesirable “contaminants” (Amicucci et al. 2000).

1.2.1.8 Melanosporum Clade

Most species belonging to the Melanosporum clade are characterized by a warty

outer peridium and spiny ascospore ornamentation, although a few species have

spiny-reticulated spores and at least one species (Tuber pseudoexcavatum Wang,

Moreno, Riousset, Manj�on, and Riousset) has spores with alveolate reticulation.

Many of the truffle species in this group have pigmented ascospores, giving their

gleba a dark color when the spores become mature. There is one currently

10 G.M. Bonito and M.E. Smith



undescribed species in the Melanosporum clade that has a light-colored outer

peridium and gleba (Gregory Bonito, personal observation), putatively ancestral

traits that have been fixed in this species. The black truffle T. melanosporum is

perhaps the most cultivated truffle species internationally, and this species is

economically important on several continents. Asian black truffles in the Tuber
indicum Cooke and Massee complex are also harvested from forests on a massive

scale for human consumption, and cultivation trials with this species are underway

in China (Wang 2013).

1.2.1.9 Multimaculatum Clade

Tuber multimaculatum Parladé, Trappe, and Alvarez is known only from a few

collections in Spain (Alvarez et al. 1992) and is the only species belonging to the

Multimaculatum clade. Possibly due to its long branch on the phylogeny, its exact

placement within the genus Tuber is still not resolved. Tuber multimaculatum is

characterized by large ellipsoid ascospores with finely meshed alveolate reticula-

tions. Ascospores are produced in one-spored or two-spored asci that have notable

apical thickenings in the ascus walls. Because of the rarity of this species, its

biology and ecology are not well known.

1.2.1.10 Puberulum Clade

Current data indicate the Puberulum clade has the widest geographic distribution

and the most species of any Tuber clade. Species in this group are distributed across
Europe, Asia, North America, and northern Africa in association with Pinaceae,

angiosperms, or both. One species in the Puberulum clade has also been found on

the roots of native Salix humboldtianaWilld. in South America, suggesting that this

may be the only lineage of Tuber that has naturally spread to South America with

Northern Hemisphere host trees (Bonito et al. 2013). Truffles in the Puberulum

clade tend to produce light-colored truffles that have a smooth to cracked peridium,

and some species in this clade are known to produce prolific mats of mitospores on

soil (Healy et al. 2013). Ascospores of truffles in the Puberulum clade are generally

globose to subglobose and are ornamented with alveolate reticulation. Some spe-

cies in this clade appear to be pioneer ECM species that have been unintentionally

introduced into locations in the Southern Hemisphere where they previously did not

exist (Guerin-Laguette et al. 2013). Such species could be considered as “weedy”

ECM associates. Tuber borchiiVittad. is the most important edible truffle species in

the Puberulum group and has been shown to produce both ECMs with pine and

hardwood species and arbutoid mycorrhizas with Arbutus unedo L. (Lancellotti

et al. 2014). The list of new species in the Puberulum lineage described from Asia

continues to grow, suggesting that there may be many more undescribed taxa in this

group (Fan et al. 2012a, b, c). While most species in the Puberulum clade are

considered to be undesirable for consumption, one recently described species,
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Tuber panzhihuanense Deng and Wang, is reported to have favorable aromatic

attributes and commercial potential (Deng et al. 2013).

1.2.1.11 Rufum Clade

The Rufum clade forms a sister group to the Melanosporum clade, and they share

some morphological characteristics. For instance, most species in the Rufum clade

also have spiny ascospore ornamentation. Some species have a range of spiny-

alveolate reticulation, and Tuber melosporum (Moreno, Dı́ez, and Manj�on)
Alvarado, Moreno, Manj�on, and Dı́ez in the Rufum clade is the only Tuber species
known to have smooth ascospores (Alvarado et al. 2012). The Rufum clade is one

of the most species-diverse clade in the genus Tuber. The peridium of truffles

belonging to Rufum clade varies widely; some species may have a verrucose outer

peridium covered with small warts, whereas others may have a smooth or cracked

peridium. Most species in the Rufum clade have either a faint, unpleasant, or even

noxious aroma and are therefore undesirable for human consumption (Iotti

et al. 2007). One exception is the North American species Tuber lyonii Butters,
which is sometimes referred to as the “pecan truffle” because it is commonly found

with pecan trees (Bonito et al. 2011). This species has a pleasant aroma and is

occasionally harvested and sold in the southeastern USA. Efforts are now underway

to cultivate T. lyonii and to better understand its biology and ecology (see Chap. 8).

1.3 Biogeography of the Tuberaceae

There is much interest in elucidating the biogeographic origin and evolutionary

history of the Tuberaceae. As shown in Fig. 1.2, most of the genera within the

Tuberaceae are distributed either in the Southern Hemisphere (Labyrinthomyces,
Reddellomyces, Dingleya, Nothojafnea) or the Northern Hemisphere

(Choiromyces, Tuber—with the exception of the Puberulum clade), suggesting an

ancient phylogeographic split within the family. Based on the work of Bonito

et al. (2013), Southern Hemisphere lineages of Tuber are more recently diverged

than Northern Hemisphere clades, although the Tuberaceae of Australasia have not

been thoroughly studied. Based on the large number of undescribed species and

blurred generic boundaries, a full systematic revision of the Australasian taxa will

be essential to resolve some of these issues (Bonito, Kovacs, Trappe, unpublished).

The geographic origin of Tuber has been predicted to be either Europe or Asia.

However, even global and multigene datasets assembled by Jeandroz et al. (2008)

and by Bonito et al. (2013) were insufficient in reconstructing the geographic center

of origin for Tuber. Rather than supporting each other, alternate loci mostly gave

incongruent results or poorly resolved the branching order among the different

lineages. This is especially problematic because several lineages are thus far

restricted to only one region (e.g., Japonicum in Asia, Gibbosum in North
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Fig. 1.2 Phylogeny of the Tuberaceae based on ITS rDNA and including all sequence vouchered

species and distinct phylotypes. Major clades are distinguished by color and are named on the left
of the label. Taxon labels are color coded to represent geographic origin of the species: blue for

Europe, red for China, black for North America, and green for Southern Hemisphere
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America), and it is likely that a significant portion of species remains unsampled,

particularly in Asia (Bonito et al. 2013). With an increasing number of Tuber
genomes being sequenced (see Chap. 9), and new species being found and

described, phylogenomic network reconstructions using these data should help to

more clearly define the center of origin, genomic history, and diversification of

Tuber.

1.4 Coevolution and Co-diversification of Tuber with Plant

Hosts and Spore Dispersers

Species in the Tuberaceae are hypothesized to be nutritionally dependent on living

ECM plants in order to complete their lifecycles. Thus far, all known species of

Tuberaceae form ECMs, although some species (e.g., T. aestivum, T. excavatum,
T. melanosporum) may also form mycorrhizal associations with orchids. However,

the factors involved in its establishment and persistence of mycorrhizas by Tuber
are not completely understood. By having an ectotrophic mode of nutrition, species

of Tuber obtain the majority of carbon for maintaining cellular processes and

growth from fixed labile carbon from the living host plant. For instance, 13C tracer

studies indicate that even after deciduous host plants have dropped their leaves,

Tuber mycorrhizas obtain plant carbon and transport these sugars through myce-

lium conduits to developing fruiting bodies (Le Tacon et al. 2013). While the

carbon in truffles may be recently derived, nutrients and other minerals mined out

of soil particles by these fungi can by quite old. For example, most of the soil

nitrogen obtained by T. gibbosum comes from older (10–100 years) organic and

recalcitrant factions (Hobbie and Hogberg 2012).

The strong nutritional dependency of Tuber species on their plant hosts has lead

to coevolution between particular plant and Tuber lineages. Adaptive “host-gener-
alist” or “host-specific” strategies could arise within Tuber, but most species tend to

be host generalists that can associate with multiple genera of plants. Some taxa can

associate with species of angiosperms and Pinaceae, but most species appear to be

either angiosperm associated or Pineaceae associated. We hypothesize that Tuber
and plant host populations co-migrate across landscapes in a mosaic-like fashion.

Following this model, Tuber lineages have putatively migrated with their host

symbionts across and throughout the Northern Hemisphere, but even into South

America with native species of Salix and/or Alnus (Bonito et al. 2013). Similar

coevolution scenarios have been proposed for other interactions, such as pollination

and seed dispersal syndromes. This interplay leads to development of intricate food

webs and fascinating complexity in nature (Maser et al. 1978).
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1.5 Emergence of Tuber Phylogenomics and Molecular

Ecology

As the revolution in DNA sequencing technologies continues, with continued

interest in truffles, Tuber is becoming a model genus for studies of genomics,

species diversity, population structure, symbiosis, and evolution at an increasing

high resolution (Martin et al. 2010; Rubini et al. 2011; Bonito et al. 2013). There are

now genome sequences finished for three Tuber species (T. aestivum, T. magnatum,
and T. melanosporum), and genomes of four additional Tuber species (T. borchii,
Tuber brumale Vittad., T. indicum, and T. lyonii) are currently being assembled. In

total, these taxa represent four of the 11 clades within the genus (Payen et al. 2014;

see Chap. 9). These genomic data will help to resolve questions pertaining to truffle

growth and development, ecological adaptability, center of origin, and evolutionary

history. Molecular tools and understanding arising from these genomic resources

will empower a new generation of truffle growers and researchers to tackle age-old

questions that have made truffles so perplexing for so long. We expected that

genomic approaches will provide streamlined and sensitive protocols for detecting

contamination, diseases, genetic diversity, and geographic origin of target truffle

strains.

In addition, genomes of eight other fungi in the class Pezizomycetes have been

sequenced and are available on the JGI Mycocosm web portal: http://genome.jgi-

psf.org/programs/fungi. These data are already providing new perspectives on the

evolution of Pezizomycetes and helping to clarify the genomic consequences of

different trophic modes in fungi.

1.6 Conclusions

The Tuberaceae continues to be an important family within the Ascomycota for

understanding ECM symbiosis, truffle evolution, and fruiting body production.

As is evident in the chapters that follow, truffle science has entered into

the phylogenomic era. We expect that genomic approaches will bring novel insights

and knowledge on truffle development, symbiosis-related genes, molecular

crosstalk between fungus and host, genome organization and evolution, and con-

sequences of bacteria on fungal growth, function, and development. It is an exciting

time to be studying the biology of Tuber and other truffle fungi.
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Chapter 2

The Black Truffles Tuber melanosporum
and Tuber indicum

Juan Chen, Claude Murat, Peter Oviatt, Yongjin Wang, and François Le

Tacon

2.1 Introduction

The genus Tuber is widespread in Asia (India, China, Mongolia, Japan), Europe and

North America, but to date it is almost completely absent in the southern hemi-

sphere. Jeandroz et al. (2008) suggested that the common ancestor of Tuber
originated in Europe or Eurasia. Considering the relevant genes and molecular

clocks, the differentiation of the Tuber genus would have taken place between

271 and 140 Mya (Jeandroz et al. 2008) or between 122 and 162 Mya in the early

Cretaceous period (Bonito et al. 2013).

The Melanosporum clade, which comprises species in Europe (Tuber
melanosporum Vittad., Tuber brumale Vittad.), Asia (Tuber indicum Cooke and

Massee and Tuber pseudoexcavatum Y. Wang, G. Moreno, Riousset, Manj�on and

G. Riousset) and America (Tuber regimontanum Guevara, Bonito and J. Rodr. and

Tuber sp. 13; Bonito et al. 2013), could have arisen between 85 and 25 Mya

(Jeandroz et al. 2008) or between 65 and 95 Mya (Bonito et al. 2013). According

to Jeandroz et al. (2008), the Melanosporum clade may be of Eurasian origin and
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could have spread to North America through the Miocene Bering Land Bridge. In

another study, America was proposed as the origin of the Melanosporum clade that

could have successively migrated towards Asia and Europe (Bonito et al. 2013). For

Eurasian species, the differentiation of two subclades (T. brumale/
T. pseudoexcavatum and T. melanosporum/T. indicum) implies two independent

dispersals into Asia or Europe, depending on the origin. In each of these two

subclades, speciation could have occurred from two vicariance events. The first

event, 25 Mya, could have given birth to T. brumale in Europe and

T. pseudoexcavatum in South and Central China, while the second one, 7 Mya,

could have given birth to T. melanosporum in Europe and T. indicum in Asia

(Jeandroz et al. 2008).

This clade is particularly important since it comprises two of the most econom-

ically important Tuber species: T. melanosporum and T. indicum.
Tuber melanosporum has been harvested and consumed in Europe for several

centuries. After the phylloxera crisis at the end of the nineteenth century, the French

annual production of T. melanosporum may have exceeded 1000 t (Chatin 1869).

French production then declined during the twentieth century to roughly 50–100 t

per year (Le Tacon et al. 2014). This decline has been explained by sociological

factors such as the two world wars, rural desertification, changes in forest use and

the modernisation of agriculture (Olivier et al. 2012; Le Tacon et al. 2014). Climate

change has also been proposed by B€untgen et al. (2012a, b) to explain the decline of
truffle production in Europe since the beginning of the twentieth century. However,

the impact of climate change as leading to the decline of truffle production during

the past 50 years was not supported by Le Tacon et al. (2014). Nevertheless, annual

climatic variations have strongly influenced truffle production in France during the

same 50-year period (Le Tacon et al. 1982, 2014).

In the early 1970s, in contrast to previous methods, seedlings were inoculated

with T. melanosporum in nurseries with well-controlled conditions and then

transplanted in truffle orchards (Murat 2015). Today, these new plantations repre-

sent at least 80% of French production (see below).

T. indicum has been traded in the European market since the 1990s. Before the

1990s, in China, T. indicum was rarely consumed by local populations. Its

commercialisation started when Chinese and European merchants discovered the

species. The morphological similarity between T. melanosporum and T. indicum,
and its lower cost, could explain European interest in this species.

The quantity of T. indicum production is difficult to estimate. According to Jean-

Charles Savignac (President of European Truffle and Truffle Cultivation Associa-

tion), before 2000, China produced about 1000 t of black truffles per year; during

the past few years, however, production has declined to about 300 t. This decline is

confirmed by official exportation data from Chinese customs, which show that

200–300 t were exported from 1995 to 2005, less than 50 t in 2013 and at most

30 t in 2014 (http://www.greentimes.com/green/news/fangtan/jbft/content/2014-

11/04/content_274881.htm). This decline could be explained by the destruction of
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the natural habitat of T. indicum due to the systematic digging of forest soils, a

practice that leads to the disappearance of ectomycorrhizas (ECMs) (Wang

et al. 2007).

2.2 Tuber melanosporum: The Black Perigord Truffle

2.2.1 General Characteristics

Tuber melanosporum, described in Vittadini’s (1831)Monographia Tuberacearum,
is a well-defined species. In 1869, Chatin described T. hiemalbum from a batch of

T. melanosporum. The existence of T. hiemalbum as a species, however, is not

accepted by all authors. Ceruti et al. (2003) considered T. hiemalbum to be a

synonym of T. brumale, while Pacioni and Pomponi (1989), using chemotaxonomy,

and Pacioni et al. (1990), via analysis of the volatile composition of the ascocarps,

considered T. hiemalbum to be a synonym of T. melanosporum. On the contrary,

Riousset et al. (2001) maintained that T. hiemalbum was an independent species.

Due to the rarity of this species and its low economic interest, T. hiemalbum has

not been analysed using molecular tools. In the international database GenBank,

only two sequences of the internal transcribed spacer (ITS) of the ribosomal DNA

are available (FM205570 and FM205571). By comparing these sequences with

those of T. brumale, T. indicum, T. melanosporum, T. regimontanum and Tuber
magnatum Pico as an out-group, phylogenetic analysis confirmed that T. hiemalbum
clustered together with T. melanosporum (Fig. 2.1). According to these results,

T. hiemalbum should be considered synonymous with T. melanosporum, confirming

previous volatile and chemotaxonomy analyses (Pacioni and Pomponi 1989;

Pacioni et al. 1990).

Tuber melanosporum is naturally harvested in Europe between 40� and 48�

northern parallel, primarily in France, Italy and Spain (Ceruti et al. 2003). It is

found in contrasting climates, including warmer Mediterranean regions such as

southern Spain and Italy and colder continental areas such as Alsace (northeastern

France). Tuber melanosporum has a large number of host species belonging to the

genera Quercus, Corylus, Populus, Tilia, Ostrya, Carpinus, Cistus, Pinus and

Cedrus (Ceruti et al. 2003). Thanks to inoculated seedlings, T. melanosporum has

been introduced to countries where it is non-native such as the USA, Australia,

Morocco, New Zealand, South Africa, China and Sweden (Wedén et al. 2013). For

the moment, T. melanosporum ascomata have been harvested in great quantities

only in Australia (Reyna and Garcia-Barreda 2014). Nevertheless, its cultivation

and the global truffle market are developing rapidly. This is illustrated by the

roughly 6 t of T. melanosporum produced in Australia in 2013 alone (Lee 2014).
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2.2.2 Tuber melanosporum Production in Truffle Orchards

Currently, T. melanosporum production occurs primarily in truffle orchards. The

cultivation of this species is based on the planting of seedlings that have been

previously inoculated with truffles in controlled conditions, such as nurseries. The

inoculation of seedlings with T. melanosporum is performed using ascomata as

inoculum. Ascomata contain meiotic spores, which, after germination, form ECMs

on seedling roots (Paolocci et al. 2006). Seedlings are then grown in greenhouses

and sold following a procedure of quality control (Murat 2015). This inoculation

technique, developed in Italy and France, is now used worldwide (Chevalier and

Grente 1979). In Europe it is estimated that more than 500,000 seedlings inoculated

with truffles are sold each year; this compares to the roughly 100,000 inoculated

seedlings sold annually on other continents (Murat 2015).

In the twentieth century, the vast majority of truffle production moved from

secondary woodlands to planted truffle orchards. Aside from truffle production,

truffle orchards help transform agricultural landscapes into sustainable and produc-

tive agroforestry ecosystems with high value added; this transition promotes land-

scape management in fire-prone regions and increases biodiversity compared to that

of intensive agriculture (Therville et al. 2013). As a form of agroforestry, truffle
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Fig. 2.1 Neighbour-joining phylogenetic tree realised with the ITS regions of the rDNA. The

phylogeny was realised with MEGA6. The bootstrap value above 60 is indicated:
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orchards may also help mitigate climate change through carbon sequestration

(Hamon et al. 2009) and other ecosystem services such as improvements in water

and soil quality (Alam et al. 2014). All these aspects should be highlighted together,

with truffle production, to convince farmers, foresters and local agencies to invest in

T. melanosporum cultivation.

Tuber melanosporum production in truffle orchards faces two important bottle-

necks: the initiation of sexual reproduction and the growth of ascomata during a

period of several months linked to a tree (Fig. 2.2). To complete their life cycle,

truffles must associate with a mature tree. It has been shown that the carbon

supporting T. melanosporum ascomata comes exclusively from tree photosynthesis

throughout a continuous association (Le Tacon et al. 2013). Indeed, there is no

transfer of carbon from C13-labelled organic matter to fruiting bodies (Le Tacon

et al. 2015). Truffle production therefore differs significantly from that of

saprotrophic fungi such as button [Agaricus bisporus (J. E. Lange) Imbach] or

oyster [Pleurotus ostreatus (Jacq.) P. Kumm.] mushrooms. Climatic changes such

as drought could affect these two bottlenecks in truffle production, and as such,

truffle growers have prioritised overcoming the negative effects of drought by

applying new management practices (see Chap. 10). Primary interventions realised

by truffle growers include soil tilling, tree pruning, irrigation and spore inoculation

(Olivier et al. 2012). As indicated in Fig. 2.2, the adaptation capacities of

T. melanosporum could also be important to overcome stresses.

Fig. 2.2 Tuber melanosporum production process. The two main bottlenecks are indicated. The

unknown and negative effects of drought on bottlenecks 1 and 2 are indicated. To counterbalance

the positive effects of cultural practices is indicated, while truffle genetic adaptation capacity is

currently unknown
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2.2.3 Tuber melanosporum Production in the Context
of Climate Change: The Importance of Adaptation
Capacities

Species can respond to climate change by migration and/or adaptation (Davis and

Shaw 2001). In the future, evolutionary responses will likely be critical as habitat

fragmentation impedes migration or if suitable habitats are already occupied

(Shigesada and Kawasaki 1997). Genetic variability in traits under selection,

DNA decay (accumulation of mutations in genes) and reproduction modes are

critical for adaptive evolution in response to climate change. Indeed, it seems that

genetic variance can enhance the persistence of populations in a changing environ-

ment (Etterson 2004). The effect of climate variability on mushroom productivity

has been reported for different fungal species, including truffles (Kauserud

et al. 2010; B€untgen et al. 2011, 2012a, b). B€untgen and colleagues (2012a)

found a boost in ECM fungi harvested in their 30-year survey that may be explained

as increases in the growth of mycelium and of host plants, both of which are factors

resulting from recent climatic changes. Interestingly, this increase contradicts the

decrease of T. melanosporum fruiting bodies harvested in the twentieth century.

Indeed, it seems that drought could be responsible for the reduction of mycelial

growth, as well as the diminution of ascomata formation (B€untgen et al. 2012a, b).

B€untgen and colleagues (2012a, b) proposed that T. melanosporum would migrate

to northern ecosystems to escape the desiccating Mediterranean climate. The

authors evoked the possibility that T. melanosporum could adapt to these new

climatic conditions. Does it mean that T. melanosporum will disappear from

southern territories? The production of T. melanosporum is therefore directly linked

to the management of truffle orchards (see above) and adaptation capacities that

result from its genetic diversity and reproductive mode.

For many years, T. melanosporum was considered a selfing species with a low

level of genetic diversity (Bertault et al. 1998). The recent discovery of a hetero-

thallic reproductive mode of T. melanosporum (Rubini et al. 2011), and small-scale

spatial genetic analyses realised with microsatellites and mating-type (MAT)

markers, suggested that T. melanosporum invests mainly in sexual reproduction

(Murat et al. 2013). Thanks to the sequencing of its genome (Martin et al. 2010), the

development of highly polymorphic microsatellite markers provides a better idea of

the real genetic diversity of this species. The genotypic diversity index, close to its

theoretical maximum of 1, suggested that almost all truffles analysed were genet-

ically different from each other (Murat et al. 2011). A recent investigation of the

small-scale genetic structure highlighted the fact that T. melanosporum truffle

orchards are dynamic ecosystems that can contain up to 13 small genets in 30 m2

(Murat et al. 2013). Finally, the genome resequencing of six geographic accessions

from France, Italy and Spain identified a total of 442,326 single nucleotide poly-

morphisms (SNPs) corresponding to 3540 SNPs/Mbps, confirming that

T. melanosporum has a genetic diversity similar to those of other filamentous

fungi (Payen et al. 2015). The SNPs were more frequent in repeated sequences
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(85%), but it was possible to identify 4501 SNPs in the coding regions of 2587

genes. This study allowed for the identification of putative genes and genomic

regions subjected to positive or negative selection and questioned the adaptation

capacities of T. melanosporum. Further research is now being conducted at INRA

Nancy to specifically address the adaptation of T. melanosporum to environmental

stresses.

2.2.4 Tuber melanosporum Biogeography

Tuber melanosporum biogeography was investigated with different molecular

markers such as randomly amplified polymorphism DNA (RAPD), microsatellites,

ITS sequencing and inter-simple sequence repeats (ISSR) (Bertault et al. 1998;

Murat et al. 2004; Riccioni et al. 2008; Garcı́a-Cunchillos et al. 2014). These

studies highlighted an important genetic structure of T. melanosporum in natural

populations mainly resulting from the effects of the last glaciation. Two putative

postglacial recolonisation routes have been hypothesised for France: one through

the west and another through the east (Murat et al. 2004). The existence of glacial

refuges was suggested in Italy and Spain (Murat et al. 2004; Riccioni et al. 2008;

Garcı́a-Cunchillos et al. 2014). Recently, Payen and colleagues (2015) estimated

that the 60,507 SNPs present in the genomic regions free of selection pressure

accumulated between 100,000 and 150,000 years ago. To be sure, this time

estimation should be considered with caution; but it still confirms that the last

glaciation, which occurred about 120,000 to 11,000 years ago (Van Andel and

Tzedakis 1996), has impacted the actual T. melanosporum genetic diversity and

genetic structure. As a result, the most recent common ancestor (MRCA) of all

geographic accession probably occurred before the last glaciation. The sampling

was not sufficient to definitively draw a conclusion on T. melanosporum history, but

it confirms previous conclusions (Murat et al. 2004). This first population genomic

analysis highlights the power of genome resequencing to investigate T.
melanosporum biogeography.

2.3 Tuber indicum: A Complex of Cryptic Species?

The Asian black truffle T. indicum was first described from a dried sample

harvested in January 1892 by Duthie near the Indian city of Mussooree (now

Mussoorie), in the northwestern Himalaya at an altitude of about 2000 m AMSL

(Cooke and Massee 1892). Much later, other similar specimens have been described

and named as different species: Tuber sinense (Tao et al. 1989), Tuber himalayense
(Zhang and Minter 1988), Tuber pseudohimalayense (Moreno et al. 1997) and

Tuber formosanum (Hu 1992). Specimens have also been described in Japan

(Kinoshita et al. 2011). The morphological variations supposed to occur between
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these different specimens, often observed in one or at most a few individuals, could

be considered as usual variations within a single species. This was in fact confirmed

by molecular analysis, and it is now agreed that these different taxa are synonymous

and form a single species, T. indicum, with different populations, groups, ecotypes

or cryptic species (Zhang et al. 2005; Wang et al. 2006; Chen et al. 2011; Kinoshita

et al. 2011). However, Chen et al. (2011) considered that T. pseudoexcavatum and

T. pseudohimalayense are synonymous. This discrepancy is due to taxon sampling

or attribution. Samples described as T. pseudohimalayense belonged either to T.
pseudoexcavatum or to T. indicum. Based on host plants, geographic distribution

and minor morphological differences, Chen et al. (2011) considered that

T. formosanum is a separate species from T. indicum. However, some Tuber
specimens collected from Japan displayed a close phylogenetic relationship with

Chinese T. indicum and Taiwanese T. formosanum with more than 98% ITS

similarities with both species (Kinoshita et al. 2011), and all of them belong to

the Melanosporum group.

In China, T. indicum is found mainly in the provinces of Yunnan and Sichuan

between 25� and 30� of latitude north. Based on ITS-RFLP or ITS sequences, Roux

et al. (1999), Paolocci et al. (1997) and Zhang et al. (2005) distinguished two groups

inside the T. indicum complex. There were, however, some discrepancies among

the three studies. Wang et al. (2006) obtained results congruent with those of Zhang

et al. (2005): group I consisted of samples harvested in Huili and Huidong,

including those harvested in the South near Chuxiong and Kunming; group II

comprised all the samples harvested in Gongshan, Panzhihua, Miyi and Huize.

The genetic distances between the Chinese populations based on ITS and β-tubulin
sequences confirmed the existence of these two groups. Moreover, there was a

significant phylogeographical structure within the Chinese T. indicum complex

(Wang et al. 2006). The existence of a sinuous limit between the two groups

suggested that at least two factors could be involved in their differentiation: a

northward migration after the last glaciation and a possible recolonisation from

the bottom of the valleys. Chen et al. (2011) also showed that the Chinese

T. indicum specimens were distributed in two significant clades using the multigene

phylogenetic analysis and supposed that they should be at least two cryptic species.

Recently, the mating-type genes of T. indicum were described (Belfiori

et al. 2013). Similar to T. melanosporum, T. indicum displays only one mating-

type gene per haploid genome, suggesting it is also a heterothallic species. By

analysing 115 ascomata imported to Italy from China, Belfiori et al. (2013) found

two genetic groups according to ITS sequences called A and B, with the B group

being divided into B1 and B2 as in Paolocci et al. (1997).

The sequence and organisation of the mating-type genes and idiomorphs showed

significant divergence between T. indicum truffles displaying the ITS class A and

those displaying classes B1 and B2. This result suggested the presence of at least

two cryptic species in T. indicum corresponding to T. indicum_A and T. indicum_B
(Belfiori et al. 2013). The use of mating-type genes at a large scale could therefore

enhance our understanding of the T. indicum complex.
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In conclusion, we suggest considering T. indicum, T. himalayense, T. sinense,
T. pseudohimalayense, T. formosanum and the Japanese specimens belonging to the

Melanosporum group as forming one morphological species complex, T. indicum
(Cooke and Massee). Among the Chinese T. indicum complex, we suggest the

existence of at least two groups, which could be considered as geographical

ecotypes or cryptic species. The Taiwanese samples described as T. formosanum
and the unnamed Japanese samples could form two other ecotypes or cryptic

species. It is also probable that the Indian specimens form one or several other

ecotypes. Taxonomy and species identification about T. indicum complex seems

quietly problematic because the holotype T. indicum, collected from Indian city of

Mussooree one century ago, is too old to DNA extraction. New collection for Tuber
in this region needs to be done in the near future. Whatever, the Chinese T. indicum
genome-sequencing project (see Chap. 9) will allow for description of highly

polymorphic molecular markers, such as microsatellites that are suitable to analyse

population genetics and to identify ecotypes (Molinier et al. 2015).

2.4 Tuber indicum and T. melanosporum: Friend or Foe?

Phylogenetically, T. indicum and T. melanosporum are closely related, since they

share a common ancestor from a few million years ago (Jeandroz et al. 2008; Bonito

et al. 2013). The morphological similarity of T. indicum and T. melanosporum
explains the development of this Chinese species as an export to Europe. However,

T. melanosporum with ascomata of conspicuous warts, densely spiny ascospores

(spine 2–3 μm high), different geological distribution, couple with volatile organic

compound (VOC) composition (or more intense and complex aroma) (Culleré

et al. 2013) differs from T. indicum complex (ascospores with sparse spine

5–7 μm high) and formed a separate clade in the Melanosporum group.

In France, since the 1990s, about 30 t of T. indicum were imported each year;

according to French customs, data less is imported today. These truffles are pre-

served in cans, commercialised and sold in supermarkets. Tuber indicum can be

considered an exotic species and putatively invasive (Murat et al. 2008). Invasive

species include organisms that have been introduced, deliberately or not, outside

their natural habitats. They can cause significant irreversible environmental and

socio-economic impacts on the genetic, species and ecosystem levels (Moore 2000).

Comandini and Pacioni (1997) described the T. indicum mycorrhiza with host

plant Quercus pubescens Willd. ECMs of T. indicum with this oak species are

monopodial-pinnate, ochraceous-amber and surface smooth with loosely long spiny

especially on the very tip. Mantle outer are pseudoparenchymatous and very

heterogeneous and inner plectenchymatous. The mycorrhiza of T. indicum has

very similar morphological character with T. melanosporum, presenting both a

puzzle-like hypal and spinule-like cystidia sometime with orthogonal branch

(Zambonelli et al. 1997). However, the cells in the outer layers of mantle in

T. indicum are always bigger than those in T. melanosporum (Geng et al. 2009).

2 The Black Truffles Tuber melanosporum and Tuber indicum 27

http://dx.doi.org/10.1007/978-3-319-31436-5_9


In addition, the formation of mycorrhizae of T. indicum was earlier and more

abundant compared with T. melanosporum with their host plant (Mabru et al. 2001).

Tuber indicum ECMswere detected in a truffle orchard in Italy (Murat et al. 2008).

The same occurred in North America, where T. indicum was able to fruit (Bonito

et al. 2011). Due to the introduction (intentional or not) of T. indicum in

T. melanosporum habitats, the two species are potentially in contact. It can thus be

asked, what ecological consequences might arise? Murat and colleagues (2008)

presented different questions regarding the introduction of T. indicum in Europe:

Are both species able to inbreed? Is T. indicum able to spread over long distances?

IsT. indicum really capable of replacing T.melanosporum in truffle grounds?We have

no additional information on the last two questions, but the characteristics of mating-

type genes for both species highlight the closeness of T. indicum and

T. melanosporum. For both MAT genes, the divergence level between the two

T. indicum classes (A and B) is similar to that between T. indicum and

T. melanosporum (Belfiori et al. 2013). It is impossible to say with certainty that

they are able to inbreed, but the possibility cannot be excluded, especially since

interspecies mating has been observed in different fungal taxa, such as Ophiostoma
(Brasier et al. 1998) orHeterobasidion (Chase andUllrich 1990). It is therefore critical
to avoid the introduction of T. indicum and to prevent any production of inoculated

seedlings with this species outside its natural habitat. To avoid the introduction of

T. indicum in Europe, new molecular biology high-throughput techniques are now

applied to inoculated seedling quality control in France, Italy and Spain (Murat 2015).

2.5 Conclusions

The taxonomic position of T. melanosporum is clear, but it is more complex for

T. indicum. The use of new molecular markers such as MAT genes could therefore

be useful to address the complexity of the T. indicum clade as suggested by Belfiori

et al. (2013). It is also important to inform local agencies that T. indicum could

represent a risk for European truffles. The progress in T. melanosporum cultivation

and its recognition by The European Commission as an agricultural product will

favour the development of truffle cultivation in Europe. However, scientists have to

work closely with the truffle industry to make truffle production more predictable,

especially in the context of climate change.
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Hu H (1992) Tuber formosanum sp. Nov and its mycorrhizal associations. J Exp For Natl Taiwan

Univ 6:79–86

Jeandroz S, Murat C, Wang Y, Bonfante P, Le Tacon F (2008) Molecular phylogeny and historical

biogeography of the genus Tuber, the ‘true truffles’. J Biogeogr 35(5):815–829. doi:10.1111/j.
1365-2699.2007.01851.x

2 The Black Truffles Tuber melanosporum and Tuber indicum 29

http://dx.doi.org/10.1038/29428
http://dx.doi.org/10.1016/j.funeco.2010.08.003
http://dx.doi.org/10.1371/journal.pone.0052765
http://dx.doi.org/10.1017/S0953756297004541
http://dx.doi.org/10.1890/110064
http://dx.doi.org/10.1038/nclimate1733
http://dx.doi.org/10.1890/110064
http://dx.doi.org/10.2307/3759965
http://dx.doi.org/10.1371/journal.pone.0014625
http://dx.doi.org/10.1016/j.foodchem.2013.03.027
http://dx.doi.org/10.1371/journal.pone.0082353
http://dx.doi.org/10.1111/j.0014-3820.tb01727.x
http://dx.doi.org/10.1111/j.0014-3820.tb01727.x
http://dx.doi.org/10.1007/s00572-013-0540-9
http://dx.doi.org/10.1007/s00572-009-0247-0
http://dx.doi.org/10.1111/j.1365-2699.2007.01851.x
http://dx.doi.org/10.1111/j.1365-2699.2007.01851.x


Kauserud H, Heegaard E, Semenov MA, Boddy L, Halvorsen R, Stige LC, Sparks TH, Gange AC,

Stenseth NC (2010) Climate change and spring-fruiting fungi. Proc R Soc B 277

(1685):1169–1177. doi:10.1098/rspb.2009.1537

Kinoshita A, Sasaki H, Nara K (2011) Phylogeny and diversity of Japanese truffles (Tuber spp.)
inferred from sequences of four nuclear loci. Mycologia 103(4):779–794. doi:10.3852/10-138

Le Tacon F, Delmas J, Gleyze R, Bouchard D (1982) Influence du régime hydrique du sol et la

fertilisation sur la fructification de la truffe noire du Périgord (Tuber melanosporum Vitt.) dans
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Chapter 3

The Burgundy Truffle (Tuber aestivum syn.

uncinatum): A Truffle Species with a Wide

Habitat Range over Europe

Virginie Molinier, Martina Peter, Ulrich Stobbe, and Simon Egli

3.1 Introduction

Among the at least 180 existing truffle species, Tuber aestivum Vittad. (syn. Tuber
uncinatum Chatin) is one of the most sought after (Bonito et al. 2010). With prices

from 200 to 600 € per kg, it is commercially attractive for traders and consumers

worldwide. The early season fruiting bodies are called summer truffles, whereas

chefs and gourmets make a distinction for the late season fruiting bodies, which are

called Burgundy truffles and are of higher quality and value. The confusion around

the two varieties and their scientific nomenclature is subject to ongoing discussion

and will be clarified in the following chapter. Unlike the even pricier truffle species

Tuber melanosporum Vittad. and Tuber magnatum Pico, which are restricted to

Mediterranean regions, T. aestivum is distributed all over Europe and occurs in

habitats over broad ecological amplitude (Stobbe et al. 2013a). The wide range of

possible soils, climates, and host plants, together with its market value and its long

harvest season, makes this species interesting for cultivation. Today, Burgundy

truffles are harvested on plantations spanning Europe from Italy in the south to

Sweden in the north and from Spain in the west to Hungary in the east (De Roman

and Boa 2004; Gogan Csorbaine et al. 2007; Hall et al. 2007; Bencivenga

et al. 2009; Weden et al. 2009). Particularly in Central and Eastern European

countries, until recently excluded from traditional truffle production with

T. melanosporum, newly emerging cultivation endeavors appear promising (Stobbe

et al. 2013a).
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In this chapter, taxonomic status of T. aestivum is presented, morphological

characteristics of this species are described, and a summary of geographical distri-

bution including ecological requirements and genetic structure is finally provided.

3.2 Taxonomic Status of T. aestivum

3.2.1 First Descriptions of T. aestivum and the Beginning
of Taxonomic Controversy

In 1831, Carlo Vittadini, a renowned Italian mycologist, described in detail a new

Tuber species: T. aestivum, the summer truffle (Vittadini 1831). This species had

already been mentioned in two prior documents: in 1729 by Micheli in “Nova
Plantarum Genera” and in 1801 by Persoon in “Synopsis Methodica Fungorum”
(Micheli 1729; Persoon 1801). Although both botanists named the species “Tuber
aestivum,” Vittadini kept the denomination but added his own name and presented

himself as the first detailed descriptor. Therefore, “Vittad.” became the official

authority for the species. The name “Tuber aestivum” stems from observations

about the maturity period of ascomata (aestivum means summer in Latin). This

Tuber species has a light brown gleba with a black peridium and, according to

Vittadini, was present throughout Europe. In 1869, the French botanist Adolphe

Chatin mentioned T. aestivum in his book “La Truffe” (Chatin 1869). He provided

information about the maturity period and indicated that maturity was reached from

May-July in the south of France, around August in the north of France, and even

during winter near Paris in Charenton and Nogent (Chatin 1869).

A few years later, the same author described a new Tuber species, T. uncinatum
(Chatin 1887). Although very similar to T. aestivum in appearance, Chatin consid-

ered T. uncinatum a new species. From a morphological point of view, fully ripe

T. uncinatum fruiting bodies have a darker gleba than T. aestivum and feature hooks

in the spore reticulum (uncinatum means hooked in Latin; Chatin 1887). The

presence of these hooks was later determined to be an artifact created by the flexible

walls of the spore reticulum bending slightly at the top (Chevalier and Frochot

1997; Fischer 1897).

Since Chatin’s work, different opinions have been voiced about whether

T. aestivum and T. uncinatum are two different species, varieties, or merely

morphotypes. This discussion was and still is particularly important because of

the high commercial value of this precious edible fungus. To differentiate the two

taxa, additional morphological criteria have been described, such as the peridium

(see Fig. 3.1c). Tuber uncinatum has been described as having smaller warts than

T. aestivum and as having nonstriated warts (Chatin 1887; Riousset et al. 2001).

Another important feature is the height of the spore reticulum, which was not

mentioned by Vittadini in his first description. Spore reticulum with a 2 μm height

is associated with T. aestivum, whereas T. uncinatum has a 4 μm spore reticulum
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height (Chevalier and Frochot 1997; Riousset et al. 2001). Another study proposed

a spore reticulum height limit as a distinguishing feature, with T. aestivum smaller

than 4 μm and T. uncinatum taller than this height threshold (Mello et al. 2002).

However, both methods proved to be unreliable and even inappropriate for diag-

nosis (Mello et al. 2002; Paolocci et al. 2004; Weden et al. 2005). For instance,

Weden et al. (2005) found a continuum in the spore reticulum height and this

feature was not suitable for discriminating between the two taxa.

Morphological characteristics of other fungal tissues, such as mycorrhizas and

in vitro mycelium, appeared to be quite similar (Riousset et al. 2001; Chevalier and

Frochot 2002). Besides morphological characteristics, some authors proposed that

major differences between the two taxa were their maturity period and their

ecological preferences. Botanists determined that T. uncinatum is located in the

North of France (including the Burgundy region) with a maturity period during

autumn, and T. aestivum has a Mediterranean distribution with a maturity period

during summer (Chevalier et al. 1979; Chevalier and Frochot 1997; Riousset

et al. 2001). These first descriptions, as well as the discussion over Chatin’s
theories, resulted in years of ambiguity and confusion. However, the development

Fig. 3.1 Morphological features of T. aestivum. Ascospores of T. aestivum (a); examples of two

T. aestivum fruiting bodies (b); peridium of T. aestivum with black/gray striations (c); T. aestivum
mycorrhizas on hazelnut (C. avellana) (d) and on Norway spruce (P. abies) (e); curly, red-brown
cystidia of T. aestivum mycorrhiza (f); mantle structure with typical angular cells (g)
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of molecular tools in biology during the twentieth century has allowed botanists/

scientists to approach species delimitations from a new perspective.

3.2.2 The Use of Molecular Tools to Infer the Taxonomic
Status of T. aestivum

Beyond morphological and ecological characteristics, diverse studies have

explored possible differences between T. aestivum and T. uncinatum at a biochem-

ical and genetic level. Investigators started by analyzing protein profiles. The first

studies performed were able to discriminate the two taxa based on total protein

extraction (Mouches et al. 1981; Dupré et al. 1985). Later, several authors could not

discriminate the two taxa using the isoenzyme technique or have argued that, at

most, T. uncinatum is a variety of T. aestivum (Pacioni and Pomponi 1991; Pacioni

et al. 1993; Gandeboeuf et al. 1994; Dupré 1997; Urbanelli et al. 1998).

From a genetic point of view, one of the first studies using restriction fragment

length polymorphism (RFLP) of the internal transcribed spacer (ITS) region could

not show differentiation between T. aestivum and T. uncinatum (Henrion

et al. 1994). Later, a random amplified polymorphic DNA (RAPD) approach was

used to discriminate different Tuber species (Gandeboeuf et al. 1997). However,
concerning T. aestivum and T. uncinatum, no separation could be substantiated. In

2002, Mello and collaborators used the inter-simple sequence repeat (ISSR) method

as well as sequencing of the ITS region and discriminated T. aestivum from

T. uncinatum with both methods (Mello et al. 2002). In 2004, Paolocci and

collaborators studied the ITS region, as well as sequences of the beta-tubulin and

the elongation factor alpha genes, and concluded that T. aestivum and T. uncinatum
belong to a single species (Paolocci et al. 2004). The samples analyzed by Mello

et al. (2002) and Paolocci et al. (2004) originated mostly from Italy. Therefore, it

seems unlikely that the whole genetic diversity of the two forms across their

geographic range from Sweden to Spain through central Europe was addressed in

these studies. In 2005, Weden and collaborators again used the ITS region but

studied samples from a broader geographical range to analyze possible correlations

between the spore reticulum height and the ITS diversity. In accordance with

Paolocci and collaborators (2004), they concluded that the phylogenies of

T. aestivum and T. uncinatum are intermingled. Since these publications, the

conspecificity of the two taxa has been accepted for the most part.

The contrasting conclusions obtained in the genetic studies may have been due

to which and how many genetic markers and phylogenetic methods were used, but

differences in the geographic origin of the samples may also have played a role.

Obviously, a limited geographic sampling area can influence results regarding

genetic homogeneity, and the use of a small number of genetic markers may not

have provided sufficient resolution for these closely related taxa. Moreover, sam-

ples were classified as “T. aestivum” or “T. uncinatum” by different persons, and
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this point also could have influenced the results. However, combining multigene

phylogenies and coalescent analyses of nine regions from five genes, with samples

from a broad geographical range across Europe Molinier and collaborators (2013b),

supported the conspecificity of T. aestivum and T. uncinatum. Recently, the devel-
opment of polymorphic microsatellites (see below) enabled investigation of the

gene flow between T. aestivum and T. uncinatum morphotypes (Molinier

et al. 2015a). The existence of samples, described as T. aestivum and

T. uncinatum, belonging to the same multilocus genotype, and the evidence of

gene flow between T. aestivum and T. uncinatum samples excluded their distinction

as different species.

Therefore, after a long debate spanning centuries, it is scientifically correct that

there is no reason to maintain T. uncinatum as a separate taxonomic name. Follow-

ing the rules of botanical nomenclature (Melbourne 2011), the name T. aestivum
has priority because it was officially described by Vittadini in 1831, long before

T. uncinatum was described (Chatin 1887).

Regarding the commercial point of view, truffle traders try hard to maintain the

historical species distinction because chefs and gourmets widely accept

T. uncinatum to be richer in taste than T. aestivum and are therefore willing to

pay more for it. Moreover, some nurseries make a distinction between seedlings

inoculated with T. aestivum or T. uncinatum. In our opinion, this point contributes

to the maintenance of a myth that has no scientific eligibility. In addition, there is no

indication about how such nurseries actually discriminate between the two types.

Instead of erroneously distinguishing between T. aestivum and T. uncinatum, it
might be useful to indicate the geographical origin of the fungal material used for

seedling inoculation. This would enable buyers to know if the inoculated truffle

strain is naturally adapted to the precise environmental conditions of their future

plantation site.

3.3 Morphological Features of T. aestivum

3.3.1 Ascomata

Ascomata are quite variable in size, with a weight from less than 1 g up to more than

1 kg. A typical T. aestivum ascoma with ripe gleba is shown in Fig. 3.1b. The shape

can be spherical or irregularly lobed, especially when growing in stony ground. The

peridium is composed of big, hard, black warts, pyramidal or irregularly polygonal

at the base. The structure of the peridium is very variable, especially in the size of

the warts. Parts of the ascomata emerging from the soil often have smaller warts

than parts under the soil surface. The gleba is firm, fleshy, and marbled, with thin,

meandriform veins. Its color can vary from white-ochre to dark-brown, depending

on the maturity stage.

3 The Burgundy Truffle (Tuber aestivum syn. uncinatum):. . . 37



The asci contain 1–6 spores (usually 2–4). The spores are brown, ellipsoid to

subglobose, about 25–30� 18–22 μm in size, and reticulate-alveolate and contain

irregular, polygonal meshes up to 3–5 μm in height (Fig. 3.1a; Montecchi and

Sarasini 2000).

In the center of each verruca, which is often broken up irregularly, brown hyphae

emanate from the peridium. They are structurally very similar to the cystidia

emanating from the mycorrhizas. The peridium contains distinct striations, as

described previously by Callot (1999) (Fig. 3.1c), who hypothesized that these

structures are pseudocrystalline deposits rich in calcium. Furthermore, it seems that

these structures are synchronized across the individual warts and possibly also

among individual fruit bodies. Therefore, they may additionally reflect temporal

changes in the growth environment (B€untgen and Egli 2014).

3.3.2 Mycorrhizas

The mycorrhizas of T. aestivum show a characteristic woolly surface, due to the

presence of many curled, interwoven cystidia (Figs. 3.1d, e). In contrast to vegeta-

tive hyphae, cystidia are never ramified, lack septae, and can contain vesicles

(Zambonelli et al. 1993). The tips of the cystidia can show irregularly shaped

knobs (Fig. 3.1f). Very young mycorrhizas are yellowish-brown to ochre in color

and are often just starting to develop cystidia. Older mycorrhizas turn dark-brown

and can start to lose their cystidia. The mantle is pseudoparenchymatous with

angular cells in the outer and inner layers (Fig. 3.1g). Rhizomorphs are lacking.

A detailed morphological and anatomical description was given by M€uller
et al. (1996).

When comparing T. aestivum ectomycorrhizas (ECMs) from different host

species (Quercus pubescens Willd., Zambonelli et al. 1993; Pinus pinea L.,

Zambonelli et al. 1995; Corylus avellana L. and Carpinus betulus L., M€uller
et al. 1996; Picea abies L., Stobbe et al. 2013b), the morphological and anatomical

features are similar but the shape can vary [e.g., T. aestivum on hazelnut

(C. avellana) and on Norway spruce (P. abies); Figs. 3.1d, e, respectively]. Slight
differences in mantle thickness as well as in the length and diameter of hyphae are

ascribed to natural variability, whereas the presence or absence of cells in a rosette-

like arrangement in the inner mantle layers might be a host-specific feature (M€uller
et al. 1996).

Surprisingly, in 2004, T. aestivum was found in orchid roots forming typical

endomycorrhizas (Selosse et al. 2004). Such a finding indicates a much broader

ability of T. aestivum to adapt to varying ecological conditions than previously

believed.
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3.3.3 Mycelium In Vitro

Isolation of Tuber species, including T. aestivum, into pure cultures from mycor-

rhizas or ascomata is feasible but prone to bacterial contamination. Bacterial

colonization is often found in truffle ascomata (Mello et al. 2010; see Chap. 18)

where they seem to be involved in the maturation process (Antony-Babu

et al. 2014). In addition, the propagation of subcultures after isolation is rarely

successful, possibly due to difficulties in building up new hyphal contact points on

the nutrition medium (Iotti et al. 2002).

Mycelial colonies have a white to brown color, often forming radial growth rings

of varying hyphal density. Mycelial radial growth of colonies on Petri dishes is very

slow compared to other mycorrhizal fungi. Observations indicated growth rates of

1–2 mm per week on modified Melin-Norkrans (MMN; Marx 1969) and on a

Cenococcum medium (Trappe 1962). Iotti and colleagues (2002) measured growth

rates of 4 mm per week for T. aestivum on a modified woody plant medium, which

was higher than that for T. melanosporum and Tuber brumale Vittad. (1.1–1.9 mm

per week) but lower than that for Tuber rufum Pico (14 mm per week). The hyphae

are hyaline to light-yellow-brown with a diameter of around 4 μm. They are

septated, granulated, and simple branched and form anastomoses (Iotti

et al. 2002). In natural soils, T. aestivum seems to produce relatively dense soil

mycelium compared with other ECM fungi (Gryndler et al. 2013).

3.4 Geographical Distribution of T. aestivum

3.4.1 The Widespread Distribution of T. aestivum

The natural distribution of T. aestivum reaches from northern Africa to southern

Sweden and from Portugal to the Caucasian region, covering a wide range of

suitable habitats throughout the Eurasian Continent (Stobbe et al. 2012, 2013a).

The geographical center of the species distribution, with many well-explored truffle

regions, can be defined as the temperate regions of Central Europe (Stobbe

et al. 2012, 2013a) (Fig. 3.2). The southernmost sites are located in the Atlas

Mountains of Morocco (Khabar 2010), and the northernmost populations are

located on the Swedish Island of Gotland (Weden et al. 2004a). Descriptions of

habitats east of Europe are sparse, with known occurrences in Turkey (Riccioni

et al. 2014), Azerbaijan (Bagi and Fekete 2010). Tuber aestivum was reported in

China (Wang and Liu 2009), but Zambonelli et al. (2012) reported it as a separate

sister species that forms a separate clade with respect to the European T. aestivum
(sensu stricto). Recently, Zhang et al. (2012) named this Chinese species Tuber
sinoaestivum J. P. Zhang and P. G. Liu. It seems likely that a broad variety of

habitats awaits discovery in these regions.
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3.4.2 Ecological Requirements of T. aestivum

The wide habitat range of T. aestivum consists of a specific composition of unique

ecological characteristics (Fig. 3.3). Habitats reach high altitudes (Morocco,

~1600 m AMSL) in southern regions with a warm climate, whereas northern

habitats are often located near sea level (Sweden, <50 m). The fruiting season

has two maxima (July and November) in the temperate habitats of Germany and

Switzerland, although observations have been reported throughout the entire year

(Stobbe et al. 2012). An earlier fruiting season has been observed in warmer regions

and at lower altitudes, e.g., from May to July in Greece (Diamandis and Perlerou

2008), and a shift to later in the year occurs in northern habitats and at higher

altitudes, e.g., from August to November in Sweden (Weden et al. 2004a, b).

Annual mean temperature varies from 6.8 to 11.5 �C, which is typical for Mediter-

ranean to temperate climates. Of particular importance are the mean temperatures

of the coldest and warmest month, which may account for a stop in truffle produc-

tion due to frost or a decrease of production due to heat-induced drought. The mean

temperature for the coldest month is generally >0 �C; significantly lower air

temperatures are usually buffered by snow cover, with the corresponding below-

ground temperatures reaching less distinct depressions (Stobbe et al. 2012). As T.
aestivum is widespread throughout Europe and tolerant of different climate condi-

tions, and it has an extremely large time range during which fruiting bodies can be

harvested. Up to now, no scientific results have shown any qualitative or aromatic

differences between truffles harvested in summer and truffles harvested in winter.

Fig. 3.2 Map of the potential distribution of Tuber aestivum in Europe. The gray areas indicate
potential habitats of T. aestivum based on the occurrence of calcium carbonate concentrations

greater than 5% in the topsoil (FAO/IIASA/ISRIC/ISSCAS/JRC, 2012. Harmonized World Soil
Database (version 1.2); FAO, Rome, Italy and IIASA, Laxenburg, Austria)
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Fig. 3.3 The ecological amplitude of T. aestivum including all relevant biotic and abiotic factors.

The thick line in the middle of each partial graphic indicates the factor’s optimum, followed

outward by the standard deviation and the minimum and maximum, respectively (from Stobbe

et al. 2013a)
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Annual precipitation totals in T. aestivum habitats range from ~400 to 1500 mm,

making rainfall alone a very variable factor. The soil of most truffle habitats is

calcareous, with pH levels >7 (Chevalier and Frochot 1990), although exceptional

sites with a pH of 5.9 and an absence of active carbonate have been reported (Gogan

Csorbaine et al. 2012; see Chap. 13).

In addition to abiotic climatic controls and host requirements, biotic environ-

mental factors are highly important for ascoma formation. Soilborne microbial

communities, especially bacteria, involved in the development and functioning of

ECM symbiosis, the so-called helper bacteria (Frey-Klett et al. 2007), are hypoth-

esized to facilitate truffle production (Mello et al. 2010) and seem to be involved in

the maturation process (Antony-Babu et al. 2014). Intra-annual growth patterns and

the total carbon budget of symbiotically associated host trees are thought to

influence fruiting body production of mycorrhizal fungi. This theory is based on

correlation analyses of yield and tree growth (B€untgen et al. 2012; Martı́nez-Pe~na
et al. 2012) and has been demonstrated by belowground allocation analyses of

recent photosynthates (H€ogberg et al. 2001, 2008).

3.4.3 Inferring the Genetic Structure of T. aestivum

In general, this species shows higher intraspecific genetic variation than other

truffle species (Mello et al. 2002; Bonito et al. 2010). It also shows a much broader

geographic range, as well as morphological and phenological diversity, which

makes this species of particular interest for population genetic and phylogeographic

studies.

Information about the genetic structure of T. aestivum in natural or cultivated

truffle sites is scarce. A few studies based on RAPD analyses indicated that genetic

diversity exists between T. aestivum populations (Gandeboeuf et al. 1997; Weden

et al. 2004b). However, codominant molecular markers such as microsatellites are

needed to perform detailed/meaningful population genetic studies. The T. aestivum
genome was recently sequenced and is currently being annotated (Payen

et al. 2014). Using a direct shotgun pyrosequencing approach, the first steps of

the sequencing process enabled development of specific polymorphic simple

sequence repeat (SSR) markers for T. aestivum population studies (Molinier

et al. 2013a). Using such markers, polymorphism within one given population

and genetic differentiation between populations can be investigated at a large

scale (e.g., throughout a country or continent) as well as at a small scale (e.g.,

within a field or forest).

At a large scale, Weden and collaborators (2004b) showed genetic differentia-

tion between samples coming from a population in Gotland (Sweden) and samples

coming from France, England, and Italy. Splivallo and collaborators (2012) studied

the genetic diversity of T. aestivum from nine European populations using amplified

fragment length polymorphism (AFLP). They focused on the comparison between

genetic and volatile fingerprinting and found that samples coming from the same

42 V. Molinier et al.

http://dx.doi.org/10.1007/978-3-319-31436-5_13


population tended to cluster together. However, their low number of samples did

not lead to a clear conclusion about the genetic structure of T. aestivum populations

at a European scale. A recent study of 230 ascomata coming from 17 European

countries genotyped by SSRs identified four genetic groups (Molinier et al. 2015a).

This investigation did not show a clear geographical separation, although one

genotype was present exclusively in southeastern regions. This study additionally

highlighted that T. aestivum is not an endangered species, even in the Mediterra-

nean region, due to the absence of a recent bottleneck. Finally, the existence of

ecotypes, i.e., populations adapted to their specific environment, was proposed by

Le Tacon (Le Tacon 2011).

At a small scale, even less information is available about the genetic structure of

T. aestivum in particular locations and over time. The abovementioned study by

Splivallo and colleagues (2012) showed that polymorphism was present within a

small sampling area, but the study did not focus on the spatial genetic structure but

rather on the relationship between the volatile content and genetics. Maximum

genet size was recently estimated at 92 m (Molinier et al. 2015b), which is 30–40

times larger than that of T. melanosporum (Murat et al. 2013). Tuber aestivum
therefore has a greater capacity to spread belowground than T. melanosporum. As
with T. melanosporum, a substantial turnover of T. aestivum genets was observed

over two seasons. Thus, the two species behave similarly in this respect (Molinier

et al. 2015b). Finally, both studies highlighted that the genetic background has a

pronounced influence on the concentration of C8 and C4 volatiles and on truffle

aroma (Splivallo et al. 2012; Molinier et al. 2015b). A very important finding of the

ongoing genome sequencing is that T. aestivum, like T. melanosporum (Martin

et al. 2010), is a heterothallic, outcrossing species with a single mating-type gene

with two idiomorphs (Murat, pers comm). Finally, small-scale genetic structure

analyses in natural and artificial populations, at the level of individuals as well as at

the level of sexual mating types, are imperative for improving the understanding of

the biology and life history of this commercially important truffle species.

3.5 Conclusions

T. aestivum shows a large distribution area throughout Europe and has a wide

amplitude of ecological requirements. It produces ascomata that vary in morphol-

ogy and matures over a long period of the year. As with T. melanosporum and

T. magnatum, T. aestivum is of high economic interest because of its organoleptic

properties. Due to its ecological, phenological, and morphological polymorphisms,

it was previously divided in two distinct taxa.

Although scientifically proven to be only one species, many producers, traders,

and consumers still tend to maintain a differentiation for commercial reasons and

continue to name it either “summer truffle” (T. aestivum) or “Burgundy truffle”/

“tartufo nero di Fragno” (T. uncinatum) according to the geographical region and

the harvesting season.

3 The Burgundy Truffle (Tuber aestivum syn. uncinatum):. . . 43



Future studies in population genetics and genomics will be helpful for showing

the existence of ecotypes within this species. The establishment of a label for a

controlled origin regarding ecotypes could help producers of truffle trees offer high-

quality products.
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Chapter 4

Tuber brumale: A Controversial Tuber
Species

Zsolt Merényi, Torda Varga, and Zoltán Bratek

4.1 Introduction

The winter truffle, also known as black musk truffle (Tuber brumale Vittad.), is

probably the most controversial species of true truffles. Compared to the estimated

180–230 truffle species worldwide (Bonito et al. 2010), it is one of the few species

with remarkable gastronomic importance. In the past, only the Périgord truffle

(Tuber melanosporum Vittad.) and T. brumale were called ‘truffles’ on French

market (Douet et al. 2004). Its gastronomic value is due to its good flavour, which

also makes it similar to T. melanosporum (Kiss et al. 2011). In the USA, it is the

third most valuable truffle species and commands a price of USD660 per kg (Bonito

et al. 2013). However, its economic value is lower than those of the Périgord truffle

or the Italian white truffle (Tuber magnatum Pico), which are 3–5 and 10–15 times

more expensive, respectively (Hall et al. 2008). The smaller size of T. brumale
fruiting bodies makes their collection and processing unfavourable and hinders the

demand for it on the market. It is also commercially ignored because of the lack of

culinary promotion (Martin-Santafe et al. 2014). All of these features of T. brumale
have led it to be considered an unwanted, contaminant species in T. melanosporum
truffle orchards (Benucci et al. 2011; Sourzat 2011; Olivier et al. 2012; Guerin-

Laguette et al. 2012; De Miguel et al. 2014). However, the results of studies that

examine its effect on the productivity of T. melanosporum orchards are ambiguous.

References on its aggressivity and ability to displace other truffle species are

available (e.g. Chevalier and Frochot 1997; Riousset et al. 2001; Valverde-Asenjo

et al. 2009; Chevalier and Sourzat 2012; Olivier et al. 2012; Parladé et al. 2013),

although some articles highlighted a positive effect or weak competitiveness of
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T. brumale versus T. melanosporum (Mamoun and Olivier 1993; Belfiori

et al. 2012).

Tuber brumale belongs to the six most studied true truffle species (Wang and

Marcone 2011), which have been researched for host plant inoculation, optimiza-

tion of in vitro culture (Iotti et al. 2002) and physiology and biochemistry of

mycelium and mycorrhiza (Poitou and Olivier 1990; Amicarelli et al. 1999;

Zeppa et al. 2005). It is the most widespread species of Melanosporum clade in

Europe and can be frequently found in nature as well as on plantations. In spite of its

frequency and the scientific value in truffle research, the genetic variability of

T. brumale had not been adequately known for a long time.

In this chapter we would like to demonstrate the controversial situation of

T. brumale in several aspects. There exist relatively few morphological characters

in truffle species delimitation; thus the relationship between T. brumale and Tuber
moschatum Bull. (or T. brumale f. moschatum) was a long debate. However, in

addition to the aforementioned two taxa, the phylogenetics and the

phylogeographics of the species related to T. brumale have been getting clearer.

Furthermore in this chapter, we try to summarise the knowledge of the ecology of

T. brumale and discuss the role of this species on the truffle orchards. Taking

everything into account, the aim is to summarise and briefly show the accumulated

knowledge on T. brumale.

4.2 Phylogenetic Position of T. brumale

In many cases, molecular data has remarkably modified former taxa, which were

based on the examination of morphological characteristics, indicating serious

changes concerning the taxonomy of true truffles. The first molecular and biochem-

ical analyses, including isoenzyme and amino acid diversity, were performed in the

1980s and 1990s and aimed at identifying and differentiating the species (Henrion

et al. 1994; Gandeboeuf et al. 1995; Paolocci et al. 1995). Only later, as molecular

methods were developing, were the phylogenetic relationships of the species

discovered. First, the position of T. brumale within genus Tuber and its relationship
with the other truffle species was determined by random amplified polymorphic

DNA (RAPD), where the patterns of T. melanosporum indicated remarkable sim-

ilarity to T. magnatum, while T. brumale resembled Tuber rufum Vittad.

(Gandeboeuf et al. 1997). Based on internal transcribed spacer (ITS) phylogenetic

tree by Roux et al. (1999), Tuber taxa can be divided into three major clades, one of

which involves T. melanosporum, Tuber indicum Cooke and Massee, Tuber
himalayense B. C. Zhang and Minter and T. brumale. All the further molecular

phylogenetic works—even applying different loci—uniformly agree that these

species belong to the Melanosporum clade (Jeandroz et al. 2008; Bonito

et al. 2010). However, the position of T. brumale within the Melanosporum clade

is not so obvious, where various loci or phylogenetic inference methods contradict

each other. Within the Melanosporum clade, Tuber regimontanum (Guevara
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et al. 2008), T. melanosporum and the T. indicum complex always make up a

monophyletic group (Bonito et al. 2013), whereas the position of Tuber
pseudoexcavatum (Wang et al. 1998) and T. brumale is not clear yet. According

to most studies, the latter two species establish a new monophyletic genealogy

(Zhang et al. 2005; Wang et al. 2006a; Jeandroz et al. 2008; Chen et al. 2011;

Bonito et al. 2013). However, in some phylogenetic trees based on the ITS region,

the split of T. brumale and T. pseudoexcavatum is an unsolved polytomy (Jeandroz

et al. 2008; Bonito et al. 2013). Other analyses of the ITS and large subunit (LSU)

of nuclear rDNA support the split of T. brumale (Bonito et al. 2010; Chen

et al. 2011; Chen and Liu 2012; Merényi et al. 2014; Fig. 4.1), while, in case of

protein kinase C (PKC) locus, it seems obvious that T. pseudoexcavatum diverges

earlier (Wang et al. 2006a).

The first DNA sequence analysis, in which T. brumale were included, revealed
that the ITS region of the species is extraordinarily longer (~1000 bp) than that of

other truffles (600–700 bp) (Henrion et al. 1994; Gandeboeuf et al. 1995). The

difference in length was explained as the duplication of part of the T. brumale ITS1
region (Roux et al. 1999), which was later revealed in T. pseudoexcavatum too

(Wang et al. 2006a). Despite the fact that only 59% of this insert is similar (Wang

et al. 2006a), this ~300 bp insertion, gives evidence to the monophyly of T. brumale
and T. pseudoexcavatum (Wang et al. 2006b). As we discover new species, it lends

more and more evidence that this characteristic insertion, beginning at position

73–80 of region ITS1, is not unique to T. brumale and T. pseudoexcavatum
(Fig. 4.1). For example, the first branch of the Melanosporum clade, Tuber
sp. 13 (Bonito et al. 2013), includes a 169 bp insertion, whereas T. regimontanum
includes a 51 bp insertion. Members of the pseudoexcavatum lineage, e.g. Tuber
pseudobrumale (Li et al. 2014) and Tuber sp. 5 (Chen et al. 2011), all contain the

characteristic insertion, which varies between 53 and 291 bp, depending on the

species. This leads us to believe that this is the result of several expansion and

reduction events in the ITS1 region, as opposed to a single duplication event

(Fig. 4.1).

According to Wang et al. (2006a) the most recent common ancestor (MRCA) of

the Melanosporum clade might have lived between Europe and China. First, the

genealogy of T. pseudoexcavatum/T. brumale was split as a result of the ancestor of
T. brumale migrating towards Europe, while T. pseudoexcavatum migrated to

China. Later the ancestors of T. melanosporum and T. indicum migrated following

the same route, thus they also formed vicariant species (Jeandroz et al. 2008). The

situation became even more complicated with the introduction of species found in

North America and Mexico. The radiation of the Melanosporum clade from North

America may have started 79 Mya carried by Pinaceae, followed by their migration

to Asia and Europe (Bonito et al. 2013). Therefore, during the late Cretaceous age

and the Cenozoic era, the Thulean North Atlantic Land Bridge and the Beringia

Land Bridge played an important role in the migration of species across the

continents (Milne 2006).

Covering the most possible range presently known of T. brumale, after phylo-
genetic and phylogeographic studies, two significantly different clades were proven
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(Merényi et al. 2014). We can consider that an interspecific relationship exists if the

genetic distance in the ITS exceeds 3% (Nilsson et al. 2008; Bonito et al. 2010),

which is true for these two clades (9.3%), which is also confirmed by LSU and PKC

loci, in addition to meeting the compliance of the gene genealogical concordance

Fig. 4.1 Bayesian phylogenetic tree of Melanosporum clade based on ITS–LSU. Parsimony

bootstrap (PB) values are shown above the branches, while the Bayesian posterior probabilities

(PP) are below. Only values where PP> 95% and MP bootstrap support> 70% are shown. Tuber
umbilicatum Juan Chen and P. G. Liu and Tuber huidongense Y. Wang were served as the

outgroup. In the case of T. brumale s.s., the numbers I. and II. refer to haplogroups I. and II.,

respectively. The bold numbers indicate the length of a characteristic insertion in the ITS1 locus.

In the case of the insertion, the + and� indicate the assumption of the expansion and reduction

events, respectively. Scale bar means 0.06 expected nucleotide change per site per branch.

Sequence from GenBank are the following (ITS/LSU): T. brumale s.s., KF591749/KF581092,

KF551063/KF581089, KF551001/KF581087, KF551002/KF581086, KF551005/KF581099,

KF551007/KF581095; T. cryptobrumale, KF551019/KF581104, KF551049/KF581103,

KF551016/KF581106; T. formosanum, GU979049/GU979126; T. huidongense, FJ797883/

GU979099, FJ797881/GU979093; T. indicum A, FJ748906/JQ925694, FJ748908/JQ925695,

GU979067/GU979127, GU979082/GU979138, GU979061/GU979117, GU979069/GU979122,

GU979078/GU979119; T. indicum B, GU979051/GU979113, GU979081/GU979137,

GU979053/GU979116, GU979059/GU979134, FJ748907/FJ809840, GU979050/GU979112;

T. melanosporum, KF591751/KF581109, FJ748904/JQ925703, GU979083/GU979139;

T. pseudobrumale, KJ742703/-; T. pseudoexcavatum A, GU979043/GU979105, HM485381/

FJ809816, GU979045/GU979106, GU979042/GU979109, GU979041/GU979104, GU979046/

GU979107; T. pseudoexcavatum B, GU979039/GU979102, GU979040/GU979103;

T. regimontanum, EU375838/EU375838; Tuber sp. (mentioned by the authors as

“T. formosanum” probably due to a miss identification), GU979047/-; Tuber sp. 5, AB553380/
AB553516; Tuber sp. 6, AB553388/AB553517; Tuber sp. 7, AB553414/AB553518; Tuber
sp. 13, GQ221451/JQ925713; T. umbilicatum, FJ797879/GU979096
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(Taylor et al. 2000). Also, based on the molecular clock, the division of the two

clades could have happened 17.9 Mya, which nearly concurs with the time of

species complex division of T. melanosporum and T. indicum (Bonito et al. 2013;

Merényi et al. 2014). Under these results, the two clades of T. brumale can be

considered distinct phylogenetic species, one corresponding to the species earlier

called and described as T. brumale sensu stricto (s.s.), whereas the other clade can

be considered as a species under description, called Tuber cryptobrumale nom.

prov. (see Sect. 4.4). It is worth mentioning that T. pseudobrumale from China,

described by Li et al. (2014), rather belongs to the lineage of T. pseudoexcavatum
than the European T. brumale aggregate (Fig. 4.1).

4.3 Genetic Variability Within the Species

Already the first studies highlighted the minimal or missing genetic variability

within T. brumale s.s. It indicated extremely low intraspecific polymorphism in

isoenzyme tests (Pacioni and Pomponi 1989) as well as testing DNA with restric-

tion fragment length polymorphism (RFLP) and RAPD methods (Gandeboeuf

et al. 1995, 1997). Giomaro et al. (2002) mentions the complete lack of the

variability in the ITS region of the species. Later, Pomarico et al. (2007) confirmed,

also based on the ITS region, that from the six examined species of truffles,

T. brumale indicates the lowest heterozygosity (He¼ 0.09). Wang et al. (2006a)

states that the European species indicates far less intraspecific nucleotide diver-

gence (T. melanosporum 0–0.3%, T. brumale 0–0.1%) than the Asian ones

(T. indicum 3.2%, T. pseudoexcavatum 1%). The reason for this is due to the

bottleneck effect which occurred when the species migrated from its original

habitat to Europe. Bonito et al. (2010) found lower than 0.5% intraspecific ITS

variation concerning T. brumale. All the studies listed above examined genetic

variability of T. brumale with a relatively low number of samples and only from

Western Europe. After a much more extensive sampling, the structure of T. brumale
population, and thus its variability, turned out to be more complex than previously

assumed. Tuber brumale s.s. implies higher variability (0.91%� 0.98) of ITS than

earlier detected. The high rate of variability is the result of the two major ITS

haplotypes (unique DNA variants) which can be differentiated within the species.

The ITS variability of the haplogroups I. and II. (T. brumale s.s. I. and II.) is

0.032%� 0.073 and 0.201%� 0.166, respectively. Two ITS haplogroups indicate

significant East–West separation in Europe, showing blending only in the

Carpathian Basin. The intraspecific ITS variability of T. cryptobrumale is

0.07%� 0.067, which is still considered extremely low (Merényi et al. 2014). It

has to be noted that microsatellite analyses and genome sequencing may point out a

larger genetic diversity comparable to other filamentous ascomycetes, as it was

shown in case of T. melanosporum (Murat et al. 2004; Payen et al. 2015).

When analyzing ITS haplotypes, 119 T. brumale s.s. samples were involved in

17 haplotypes, while 17 T. cryptobrumale samples were included in merely two
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haplotypes. Haplotype diversities (Hd; Nei 1987) are as follows: T. brumale
s.s. I. Hd¼ 0.29; II. Hd¼ 0.72; and T. cryptobrumale Hd¼ 0.53 (Merényi

et al. 2014; Fig. 4.1). Tuber brumale s.s. haplogroup II. is more diverse in the

haplotype variance as well as in the structure of the haplotype net than haplogroup

I. In addition to these facts, the present distribution of haplogroup II. indicates the

existence of an Eastern European refugia during the last glacial. Based on the

geographic distribution, the haplotype structure of the ITS region and the tests

referring to the neutral evolution, haplogroup I. could have survived the last glacial

in a West-European refugium, which is accompanied by a bottleneck effect, as was

shown in the case of T. melanosporum (see Chap. 2). Certain yet unknown events of

the Quaternary period may explain the low ITS diversity and local occurrence of

T. cryptobrumale and may hint to a Carpathian-Pannonian endemism (Merényi

et al. 2014).

4.4 Morphology

The Melanosporum clade includes black warted Tuber species with darkly

pigmented spiny or, occasionally, spinoreticulate spores (Bonito et al. 2013). Ini-

tially based only on morphology, only four species were originally included in this

clade (Riousset et al. 2001), but as a result of describing new species,

T. pseudoexcavatum, T. regimontanum, Tuber formosanum (Hu 1992) and

T. pseudobrumale were added as well.

The confusion of certain species of the Melanosporum group, based on morpho-

logical similarity, mainly T. indicum, T. melanosporum and T. brumale, is

highlighted by several authors (Séjalon-Delmas et al. 2000; Douet et al. 2004;

Murat 2015). The determination of the species listed above is possible only by

examining micromorphological characters (spores, peridium structure), whose full-

grown form can be discovered only on the mature fruiting bodies (Janex-Favre

et al. 1996). Still the separation of species is hindered because even though there

exist a low number of morphologic characters, they possess an extraordinary

amount of variability; as a result, e.g. T. indicum is actually a collection of complex

cryptic species (see Chap. 2; Chen et al. 2011). An example of the large range of

variability can be seen in the spores of T. pseudoexcavatum and T. brumale s.l. taxa
(Holl�os 1911; Wang et al. 2006a).

A further example of using highly variable morphological characteristics, we

can follow the story of taxa related to T. brumale. Tuber brumale has been

described in Italy by Carlo Vittadini in 1831. Based only on scent and gleba colour

variations, which exhibit great variability, Tuber moschatum Bonnet (1869) is

properly proven separate from the conspecific T. brumale s.s. (Pacioni

et al. 1990; Montecchi and Sarasini 2000; Mauriello et al. 2004; March

et al. 2006). De Ferry de la Bellone (1888) described three further variants named

T. moschatum var. vulgare, T. moschatum var. graveolens and T. moschatum var.

suaveolens. Tuber moschatum was still considered an autonomous species by
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Mattirolo’s study in 1933. Soon its separation as a species was questioned;

according to Chatin (1892) T. moschatum was only a variant of T. melanosporum,
while Fischer (1897) identified it as a subspecies of T. brumale. In recent years,

several authors considered it as a forma of T. brumale (Ceruti 1960; Montecchi and

Sarasini 2000; Ceruti et al. 2003). However, the conspecificity of T. brumale and

T. moschatum (or T. brumale f. moschatum) has been confirmed by the first

molecular analyses based on isoenzyme and amino acid polymorphisms

(Gandeboeuf et al. 1994), as well as by RAPD (Gandeboeuf et al. 1995, 1997)

and ITS sequence similarity (Roux et al. 1999; Merényi et al. 2014). In addition, in

the course of history, several species descriptions have been created for T. brumale,
e.g. Tuber cibarium Bull., Tuber hiemalbum Chatin, Tuber renati H. Bonnet, Tuber
montanum Chatin and Oogaster brumalis (Vittad.) Corda (see Ceruti et al. 2003),

which are now considered synonymous to it.

To conclude, we will discuss morphological description of the aforementioned

monophyletic sibling species, T. brumale s.s. and T. cryptobrumale. The diameter

of the fruiting bodies of T. brumale s.s is 6–41 mm, and their shape varies from

subglobose to irregular, frequently with the shape of a kidney, due to the mature

base cavity or depression. The surface is covered with easily detachable, penta- or

hexagonal flat warts, the average diameter of which is 1.8� 0.4 mm. Gleba is rarely

penetrated with white veins, and its colour is often sepia, drab (Fig. 4.2). Its asci are

subglobose or widely ellipsoid, from which the ones containing 3–5 spores

dominate. In four-spored asci, the spore parameters measured without ornamenta-

tion are the following: (25.3)� 28.1� (33.7)� (15.7)� 17.4� (19.1) μm2,

Vol¼ 4487.4� 541 μm3 and Q¼ 1.6� 0.1. The ornamentation of the spores is

spiny, the size of which is 3.4� 0.38 μm.

Fig. 4.2 Fruit bodies of T. brumale aggr. The schematic drawing of fruit bodies shows

T. cryptobrumale nom. prov. (a) and T. brumale s.s. (b). Bar¼ 1 cm
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Tuber cryptobrumale has never been determined based on morphology, which is

not surprising, as traditional morphologic measurements on genotyped fruiting

bodies did not reveal obvious differences compared to T. brumale
s.s. Consequently, their taxonomical consideration was suggested as a cryptic

species (Merényi et al. 2014). However, after thorough, detailed morphologic

investigations with the addition of new characters, we were able to find differences

between the two species, which resulted in their recognition as a pseudocryptic

species (Merényi 2014; Merényi et al. in prep.). Tuber cryptobrumale only slightly

differs from the description of T. brumale s.s.; the only way to separate the two

species is based on characters that can be only differentiated by statistics such as the

size of the warts (1.3� 0.3 mm) and the peridium cells and the proportion of 3- and

5-spored asci, the joint application of which can define the species (Fig. 4.2;

Merényi 2014).

The mycelium colony of T. brumale s.s. is white and slowly growing

(1.1–1.9 mm per week), in which the hyphae usually form chains that are rich in

vesicula (Iotti et al. 2002). The ectomycorrhizal (ECM) anatomy of T. brumale
s.s. may vary, subject to their host plant (Giomaro et al. 2002). Its ECMs belong to

the short-distance exploration type (Zambonelli et al. 1995; Agerer 2001). The

ECM ends of the roots are mostly 1.0–6.5 mm long; they can be simple, dichoto-

mous or monopodial-pinnate; and their colour is ochre, yellowish brown-dark

brown or beige-pale brown. The mycorrhizas of T. brumale s.s. have an external

mantle with pseudoparenchymatous rounded-epidermoid structure (Giomaro

et al. 2002). Cystidia are 20–260 μm long, non-branching, yellowish, without a

clamp, having a simple septum, awl-shaped and bristle-like (Fontana and Fasolo-

Bonfante 1971; Zambonelli et al. 1993; Giomaro et al. 2002; Fischer et al. 2004).

4.5 Distribution

In general, Ławrynowicz (1993) mentions that T. brumale s.l. can be found in most

European countries, up to the north latitude 52� and east longitude 19�. Similarly,

Ceruti et al. (2003) mention that its range in Europe is between latitudes 40� and

55�. This is further confirmed by Hansen and Knudsen (2000) who recognise nine

Tuber species in the Northern European countries, but not T. brumale s.l. This

means that T. brumale s.l. is spread throughout most of Europe, except boreal and

arctic regions (Ławrynowicz 1993). First, T. brumale Vittad. was recorded in Italy

in 1831 and then in South England, France and Germany (Vittadini 1831; Holl�os
1911; Hawker 1954; Pegler et al. 1993). Later it was considered a species frequent

in West and South Europe while rare in North and Central Europe (Holl�os 1911;
Hawker 1954; Michael and Hennig 1960; Cetto 1979). East of the Alps, its

appearance was later found first in the Carpathian Basin (Holl�os 1911) and then,

in the past decade, in Bulgaria, Greece and Turkey (Dimitrova and Gyosheva 2008;

Diamandis and Perlerou 2008; T€urko�glu and Castellano 2014). Today it is consid-

ered missing or rare in particular countries (England, Germany, Poland and
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Scandinavia), while in others (France, Italy, Hungary, Serbia, Romania, Slovenia) it

is considered a common species (Grebenc 2008; Marjanović 2008; Bratek

et al. 2013; Merényi et al. 2014). Moreover, its possible existence has been

shown from environmental DNA samplings in Iran (Bahram et al. 2012; Merényi

et al. 2014). Under the area reconstruction analysis based on the data regarding its

already known habitat, extended populations might be found in the Caucasus region

(Merényi 2014; Merényi et al. in prep.).

As a result of human-mediated import, it has appeared in New Zealand

(Ho et al. 2008), Australia (Linde and Selmes 2012) and North America (Berch

and Bonito 2014) in T. melanosporum plantations. Guerin-Laguette et al. (2012)

emphasise that T. brumale, which is assumed to appear in New Zealand in 1995, has

only been found in those plantations, brought accidentally via inoculum. Thus the

non-native T. brumale has not become a spontaneously spreading fungus on the

island. Still, by accidentally introducing T. brumale to the aforementioned regions,

this species now belongs to the 16 Tuber species which occur outside of their native
range (Bonito et al. 2010).

4.6 Ecology

As it has already become clear, the T. brumale aggr. is widely spread, which is

reflected by its environmental demands. According to our database and the refer-

ences, the truffle can be found in areas with an estimated annual rainfall of

240–1400 mm (in average 776� 238 mm) that are 70–1000 m AMSL and have a

3.7–15.8 �C annual mean temperature (Gazo et al. 2005; Granetti et al. 2005;

Diamandis and Perlerou 2008; Valverde-Asenjo et al. 2009; Merényi et al. 2010;

Stobbe et al. 2012). In the case of two species, we amended the data slightly. In the

case of T. brumale s.s., the annual mean temperature and the annual rainfall range

are the same; only the average rainfall is different (786� 242 mm). As for

T. cryptobrumale, the annual rainfall is between 519 and 1311 mm (677� 166 mm),

and the annual mean temperature is 7.3–11.2 �C. The harvest time for T. brumale
s.l. is from December to March in France, from November to March in Germany

and Italy and from October to January in Turkey (Hall et al. 2007; Stobbe

et al. 2012; T€urko�glu and Castellano 2014). Harvest time for both species in the

Carpathian Basin may last from August to March, but the maximum amount of the

product is expected from November to December.

While Holl�os (1911) and Szemere (2005) mentioned that it grows in calcareous

soils, Chevalier and Frochot (1997) found, unlike T. melanosporum, that it prefers
less calcareous and wet soils containing humus. Eighty-one soil samples from

habitats in the Carpathian Basin confirmed that it prefers heavy soils of neutral

pH, i.e. it prefers humus-rich clay and heavy clay soils. The soil requirement of

T. brumale aggr., in regard to lime, phosphorous, nitrogen and other micro- and

macro-elements, varies a lot (Table 4.1; Olivier et al. 2012). In Northern Spain it

was found in soils with an average of 7.9� 0.2 pH, where the content of active
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carbonate was 124� 14 g per kg, while the complete organic carbon was

18.4� 2.9 g per kg (Valverde-Asenjo et al. 2009). Based on our data, despite the

wide range in soil requirements, T. brumale s.s. and T. cryptobrumale habitats have
only slight soil differences (Table 4.1).

T. brumale aggr., according to the data published in the references (Table 4.2),

evidently forms mycorrhizas with nine plant species, but the presence of frequently

occurring ECM tree species in its habitat hints at a wider spectrum of host species

(Table 4.2). Among them, hornbeam (Carpinus betulus L.) is most likely a potential

host in the Carpathian Basin. Tuber brumale s.l. also grows under Mediterranean

tree species in Serbia and Montenegro, e.g. Aleppo pine (Pinus halepensis Miller),

holm oak (Quercus ilex L.) or downy oak (Quercus pubescensWilld.). In Greece, it

was found under Hungarian oak (Quercus frainetto Ten.) and downy oak, while in

Turkey, under Corylus sp. and Turkish pine (Pinus brutia Ten.). It is worth noting

that, based on the data from the Carpathian Basin, the habitats of T. brumale
s.l. involve field maple (Acer campestre L.) with a 61% frequency, which is a

species not producing ECMs. Common dogwood (Cornus sanguinea L.) and wild

privet (Ligustrum vulgare L.) are also frequent in the habitat’s shrub level

(frequency> 39%). Viola sylvestris Lam., Geum urbanum L., Brachypodium
sylvaticum (Huds.) R. et Sch. and Ajuga reptans L. are the most frequent in the

herb layer (frequency> 40%). The most frequent and coexisting subterranean

fungi in habitats of T. brumale aggr. in the Carpathian Basin (>12%) include

Tuber aestivum Vittad., Tuber excavatum Vittad., Tuber fulgens Quél. and Tuber
macrosporum Vittad.

Table 4.1 The average values of soil characteristics of 49 and 32 samples of T. brumale s.s. and
T. cryptobrumale, respectively, in the Carpathian Basin

Soil characteristics T. brumale s.s. T. cryptobrumale

Water pH 6.9� 0.5 6.8� 0.6

Sticky point according to Arany (SPA) 64� 10 68� 9

Humus content (%) 6.2� 1.4 6.9� 2.0

Lime-dissolving carbonic acid (CaCO3 %) 2.6� 4.3 2.6� 6.0

Assimilable phosphorus (P2O5; mg kg�1) 199� 136 165� 203

Assimilable nitrite and nitrate-N (NO2+NO3-N;mg kg�1) 10.1� 9.0 14.5� 12.4

Assimilable potassium (K2O; mg kg�1) 596� 367 306� 190

Assimilable sulphate-S (SO4
�2-S; mg kg�1) 28.9� 15.3 24.3� 13.6

Assimilable calcium (Ca; mg kg�1) 13,630� 11,451 12,910� 21,526

Assimilable magnesium (Mg; mg kg�1) 365� 208 401� 154

Assimilable zinc (Zn; mg kg�1) 9.6� 5.3 7.7� 5.6

Assimilable manganese (Mn; mg kg�1) 584� 441 360� 358

Assimilable iron (Fe; mg kg�1) 180� 115 471� 391
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Table 4.2 The host species of T. brumale s.s. and T. cryptobrumale inoculation experiments show

if successful mycorrhization was made with T. brumale aggr

Plant species

Inoculation

experiments

Natural co-occurence

ReferencesT. brumale (%)

T. cryptobrumale
(%)

Corylus avellana
L.

+ 30 (18� 21) 35 (2� 2) Palenzona (1969),

Chevalier and

Frochot (1997),

Paolocci

et al. (1999),

Bencivenga

et al. (2009), Stobbe

et al. (2012)

Carpinus betulus
L.a

n.d. 71 (45� 21) 91 (36� 2 3) Chevalier and

Frochot (1997),

Gazo et al. (2005),

Marjanović (2008)

Ostrya
carpinifolia Scop.

+ n.d. n.d. Bencivenga

et al. (2009)

Fagus sylvatica
L.

n.d. 15 (15� 13) 14 (25� 18) Szemere (2005),

Stobbe et al. (2012)

Quercus robur L.a n.d. 32 (19� 17) 41 (40� 17) Chevalier and

Frochot (1997),

Gazo et al. (2005),

Marjanović (2008)

Quercus cerris L.
a

+ 38 (17� 15) 27 (34� 12) Marjanović (2008),

Bencivenga

et al. (2009)

Quercus petraea
(Matt.) Liebl.a

n.d. 12 (20� 17) 14 (23� 19)

Quercus
pubescens Willd.;

Quercus ilex L.

+ n.d. n.d. Zambonelli

et al. (1993), Che-

valier and Frochot

(1997), Paolocci

et al. (1999), Fischer

et al. (2004),

Marjanović (2008),

Diamandis and

Perlerou (2008),

Valverde-Asenjo

et al. (2009),

Bencivenga

et al. (2009)

Tilia
cordata Mill.

n.d. 15 (25� 16) 9 (10� 10)

Tilia americana
Kinné.

+ n.d. n.d. Giomaro

et al. (2002)

Pinus nigra
Arnold

+ 2 (14� 0) 0 (0) Fontana and Fasolo-

Bonfante (1971),

Chevalier and

Frochot (1997)

(continued)
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4.7 The Role of T. brumale s.l. in Plantations

As mentioned, T. brumale s.l. is ranked as a damaging species of high risk factor for

man-made truffle plantations (Martin-Santafe et al. 2014), displacing

T. melanosporum through its aggressive nature as well as reducing its productivity

(Chevalier and Frochot 1997; Callot 1999; Lefevre and Hall 2001; Riousset

et al. 2001; Ricard 2003; Sourzat 2005; Olivier et al. 2012). Furthermore it is

among the three or four most common unwanted mycorrhizal partners in the

plantations (De Miguel et al. 2014). Thus, this far less valuable T. brumale
s.l. species is just contamination, being considered as rather a harmful species to

the truffle orchards. In fact, during the saplings’ quality control, one of the three

most important determining points is checking the roots for mycorrhizas of

non-desirable Tuber species (e.g. T. brumale s.l. or T. indicum) (Donnini

et al. 2014; Murat 2015). Based on the summary written by De Miguel

et al. (2014), T. brumale s.l. appears on 78% of the T. melanosporum plantations.

Additionally, it was present on all three European T. aestivum plantations, though it

occurred on only two of the seven T. magnatum plantations.

Several factors may promote the presence of T. brumale s.l. on plantations. (1) It
was observed that T. brumale s.l. are more likely to develop on fast-growing host

plants (De Miguel et al. 2014). (2) The improper treatment during the initial period

of the plantation, such as frequent soil scarification or overwatering, may encourage

the appearance of T. brumale s.l. (Sourzat 2005, 2011). (3) If T. melanosporum’s
viability and ‘virulence’ is reduced, it promotes the spread of T. brumale
s.l. (Sourzat et al. 2001; Sourzat 2011). (4) If there exists a contamination of the

inoculum by T. brumale s.l., there exists a higher chance that the plantation will be

contaminated as well (Donnini et al. 2014; Murat 2015). (5) Establishing

T. melanosporum orchards in soils which is more suitable for T. brumale

Table 4.2 (continued)

Plant species

Inoculation

experiments

Natural co-occurence

ReferencesT. brumale (%)

T. cryptobrumale
(%)

Pinus pinea L. + n.d. n.d. Zambonelli

et al. (1995)

Cistus incanus L.;
Cistus salviifolius
L.

+ n.d. n.d. Chevalier (1973),

Giovannetti and

Fontana (1982)

Fumana
procumbens
(Dun.) Gren.

et Godr.

+ n.d. n.d. Chevalier (1973)

Populus spp. n.d. 0 (0) 9 (24� 6) Marjanović (2008)
aIn many cases the only ECM tree present

The percentage values without and within parentheses indicate the frequency and the cover of tree

species, respectively, in 56 habitats of Carpathian Basin
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s.l. promotes their appearance. (6) The fact that T. brumale s.l. and

T. melanosporum share a common disseminating vector (Hochberg et al. 2003)

and production window (winter) increases the chance that a vector carries

T. brumale s.l. from natural habitats to a T. melanosporum plantation. This is

contrary to the Tuber species with a production window of summer and early

autumn.

The lime preference of T. brumale s.l. is controversial. Liming of plantations has

become a widespread practice in order to control T. brumale s.l. (Riousset

et al. 2001). However, focused and detailed soil analyses were able to reveal that

in the natural habitat and plantation patches of T. brumale s.l., the levels of active
and full carbonates are much higher than those in the habitats of T. melanosporum
(Valverde-Asenjo et al. 2009). Moreover, liming does not affect either the mycor-

rhizas or the production of T. brumale s.l. negatively. Additionally, the production
of both species T. brumale s.l. and T. melanosporum is influenced positively by

liming, the mechanism of which is summarised in the soil nutrition hypothesis

(Garcı́a-Montero et al. 2008). Finally, based on soil studies done in the Carpathian

Basin, T. brumale s.l. seems accepting wide range of lime content (Table 4.1).

The succession of hypogeous fungi can be discovered in the brûlé of

T. melanosporum, in which T. rufum, T. melanosporum and T. brumale follow

each other in order (Garcı́a-Montero et al. 2012; Granetti et al. 2005). On the other

hand, according to Sourzat (2011) T. brumale s.l. can be found on saplings, which is
confirmed by De Miguel et al. (2014).

Scientific articles find that the obviously negative displacing effect of T. brumale
s.l. doesn’t apply to the French truffle (Valverde-Asenjo et al. 2009; Belfiori

et al. 2012; Liu et al. 2014; Martin-santafe et al. 2014). The lowest amount of

T. melanosporum mycelium could be revealed from the production patch of

T. brumale s.l using DNA-based quantitative methods (Parladé et al. 2013). How-

ever, the experiments of Mamoun and Olivier (1993) notice that in some cases,

e.g. overwatering T. brumale s.l. may help T. melanosporum survive and may keep

other ECM species away. In other studies, the weaker competitive ability of

T. brumale s.l. was highlighted, who generates a much bigger ECM diversity on

the production area of T. brumale s.l. than in the patches of T. melanosporum or

T. aestivum (Belfiori et al. 2012). Also, competition may be assumed between

T. brumale s.l. and Tuber borchii Vittad. as no T. brumale s.l. contamination was

found on any plants, which reserved T. borchii mycorrhizas, of the T. borchii
plantations (De Miguel et al. 2014). It is worth to mention that this can be due to

their different soil demand as well. The competitive role of T. brumale s.l. may

seriously depend on the current biotic and abiotic factors of the environment, the

discovery of which may be implemented only through long-term series of

experiments.

Lately the idea that T. brumale s.l. should not only be forced out of the

plantations has arisen, as they could generate economic benefit if T. brumale
s.l. plantations were established (Benucci et al. 2012; Liu et al. 2014; Murat

2015). The first greenhouse trials of mycorrhization were often performed using

T. brumale s.l. spore inocula (Palenzona 1969; Fontana and Fasolo-Bonfante 1971;
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Palenzona et al. 1972; Mamoun and Olivier 1993) but direct trials on field planta-

tions have not been published. In Hungary, three microplantations (<20 saplings)

have been established with T. brumale s.l. mycorrhized plants, going through a

mycorrhiza test at the age of four and seven (Table 4.3). In a far more extended trial

(>3000 trees), a follow-up T. brumale s.l. inoculation has been tried in Spain

(Morcillo et al. 2007).

4.8 Conclusions

Tuber brumale s.l. has been considered a harmful, contaminating fungus; however,

on the contrary, T. brumale s.l. plantations may be economically beneficial

(Benucci et al. 2012; Murat 2015; Liu et al. 2014), especially when grown on

economically significant host plants (Benucci et al. 2012). Higher long-term market

share can be gained only through using the populations of this species that have

bigger fruiting bodies, which has already been tested in some of our experiments.

Furthermore, to fulfil the demand, the quantity produced on the plantations would

need to be supplemented from the natural habitats resulting in overcollection. As

for environmental protection, it would be important to understand the effects of the

western haplogroup of T. brumale s.s., known as a contaminator on the plantations

and appearing adventurous on several continents, and the eastern haplogroup,

which is much more diverse genetically, as well as T. cryptobrumale, which is

endemic to the Carpathian Basin. Detailed research of T. brumale aggr. has

provided a good example for the cryptic/pseudocryptic speciation like it was

found in several cases in genus Tuber (Bonuso et al. 2010; Chen et al. 2011;

Merényi et al. 2014). Additionally, in the near future several experiments are

supposed to be concluded on the trial truffle plantations, through the genomic and

ecological studies of the genus, which may facilitate the better understanding of the

mycorrhizal substitutional abilities and ecological role of the species aggregate.

Table 4.3 The

mycorrhization rate of 4- and

7-year-old Quercus spp. trees
in Hungarian experimental

T. brumale s.l. plantations

Plantation

ECM colonisation (%)

4 years 7 years

Average SD Average SD

I. 36.6 16.2 29.5 13.7

II. 64.2 22.3 24.6 12.9

III. 11.6 14.8 33.4 22.0

SD standard deviation

The average colonisation was calculated according six saplings
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Miranda M (1999) Glutathione dependent enzymes and antioxidant defences in truffles:

organisms living in microaerobic environments. Mycol Res 103(12):1643–1648
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(2004) Rapid molecular typing of Tuber melanosporum, T. brumale and T. indicum from tree

seedlings and canned truffles. Anal Bioanal Chem 379(1):668–673. doi:10.1007/s00216-004-

2643-9

Fischer E (1897) Tuberaceen und Hemiasceen. In: Die Pilze Deutschlands, Österreich und der
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64 Z. Merényi et al.

http://dx.doi.org/10.1371/journal.pone.0014625
http://dx.doi.org/10.1007/978-3-642-33823-6_10
http://dx.doi.org/10.1007/s00572-013-0554-3
http://dx.doi.org/10.5586/am.2008.017
http://dx.doi.org/10.5424/fs/2014232-05029
http://dx.doi.org/10.1007/s00216-004-2643-9
http://dx.doi.org/10.1007/s00216-004-2643-9
http://dx.doi.org/10.1080/12538078.1994.10515183
http://dx.doi.org/10.1139/b97-005
http://dx.doi.org/10.1139/b97-005
http://dx.doi.org/10.1080/09064710701743286
http://dx.doi.org/10.1080/09064710701743286
http://dx.doi.org/10.1007/978-3-642-33823-6_6


Giomaro G, Sisti D, Zambonelli A, Amicucci A, Cecchini M, Comandini O, Stocchi V (2002)

Comparative study and molecular characterization of ectomycorrhizas in Tilia americana and

Quercus pubescens with Tuber brumale. FEMS Microbiol Lett 216(1):9–14. doi:10.1111/j.

1574-6968.2002.tb11407.x

Giovannetti G, Fontana A (1982) Mycorrhizal synthesis between Cistaceae and Tuberaceae. New

Phytol 92(4):533–537. doi:10.1111/j.1469-8137.1982.tb03412.x

Granetti B, De Angelis A, Materozzi G (2005) Umbria terra di tartufi. Regione Umbria,

Assessorato regionale Agricoltura, Foreste, Caccia e Pesca

Grebenc T (2008) Research and cultivation of truffes in Slovenia – current status. In: Reynal B

(ed) La culture de la truffe dans le monde. Actes du Colloque, Brive-la-Gaillarde. 2. Fevrier

2007, pp 183–191

Guerin-Laguette A, Cummings N, Hesom-Williams N, Butler R, Wang Y (2012) Mycorrhiza

analyses in New Zealand truffières reveal frequent but variable persistence of Tuber
melanosporum in co-existence with other truffle species. Mycorrhiza 23(2):87–98. doi:10.

1007/s00572-012-0450-2
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Chapter 5

Taxonomy, Biology and Ecology of Tuber
macrosporum Vittad. and Tuber
mesentericum Vittad.

Gian Maria Niccolò Benucci, Andrea G�ogán Csorbai,

Leonardo Baciarelli Falini, Giorgio Marozzi, Edoardo Suriano,

Nicola Sitta, and Domizia Donnini

5.1 Introduction

Nowadays, some truffle species such as Tuber melanosporum Vittad., Tuber
aestivum Vittad., Tuber borchii Vittad. and Tuber brumale Vittad. have a

flourishing market and are routinely and successfully cultivated. Plantations are

established with mycorrhized seedlings produced by commercial nurseries giving

important extra income to farmers, especially in marginal lands or disadvantaged

areas (Chevalier 1998; Olivier 2000; Hall and Yun 2002; Bencivenga and

Baciarelli Falini 2012). In addition to those previously mentioned species, for

some other less famous truffles, locally collected by truffle hunters, national and

international markets are struggling but recently starting to develop.
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In particular, the black smooth truffle Tuber macrosporum Vittad. (also known

as “garlic truffle” for its aromatic resemblance of garlic) has an aroma that is

vaguely similar to the esteemed white truffle Tuber magnatum Pico (Vittadini

1831; Holl�os 1911; Ceruti 1968; Montecchi and Lazzari 1993; Iotti et al. 2002;

Riousset et al. 2012).

Despite its attractive aromatic traits, T. macrosporum is only accidentally col-

lected in Italy by truffle hunters who are trying to find T. magnatum, growing in the
same environment; hence, it has no commercial interest and does not enjoy

privileged hunting. Small ascoma size, insecure, strongly weather-dependent yields

in natural habitats, the common practice for traders to mix it with T. aestivum or

immature T. melanosporum, are all the reasons of its limited reputation. Notwith-

standing the above facts, T. macrosporum is certainly an attractive species and can

merit more attention because of its enticing organoleptic features and its wide

distribution across Europe. Moreover, its successful cultivation on experimental

orchards (Vezzola 2005, 2010) has resulted in the production of seedlings inocu-

lated with T. macrosporum spores by commercial nurseries with the aim of

expanding cultivation.

Another species of a certain market which deserves specific attention is Tuber
mesentericum Vittad., also called “black truffle of Bagnoli Irpino”, from the name

of a city in the Province of Avellino (Italy), where this truffle has a long history and

tradition of harvest and gastronomic use (Garofoli 1906). It is also famous in

northeast of France where it is more expensive than T. aestivum [often about

450 € per kg in detail markets, e.g. Pulnoy township (Claude Murat, pers

comm)]. This species often emits a strong and very distinct phenolic-like aroma

that makes it not so appreciated outside the traditional area (Vittadini 1831;

Granetti et al. 2005; Riousset et al. 2012). Opinions on the gastronomic and

consequently economic value of this truffle are anyway controversial, subjective

and often linked to local traditions or customs. Immature fruiting bodies of

T. mesentericum can be easily confused with the morphologically very similar T.
aestivum and T. aestivum var. uncinatum (Chatin) I. R. Hall, P. K. Buchanan,

Y. Wang and Cole, which now are considered conspecific (Paolocci et al. 2004;

Wedén et al. 2005; Molinier et al. 2013) even if the identity of “uncinatum”

survives as a commercial type of T. aestivum mainly in Italy and in France (see

Chap. 3).

In this chapter, morphological characteristics of T. macrosporum and

T. mesentericum fruiting bodies and ectomycorrhizas (ECMs) are described; taxo-

nomic controversies about macro- and microscopic traits necessary for specific

identification are disclosed; phylogenetic findings are highlighted in order to clarify

the position of T. macrosporum and T. mesentericum in the Tuber phylogenetic tree,
and a summary of their ecological requirements (including soil, climate and host

trees) is finally provided.
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5.2 Methodology

From fresh/dried T. macrosporum ascomata collected in Italy but also in some

locations in Europe, genomic DNA was directly amplified with ITS1 and ITS4

universal primers (White et al. 1990) for fungal barcoding and then sequenced on

both strands following the methodology reported by Bonito (2009). Forward and

reverse sequences were then edited into contigs in BioEdit (Hall 1999). Corrected

sequences were submitted to GenBank (Benson et al. 2013) with the following

accession numbers: KP738345 to KP738396. Additional available ITS sequences

of T. macrosporum were also downloaded from GenBank (www.ncbi.nlm.nih.gov)

to improve the phylogenetic resolution of major clades. For T. mesentericum, only
public sequences were used for the molecular analyses. Sequence accessions and

details are reported in the phylogenetic trees (Figs. 5.2 and 5.5).

Before building phylogenetic trees, all the obtained sequences labelled as Tuber
macrosporum and Tuber mesentericum downloaded from GenBank were aligned in

MEGA6 to detect mislabelled sequences or misidentifications. Sequences that did

not align correctly were then compared to others in GenBank using the BLAST

algorithm to verify their identity (Altschul et al. 1990).

Phylogenetic tree reconstructions were performed using the maximum likeli-

hood method (Tamura et al. 2011). The trees were drawn to scale, with branch

lengths in the same units as those of the evolutionary distances used to infer the

phylogenetic tree, and bootstrap values (999 replicates) are shown next to the

branches (Felsenstein 1985). Evolutionary analyses were conducted in MEGA6

(Tamura et al. 2013).

5.3 Characteristics of Tuber macrosporum

5.3.1 Morphology of Tuber macrosporum Ascomata

Ascoma maturation usually ranges from August to December, in the same period of

T.magnatum, with the peak ofmature specimens during the autumn. Typical ascomata

of T. macrosporum have generally an irregular shape, lobed, but also regular and/or

subglobose, with a diameter of 2–5 cm, exceptionally bigger (Fig. 5.1a). The blackish

peridium is irregularly stained by reddish-brown, very short and flat warts of variable

shape and size. Gleba varies from grey brown to brown lilac and purple brown

when mature, with thick, branching and winding white veins. The asci of

90� 120� 60� 80 μm size contain 1–3(4), generally three yellowish-brown spores.

The ellipsoid spores are considered definitely the biggest between the main truffle

species. These spores are 40� 70(�80)� 30� 55(�60) μm (Fig. 5.1b, c), covered

with reticulate-alveolate, polygonal, 2–4 μm high, dense, closed and small meshes.
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Fig. 5.1 Tuber macrosporum characteristics: (a) mature ascomata; (b) gleba with spores; (c) a

two spores ascus (25 μm); (d) natural productive site with Q. cerris, Q. pubescens and

O. carpinifolia; (e and f) ECMs with cystidia (0.4 mm); (g) ramification of cystidia (25 μm); (h)

outer mantle layer (25 μm)
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5.3.2 Tuber macrosporum Ectomycorrhizal Synthesis
and Morphology

The first mycorrhizal synthesis of T. macrosporum with hornbeam seedlings was

published by Giovannetti and Fontana (1980–1981) with the description of the

ECMs and their distinctive traits. Some subsequent works expanded the topics:

oaks and hazel seedlings were inoculated by T. macrosporum spore slurry and the

obtained ECMs were photographed and described (Zambonelli et al. 1993; Granetti

1995; Vezzola 2005; Agerer and Rambold 2004–2008). Nevertheless, those descrip-

tions are controversial and do not really focus on simple and valuable morphological

traits that are fundamental for a correct species identification. Moreover, no molec-

ular confirmation for ECMs belonging to T. macrosporum was reported in literature

before 2012 when Benucci and colleagues (2012) described morphologically

T. macrosporum ECMs on Quercus robur L., Quercus cerris L. and Corylus
avellana L. and identified its DNA through the use of species-specific primers

(Benucci et al. 2011). The same authors also described and characterized the ECM

communities of cultivated and natural T. macrosporum sites (Benucci et al. 2014).

Tuber macrosporum ECMs onQ. robur and C. avellana are simple or ramified in

a monopodial-pinnate or monopodial-pyramidal pattern (Fig. 5.1e, f). Simple ECM

tips are almost straight, cylindrical or club shaped with rounded ends. The colour of

the ECMs varies considerably: the youngest are light yellow with pale grey shades

and cystidia are sinuous and septate, with very thick walls and branched at various

angles (frequently with sharp angles). The colour of the cystidia varies from light

yellow when young (sometimes with a greyish shade) to ochre at maturity. They are

ramified (Fig. 5.1g) and tend to merge, creating anastomoses that form an abundant

web of mycelium around the ECM that is typically orange in colour (Fig. 5.1e, f).

Formation of needle-shaped cystidia reported by Granetti et al. (2005) is never

found in any of the T. macrosporum ECMs examined by Benucci et al. (2012).

The mantle is pseudoparenchymatous and composed of four to six cell layers.

The Hartig net penetrates into the first two to three cell layers of the root paren-

chyma (Benucci et al. 2012). The outer mantle surface is either covered densely by

mycelium (cottony) or it is smooth to loosely grainy. In both cases, it is composed

of angular (type L according to Agerer and Rambold 2004–2008) and epidermoid

(type M) cells that form an uneven, regular puzzle-like pattern (Fig. 5.1h). Benucci

et al. (2012) showed that ECMmantle might differ among the apex, middle part and

base of the ECM with the middle part being the most variable.

5.3.3 Tuber macrosporum Taxonomy and Phylogeny

According to Index Fungorum, the global nomenclator of fungal taxonomic names

(www.indexfungorum.org), the correct name of this species is Tuber macrosporum
Vittad.
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Recent phylogenetic studies on the Tuber genus, based on the ITS (internal

transcribed spacer) region and LSU (large subunit) of the nuclear rDNA (ribosomal

DNA), show that the Macrosporum clade is one of the ancestral lineages and

includes two species: T. macrosporum and Tuber canaliculatum Gilkey (Jeandroz

et al. 2008; Bonito et al. 2013). In addition, molecular evidence of truffles belong-

ing to the Macrosporum group has been reported also for Japan (Kinoshita

et al. 2011).

It is worth noting that some sequences downloaded from GenBank have been

misidentified or mislabelled and do not belong to T. macrosporum. In particular,

FJ809838, FJ809839, JN392325 and HE601929 show the highest similarity with

T. canaliculatum; JQ288921 shows the highest similarity with Tuber malenconii
Donadini, Riousset, G. Riousset and G. Chev; and HE602584 shows the highest

similarity with Tuber pseudoexcavatum Y. Wang, G. Moreno, Riousset, Manj�on
and G. Riousset.

The maximum likelihood phylogenetic reconstruction based on the ITS region

shows T. macrosporum position in the Macrosporum clade that includes the North

American species T. canaliculatum (Fig. 5.2) (Bonito et al. 2010). Two bootstrap-

supported distinct clades are present in the tree: most of the Italian sequences

cluster in the clade II, while clade I comprises many samples from Central and

Eastern Europe. Interesting to note that in the clade I two sequences from ECM tips

(JX474822 and JX474809) clustered together and with sequences obtained from

fruiting bodies (e.g. KP738346) which were collected in Sigillo (Italy) and previ-

ously analysed by Benucci et al. (2014) in a fungal community analysis study. Even

if with high divergence, the sample AB553344 from a truffle fruiting body collected

in Japan showed to be close to T. canaliculatum, suggesting the possible presence of
a new Asiatic species belonging to the Macrosporum clade.

5.3.4 Tuber macrosporum Geographic Distribution
and Ecological Demand

The truffle T. macrosporum has a wide distribution in Europe, being considered

common in Serbia, Hungary and Romania, less frequent in Italy and rare in France

and Great Britain, but also occurs in Switzerland, Germany, Ukraine, Croatia and

Slovenia and has been recently reported from Slovakia, Poland and Turkey (Ceruti

et al. 2003; Miko et al. 2006; Hall et al. 2007; Marjanović et al. 2010; Piltaver and

Ratoŝa 2010; Benucci et al. 2012; Stobbe et al. 2012; Hilszczańska et al. 2013).

Mature ascomata can be found as early as June (Vezzola 2010), but more often from

September to December. Tuber macrosporum is generally collected from plain sites

or from foothills to low mountains, often found on north-oriented slopes, lowlands

or floodplains of watercourses (Vittadini 1831; Milenkovic and Marjanović 2001).

Although annual rainfall in T. macrosporum sites was reported variable
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Fig. 5.2 Tuber macrosporum maximum likelihood phylogenetic tree based on the Jukes–Cantor

model (Jukes and Cantor 1969): bootstrap values >65% are shown next to branching nodes. A

discrete gamma distribution [+I] was used to model evolutionary rate differences among sites. The

analysis involved 44 nucleotide sequences. All positions containing gaps and missing data were

eliminated. There were a total of 337 positions in the final dataset. Sequences produced in this

study have accessions starting with KP

5 Taxonomy, Biology and Ecology of Tuber macrosporum Vittad. and. . . 75



(520–850 mm), water dependence of the species is undoubted and soil moisture is

very often complemented by arriving waters (subsurface water, flooding, etc.).

Soil genetic types include chernozems, luvisols, and planosols but also rendzic

leptosols (G�ogán Csorbai 2011; Hilszczańska et al. 2014). The species regularly

shares habitats with T. magnatum, resulting in similar characteristics of lime-rich,

neutral or slightly alkaline soil with both good aeration and humid environment.

However, recent findings revealed that soil compaction in T. macrosporum-
inhabited soils is very common. Compacted layers are typical in 30–60 cm depth,

but in some cases, they occur close to the surface (5–10 cm). Due to compacted

layers and the presence of water, gleys and ferric precipitations are frequent (G�ogán
Csorbai 2011). Soil granulometry of samples coming from different geographical

origins represents slight variability in soil textures but without extreme patterns

(Fig. 5.3). The most common soil types are clay loam, loam and sandy loam.

Some findings cite T. macrosporum from neutral or alkaline soils of pH around

7.5 with various lime contents (Djurdjevic et al. 1999; Miko et al. 2006;

Hilszczańska et al. 2014). Researches focusing on the ecological demands of

T. macrosporum affirm its preference to the above-mentioned characteristics;

however, lime-free, slightly acidic environment cannot be considered as limiting

factor for the species (G�ogán Csorbai et al. 2010). Results also reveal high organic

Fig. 5.3 Soil textures of different T. macrosporum habitats (Benucci 2011 modified; G�ogán
Csorbai 2011; Hilszczańska et al. 2014)

76 G.M.N. Benucci et al.



matter and variable content of phosphorus and potassium in natural habitats

(Table 5.1).

The developing environment of T. macrosporum is also characterized of differ-

ent symbiotic partners involved in the life cycle of this truffle. Mixed deciduous,

closed-canopy forests are considered as very suitable habitats for T. macrosporum.
The most common host trees of the species are oaks (Quercus pubescens Willd.,

Q. robur, Quercus petraea Liebl., Q. cerris), hazelnut (C. avellana), hornbeams

(Ostrya carpinifolia Scop., Carpinus betulus L.), willows (Salix viminalis L., Salix
alba L., Salix vitellina L., Salix caprea L.), lindens (Tilia cordata Miller, Tilia
platyphyllos Scop.), beeches (Fagus sylvatica L.) and poplars (Populus nigra L.,

Populus tremula L., Populus alba L.) (Ceruti et al. 2003; Miko et al. 2006;

Marjanović et al. 2010; G�ogán Csorbai 2011).

5.4 Characteristics of Tuber mesentericum

5.4.1 Morphology of Tuber mesentericum Ascomata

The morphology of T. mesentericum ascomata is very similar to that of T. aestivum;
the overlapping features of the two species make some authors designate them as

“Tuber aestivum-mesentericum complex” (Pacioni and Pomponi 1991). Ascomata

of T. mesentericum are rounded or subglobose, can reach the size of 10 cm in

diameter and are covered with brown-black pyramidal warts (Fig. 5.4a, on the

right). Transverse streaks (Fig. 5.4e) are present in the peridium warts in T. aestivum
and in T. mesentericum as well, even if less evident and frequent in the latter. Even

if basal depression or cavity has been considered a distinguishing feature for

differentiating ascomata of T. mesentericum from ones of T. aestivum (Montecchi

and Sarasini 2000; Ceruti et al. 2003), in our experience, this characteristic is not a

valid taxonomic trait, as it is possible to find ascomata of T. aestivum with the basal

cavity as well as T. mesentericum ascomata without it (Fig. 5.4a). Gleba colour is

typically dark grey brown, often with violet shades (Fig. 5.4a, on the right) with

numerous white intensively winding veins at full maturity, in contrast to the gleba

Table 5.1 Main chemical characteristics of soil samples from 88 T. macrosporum habitats

(Benucci et al. 2014, modified; G�ogán Csorbai et al. 2010; G�ogán Csorbai 2011)

Range Median Average SD

pH H2O 5.7–8.2 6.87 6.89 0.59

pH KCl 4.6–7.3 6.54 6.48 0.59

CaCO3 (%) 0–59 1.95 6.55 9.74

Organic matter (%) 3.2–13.4 7.32 6.95 2.16

AL-P (ppm) 5–512 49 103.26 123.59

AL-K (ppm) 85–1790 330.5 441.96 295.59

Range, median, average and standard deviation (SD) value are reported
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Fig. 5.4 Tuber mesentericum characteristics: (a) mature T. aestivum var. uncinatum (on the left)
and T. mesentericum (on the right) ascomata; (b–d) different T. mesentericum ascospores (25 μm);

(e) transverse streaks in T. mesentericum peridium warts (red arrows); (f) T. mesentericum natural

productive site with F. sylvatica
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of T. aestivum (Fig. 5.4a, on the left) that ranges from yellowish or light brown to

ochre, but never dark brown with violet shades.

Globose or subglobose and pedunculate asci contain (1)2–4(6), yellowish-

brown, ellipsoid spores (Figs. 5.4b–f) of 28� 33� 20� 23 μm size according to

Montecchi and Sarasini (2000) and Ceruti et al. (2003). It is worth noting that in our

experience spore shape can vary from ellipsoid to perfectly globose (Figs. 5.4b–d),

and this variability (more or less important) can be detected even in the same

ascoma. Spore surface is reticulate-alveolate with irregular polygonal meshes of

3–5 μm height. Meshes are typically incomplete and often with a crest in the inside,

but it can also happen, even in the same ascoma, to find complete meshes similar to

those of T. aestivum spores (Figs. 5.4b–d).

Tuber mesentericum scent is generally strong, with frequent unpleasant note

reminding of phenol, tar and/or iodine. This note, highly variable, can be immedi-

ately perceivable in the specimens when freshly harvested or can reveal itself only

some days after, especially if the truffles are conserved at low temperatures in the

fridge. It can be absent in mature specimens, as when freshly harvested, as some

days after; on the contrary, sometimes it can be present even in immature ascomata.

It has been showed for T. aestivum that the variability in the truffle aroma caused

by volatile organic compounds (VOCs) can have a genotype basis (Splivallo

et al. 2012; see Chap 3). Besides it can be also influenced by soil and ascoma-

associated microbes (Buzzini et al. 2005; Splivallo et al. 2014). Anyway, the

phenolic unpleasant note of T. mesentericum can be present or absent even in the

same area of harvesting, and this variation has not been studied in details yet. In our

experience, it is possible to find freshly harvested truffles with T. mesentericum
morphological characteristics, but with a pleasant aroma, complex and deep,

similar to those of T. aestivum or even T. melanosporum. A collection of mature

T. mesentericum specimens (in the order of some tens of kilos) absolutely free of

phenolic aromatic component were observed in Mediterranean habitats of Salento

(Southern Italy) and in the province of Rome, under Q. ilex and in flat areas with

reforestations of Quercus spp., in late spring and early summer. These particular

T. mesentericum ascoma collections are at present under study.

5.4.2 Tuber mesentericum Ectomycorrhizal Synthesis
and Morphology

The ECMs of T. mesentericum have been mentioned as early as 1988 (Giraud

1988), collected in a natural truffle field. Detailed description of the ECMs on

nursery plants revealed monopodial-pyramidal ramification type on C. avellana
(Rauscher et al. 1995), dichotomous on Pinus pinea L. (Zambonelli et al. 1995)

and monopodial-pinnate and monopodial-pyramidal on Q. pubescens seedlings

(Zambonelli et al. 1993). Ectomycorrhizas are reported as densely wolly, their

color can vary from ochre, to yellowish brown and to red. The surface of the mantle
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layer is plectenchymatous and pseudoparenchymatous with angular (type L,

according to Agerer and Rambold 2004–2008) mantle cells of 3� 11� 6� 20 μm
size. Cystidia are awl shaped, bristle-like (type A) with proximal ramification,

although no ramification was also reported (Zambonelli et al. 1995). Brownish

cystidia were measured of 1.9–5 μm of diameter and 130–1520 μm long. Despite

the morphological descriptions of the ECM, no molecular evidence is present in

literature regarding isolation of DNA from T. mesentericum ECMs so far.

5.4.3 Tuber mesentericum Taxonomy and Phylogeny

In Index Fungorum, the names Tuber mesentericum Vittad., with its variety (var.

mesentericum Vittad.), and Tuber mesentericum var. tesserulatum Zobel are

reported. Tuber bituminatum Berk. and Broome is considered a synonym of

T. mesentericum by several authors (Montecchi and Sarasini 2000; Granetti

et al. 2005), but in Index Fungorum, this name refers to a holotype of T. aestivum
(Kew Royal Botanic Gardens—Accession n. 30594). The species Tuber bellonae
Quél. (synonym of Tuber bituminatum var. sphaerosporum Ferry de la Bellone) is

reported to be close to T. mesentericum with some distinctive morphological

features, in particular the globose spores and the higher spore volume (Pacioni

and Fantini 1997). In our opinion, also T. bellonae, from the morphological point of

view, can be included into the variability of T. mesentericum, even if some authors,

without any molecular evidence, continue to consider it a separate species

(Ławrynowicz et al. 2008). A study in progress will add molecular to morpholog-

ical data to investigate the intraspecific diversity of T. mesentericum.
According to Bonito and colleagues (2013), T. mesentericum belongs to the

Aestivum clade of the Tuber genus phylogeny, together with T. aestivum,
T. panniferum Tul. and C. Tul. and T. magnatum. The maximum likelihood

phylogenetic tree based on T. mesentericum ITS sequences downloaded from

GenBank shows the presence of three distinct clades (Fig. 5.5). The clade I includes

mainly sequences coming from Central-North Europe, comprising sequences from

Sweden, and Gotland Island (Wedén et al. 2005) which likely went through a

reproductive isolation. In the clades II and III, only sequences from Italian

T. mesentericum ascomata are present, with the exception of two sequences from

Spain (FM205536 and FM205535) and one from France (JQ348414). The phylo-

genetic reconstruction includes also T. aestivum sequences, which are close in the

basal lineage with the clades of T. mesentericum and together are separated from the

out-group (Fig. 5.5). The data reported here are consistent with the finding of Sica

et al. (2007) showing a strong genetic structuring of the samples in different

geographical areas, with the Italian clade very well distinguishable. In this instance,

it may therefore be assumed that T. mesentericum is a species complex, but wider

sampling campaign and higher genetic support (e.g. multiple gene phylogenies,

population studies) are needed to confirm this hypothesis.
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5.4.4 Tuber mesentericum Geographic Distribution
and Ecology

Tuber mesentericum is a well-distributed species in Europe, occurring from Spain

to Turkey and from Sweden to Italy (Pegler et al. 1993; Montecchi and Sarasini

2000; Wedén et al. 2001; Ceruti et al. 2003; Granetti et al. 2005; Sica et al. 2007;

Castellano and T€urko�glu 2012).

Tuber mesentericum can grow from hilly to mountainous areas, in the former

frequently associated with C. avellana and O. carpinifolia, whereas in the latter

principally in relationship with F. sylvatica; the truffle can be common up to the

altitudinal limit of the beech, that means 1800 m AMSL and more. Tuber
mesentericum prefers north-oriented slopes and humid environment, with well-

shaded, closed forests, but orientation seems to be less determinant on lower

elevations (Granetti et al. 2005; Miko et al. 2006). Soil parameters proved to be

variable citing mostly high lime content with a pH of 7–7.7 but also as low as 6–6.5,

agreeing in well-aerated, wet soils rich in organic matter and also in volcanic

Fig. 5.5 Tuber mesentericum maximum likelihood phylogenetic tree based on the Tamura

3-parameter model (Tamura 1992). Bootstrap values >65% are shown next to branching nodes.

A discrete gamma distribution [+I] was used to model evolutionary rate differences among sites.

The analysis involved 28 nucleotide sequences. All positions containing gaps and missing data

were eliminated. There were a total of 440 positions in the final dataset
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subacid soils (Granetti et al. 2005). Able to share the habitat with all the black

truffle species, but only occasionally in the growth areas of T. aestivum and

T. melanosporum, T. mesentericum becomes predominant species in the mountain

belt, especially in the calcareous beechwoods, where only T. aestivum var.

uncinatum, and rarely T. brumale, can be also found.

The ripening season of T. mesentericum can begin in the summer, with a peak

between the end of the autumn and the beginning of the winter. In the mountain

belt, the harvest is often interrupted by the snowfalls; nevertheless in Italy, fresh

and mature T. mesentericum ascomata can be found (sometimes along with T.
aestivum var. uncinatum) after snow melting during the spring, even in April or

May at higher altitudes (approx.1500–1800 m AMSL). These specimens are often

in a perfect state of preservation, but this condition can last only for few days.

A more complete list of host plants comprises oaks (Q. robur, Q. cerris,
Q. petraea and Q. pubescens), beeches (F. sylvatica), pines (Pinus nigra Arnold

and Pinus sylvestris L.), hornbeams (C. betulus and O. carpinifolia), hazelnuts
(C. avellana) and lindens (Tilia spp.) (Ceruti et al. 2003; Granetti et al. 2005; Miko

et al. 2006; Marjanović et al. 2010; Bencivenga and Baciarelli-Falini 2012).

5.5 Conclusions

Tuber macrosporum and T. mesentericum are two minor truffles with a promising

market and this perspective fosters researchers to disclose their taxonomy, biology

and ecology. In this chapter, we showed that T. macrosporum is an adaptable

species growing in soils with variable pH and lime content, and at the same time,

it prefers fresh environment characterized by the constant presence of water. The

unreliable, strongly water-dependent natural yields could be one of the main

reasons for low quantities of T. macrosporum in the international market, which

hinder its success. The establishment of plantations could resolve the problem.

In recent years, due to its outstanding organoleptic characteristics, some Italian

nurseries started producing mycorrhized plants with T. macrosporum and

some orchards were realized. In spite of some successful initiatives of already

productive T. macrosporum plantations, the species is still considered as marginal;

therefore, further research is necessary to enhance T. macrosporum cultivation. The

species has low intraspecific variability, and according to the available data, the

relation between its genetic diversity and geographic distribution remains

unclear. Concerning T. mesentericum, its ecology overlaps the one of T. aestivum,
both prefer calcareous soils with sub-alkaline or neutral pH, but the former can

in some cases be found in volcanic subacid soils. Unlike T. macrosporum,
T. mesentericum shows evident patterns of genetic diversity in relation to geo-

graphic origin. The identification of five clusters of sequences, well-distinguished

one from the other, suggested the existence of cryptic species within

T. mesentericum. A study in progress aims to investigate morphological and genetic
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intraspecific diversity of T. mesentericum species complex and its relationships

with its sister species T. aestivum.
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Chapter 6

Tuber magnatum: The Special One. What

Makes It so Different from the Other

Tuber spp.?

Claudia Riccioni, Andrea Rubini, Beatrice Belfiori, Gianluigi Gregori,

and Francesco Paolocci

6.1 Introduction

The Italian physician Vittorio Pico was the first who described Tuber magnatum
(1788). This truffle species produces white ascomata endowed with a distinctive

aroma. Thus, among the Tuber spp. of economical relevance, T. magnatum is

considered by most people as the premium one. Truffles of this species, however,

are very hard to find, and for centuries, they have been considered as an icon made

in Italy, so that this species is known worldwide as “Italian white truffle” or even

more strictly as “Piedmont truffle” or “Tartufo bianco di Alba”. In the 1700s, the

princes of Savoy used tartufi as a promotional gift in diplomatic relations (Nowak

2015), and according to Rittersma (2011), by using white truffles in this manner,

they generated a real “truffle mania” throughout Europe.
The onset of the first truffle market that was established in Alba at the beginning

of the twentieth century (1930) contributed to reinforce the link between white

truffles and Piedmont region. Nevertheless, we are now aware that there are other

territories and small cities, scattered throughout several Italian regions from north

to south, whose names are tightly linked to the production of this delicacy. Better

still, it became clear only around the late 1990s of the last century that T. magnatum
can be also found in the Balkan Peninsula and countries nearby (Marjanovic

et al. 2010). More marginally, since 2011, it is harvested in southeast of France
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(Tabouret 2011) and also sporadically in Switzerland (Tabouret 2012). Notwith-

standing, with respect to the other Tuber spp., the geographical range of

T. magnatum remains far more limited.

Information relative to annual gross production of white truffles is very limited

because neither in Italy nor in the Balkan areas are there reliable historical records

of this production, although different estimations have been done. In this respect,

Hall and colleagues (2003) reported that the estimated world production of

T. magnatum ascomata ranged between 50 and 200 t per year. Brun and Mosso

(2010) estimated that the T. magnatum production in Italy was around 124, 19, and

12 t in the years 2002, 2006, and 2007, respectively, and reported that the regions

that likely contributed the most to this production were Umbria and Abruzzo, with

about 29 and 20%, with only a modest contribution from Piedmont (3%).

The annual production is generally insufficient to meet the rising worldwide

demand for truffles, despite the fact that some of them, such as Tuber
melanosporum Vittad. and Tuber aestivum Vittad. truffles, can be successfully

cultivated (see Chaps. 2 and 3; Hall et al. 2003). This supply/demand gap becomes

even larger if one considers T. magnatum because, as we shall detail later, examples

of successful cultivation of this fungus are very few, and the contribution in terms

of overall quantity of truffles produced by these plantations remains de facto
negligible. Given the insufficient provision of this highly appreciated species, it

comes therefore as no surprise that T. magnatum is the most expensive truffle.

Because of the drought, in 2007, its production fell dramatically and, accordingly,

the price paid to hunters peaked up to 7000 € kg�1; conversely, the last harvesting

season (fall-winter 2014) was a good one, with prices ranging between 300 and 400

€ kg�1. However, on average, the prices of T. magnatum truffles paid to hunters ran

over the last 10 years between 1000 and 1500 € kg�1.

Considering the aspects discussed above, it is clearly evident that T. magnatum is

a special truffle with distinctive features in relation to all the other Tuber spp.

Stemming from problems related to its cultivation, here, we will review the recent

breakthroughs on the life cycle and population genetics of this fungus. Perspectives

and approaches that might be of help to deepen our understanding on ecology and

biology of this species will be also discussed.

6.2 Problems that Might Have Affected T. magnatum
Cultivation

Truffle production results from a complex interplay between the fungus, its host,

and the habitat. The past century has seen a marked decline in harvests of some

edible mycorrhizal mushrooms, and among them are truffles (Hall et al. 2003). The

drop in natural truffle production, coupled with the possibility of generating an

income from marginal areas, have in turn fuelled intense interest in truffle cultiva-

tion over the last five to six decades. Man-made truffle plantations can be

established by planting host plants nursery inoculated with Tuber spp. The
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synthesis of T. magnatum mycorrhizas on a wide range of host plants has become a

routine process in several nurseries in Italy since the early 1980s. Records from the

public nursery located in Sant’Angelo in Vado (Italy) documented that approxi-

mately 167,000 host plants, produced and certified on the basis of morphological

analysis by this structure, as colonized by the white truffle, have been outplanted all

over Italy between 1984 and 2004. Overall, by considering the number of public

and private nurseries operating in that period in Italy, it can be estimated that at least

500,000 T. magnatum-inoculated and certified seedlings have been outplanted in

this country. This estimation can be likely doubled if one considers the production

coming from private nurseries that used to sell plants without any certification. In

face of this massive introduction of inoculated host plants in regions and habitats

where this fungus grows spontaneously, in the late 1990s, truffle growers and

scientists started to realize that the cultivation of this fungus presents specific

drawbacks that cannot be overcome by following the notions and practices devel-

oped through the successful cultivation of other Tuber spp. As matter of the fact, the

overall number of T. magnatum fields that turned out to be productive after two or

more decades from their onset were and are still less than a few dozen. Also, not

infrequently, nursery-inoculated T. magnatum plants have unexpectedly produced

Tuber borchii Vittad. or Tuber maculatum Vittad. ascomata in the field (Gregori

2002; Gregori et al. 2010). In stark contrast to T. melanosporum and T. aestivum
orchards, the average production of T.magnatum plantations has never exceeded, in

good years, 10–15 kg ha�1, while on average the harvest from these orchards is

around 4–5 kg ha�1. This scenario becomes even worse if one considers that the

fructification was never detected earlier than 15–20 years post implantation. This

evidence has led to the suspicion that the nursery mycorrhizal plants were of bad

quality in terms of the mycorrhization level with the target fungal species. In turn,

the hypothesis that the late fructification of these orchards is imputable to the

occasional colonization of the introduced host plants by native T. magnatum strains

cannot be ruled out. Alternatively, or in addition, orchard management practices

were erroneous.

Despite a plethora of studies that have been carried out over the last decades to

decipher the pedological and climatic conditions that should favor the fructification

of this fungus (also reviewed in this book), the cultivation of T. magnatum has never

reached an acceptable rate of success.

6.2.1 The Morphology of T. magnatum Mycorrhizas:
A Dilemma Solved by a Molecular-Assisted Analysis

As we reported above, a critical analysis of the reasons underlying the difficulties in

cultivating T. magnatum started more than 15 years ago. Around that period, papers

have been published that questioned the reliability of procedures and morphological

criteria used for obtaining and certifying the presence of T. magnatum
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ectomycorrhizas (ECMs) on nursery-inoculated host plants, respectively

(Gandeboeuf et al. 1997). Although the possibility of typing T. magnatum ascomata

and ECMs from those of other Tuber spp. by molecular markers (i.e., on the basis of

the length of the ITS rDNA) was reported since 1995 (Paolocci et al. 1995a, b), the

certification of T. magnatum mycorrhizal plants has relied for decades on morpho-

logical methods only (Bencivenga et al. 1987). Diagnostic and/or species-specific

T. magnatum morphological traits have been in fact coded by a number of different

publications that compared the morphology of ECMs from different Tuber species
(Bencivenga et al. 1987; Fontana et al. 1992; Zambonelli et al. 1993; Granetti

1995). Yet, morphology of Tuber ECMs is influenced by age, host plant, and soil

conditions, and in some species, such as Tuber oligospermum Tul. and C. Tul., and

T. borchii and T. magnatum, the morpho-anatomical characters are quite similar

and overlapping (Rubini et al. 2001; Tedersoo et al. 2006; Boutahir et al. 2013).

Thus, when molecular markers were used to ascertain the identity of ECMs

obtained after host plant inoculation with white truffles, it turned out that most of

them were indeed to be ascribed to other “minor” white Tuber spp. such as

T. borchii and T. maculatum or to other still undefined species (Gandeboeuf

et al. 1997; Amicucci et al. 1998). Hence, not only have these studies demonstrated

the unreliability of morphological analysis per se when certifying the presence of

T. magnatum on host plants, they also pointed to the need of developing innovative

procedures for inoculating and growing host plants treated with the spores of this

species. In fact, very often species such as Sphaerosporella brunnea (Alb. and

Schwein.) Svrček and Kubička and Pulvinula constellatio (Berk. and Broome)

Boud. that compete with the truffle mycelium for the host roots both in greenhouse

and later in the field can be found on T. magnatum-inoculated host plants

(Danielson 1984; Amicucci et al. 2001).

Bearing all these points in mind, Rubini and colleagues (2001) developed a

protocol to synthesize ECMs in a controlled environment and reported for the first

time the morphological description of T. magnatum ECMs assisted by molecular

marker characterization. Thus, the work by Rubini and colleagues (2001) enabled

the redefinition of the morpho-anatomical traits specific to T. magnatum ECMs

(Table 6.1). The parallel study carried out by Mello and colleagues (2001) basically

reached the same conclusions.

Thus, by adopting erroneous criteria of species attribution, it is more than likely

that seedlings harboring truffle species of less value than T. magnatum have passed

the quality control of the different certification agencies until the early 2000s.

Consequently, mistyped nursery mycorrhizal plants might have been used for

establishing white truffle orchards. Ironically, those seedlings that indeed sustained

T. magnatum ECMs might have been conversely discarded.

Overall, the works by Rubini and colleagues (2001) and Mello and collaborators

(2001) represented the point of no return in the commercialization of white truffle-

inoculated seedlings. Since these works, at least in Italy where most of the nurseries

have been operating, the production and market of T. magnatummycorrhizal plants

has come to a standstill. Subsidies by many regional governments to white truffle

cultivation have been also stopped, with both local governments and truffle growers

90 C. Riccioni et al.



awaiting for the development of large-scale nursery production of genuine

T. magnatum colonized seedlings as well as for the development of agro-

silvicultural practices specifically tailored for this species.

In conclusion, it is reasonable that the mischaracterization of T. magnatum-
inoculated seedlings has contributed to make the cultivation of this fungus unsuc-

cessful. Therefore, the next logical step would be the large-scale production of

T. magnatum-inoculated seedlings validated by molecular analysis. In this context,

we note that only recently the French nursery Robin has started to commercialize

T. magnatum mycorrhizal plants produced under INRA know-how license (Murat

2015). Each plant is individually controlled by INRA for the presence of white

truffle ECMs on its roots using either classical PCR or real-time PCR with species-

specific primers (Rubini et al. 2001; Iotti et al. 2012). However, this plant by plant

control concurs to elevate the cost of each single plant in the market up to 100 €
each, which has no comparison with the cost of seedlings inoculated with

T. melanosporum (ranging from 10 to 20 €). Whether outplanting of genuine

T. magnatum mycorrhizal plants in areas with proper ecological conditions is

sufficient to ensure white truffle production is the next challenge.

6.2.2 The Scarcity of Mycorrhizas in the Field: A Different
Ecological Strategy of T. magnatum with Respect
to Other Tuber spp.?

As we learned above, the synthesis of ECMs between T. magnatum and its host

plants is not a trivial issue: even academic and/or highly specialized labs and

nurseries have experienced problems in producing genuine T. magnatum mycor-

rhizal plants. Curiously, but in keeping with this evidence, recent studies have

Table 6.1 Comparison between diagnostic morphological traits ascribed to T. magnatum ECMs

before and after the use of molecular tools for their species attribution

Diagnostic

features Pre-molecular validation Post-molecular validationa

Color Young ECMs: amber color with

whitish apex

Young ECMs: uniform color tending to

grayish

Old ECMs: brown to brown reddish Old ECMs: dark gray or grayish-amberb

Cystidia Short spinule-like cystidia with uni-

form length (from 40 to 120 μm),

never ramified

Cystidia variable in length but often very

long (up to 400 μm), colorless,

pluriseptate, frequently ramified with

perpendicularly oriented branches
aOnly the simultaneous presence of simple and/or ramified cystidia, puzzle-like pattern of the

mycoclena and gray color makes the morphotyping of T. magnatum ECMs reliable (Rubini

et al. 2001)
bMycorrhizal pigmentation is due to the presence of small speckles probably caused by polyphenol

accumulation, which turn amber in old ECMs
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documented the rarity of T. magnatum ECMs in nature, also at productive sites.

Bertini and colleagues (2006) used molecular methods to investigate the ECM

communities in a productive T. magnatum truffle ground. This screening revealed

that a high percentage of ECMs belonged to as diverse Tuber species as Tuber
dryophilum Tul. and C. Tul., Tuber rufum Pico, and T. maculatum, whereas the

percentage of T. magnatum ECMs was less than 4.4%. Similar results have also

been obtained in other T. magnatum areas where either T. magnatum ECMs were at

low frequency, if not totally absent, or their distribution was not superimposed to

the collection sites of white ascomata (Murat et al. 2005; Leonardi et al. 2013).

Hence, these are additional aspects that mark the difference between the ecology

and life cycle of this fungus with respect to the other Tuber spp. which, conversely,
extensively colonize the root apparatus of their hosts (Baciarelli-Falini et al. 2006;

Belfiori et al. 2012; Napoli et al. 2010; De Miguel et al. 2014).

The peculiar distribution of T. magnatum ECMs with respect to that of other

truffle species has prompted scientists to investigate the presence of this fungus

directly in the soil. By a PCR analysis based on β-tubulin species-specific primers,

Zampieri and collaborators (2010) monitored the presence of T. magnatum myce-

lium in soil samples collected in a natural site in Piedmont. These authors found that

T. magnatum “propagules were much more widespread than could be inferred from

the distribution of truffles.” Tuber magnatum was in fact also present in soil

samples collected in nonproductive areas. Incidentally, soil samples displaying

T. magnatum-specific signals have been detected as far as 100 m away from the

nearest productive tree. Other studies have investigated the amount of T. magnatum
mycelia or propagules in the soil by qPCR. This is an innovative and species-

targeted approach that has been used to detect a large number of soil fungi

(Landeweert et al. 2003; Bidartondo and Gardes 2005; Smith and Osborn 2008).

Iotti and colleagues (2012, 2014) have developed a T. magnatum-specific real-time

assay based on the ITS rDNA region to evaluate the spatial and temporal distribu-

tion of its mycelium in soil samples from four different natural grounds in Italy.

While confirming a patchy distribution of T. magnatum in the soil, they also

reported that the amount of this mycelium inside the productive patches undergoes

seasonal fluctuations. In fact, in early spring, the amount of T. magnatummycelium

is higher than in summer, to increase again in fall when it concentrates all around

the fruiting points. Incidentally, it has also been pointed out that T. magnatummight

be more sensitive to summer drought and temperature peaks than black truffle

species T. melanosporum and T. aestivum (Iotti et al. 2014). This view becomes

even more likely if one embraces the hypothesis that in T. magnatum the sapro-

phytic phase is prevalent with respect to the symbiotic one. Indeed, the presence of

abundant extra-radical T. magnatum mycelia/propagules in the field, but the rarity

of its ECMs prompted some authors to argue that in T. magnatum mycelia rather

than ECMs play an essential role in ascomata formation and development (Iotti

et al. 2014). This runs contrary to what reported for T. melanosporum (Rubini

et al. 2011a; Murat et al. 2013; Le Tacon et al. 2013, 2015).

Although tantalizing, the abovementioned hypothesis has yet to be tested. The

sequencing of the T. melanosporum genome has shown that this fungus presents a
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limited repertoire of genes that are able to degrade dead organic matter (Martin

et al. 2010a), and later studies conducted by monitoring the natural abundance of 15

N and 13C (Zeller et al. 2008) and by labeling a single host plant with 13CO2

(Le Tacon et al. 2013), have proven, for the same Tuber species, a dependency of

the ascomata on their hosts throughout their development. On the other hand, the

physical link between ECMs and ascomata has been directly observed neither in

T. melanosporum nor in T. magnatum. In T. magnatum ascomata, however, Barbieri

et al. (2010) detected the expression of the nitrogenase gene nifH from

Bradyrhizobium and found that the nitrogenase activity was comparable to that of

young legume nodules. Despite the presence of bacterial nif genes inside the

T. melanosporum ascomata, N2 fixation was neither detected in immature nor in

mature ascomata, to suggest that these bacteria would participate very little or at all

in the nitrogen nutrition of T. melanosporum ascomata, in contrast to what occurs in

T. magnatum (Le Tacon et al. 2015).

Alternatively, the abundance of extra-radical mycelium and the rarity of

T. magnatum ECMs can also be explained with mutualistic relationships of this

species with plant roots that do not result in the differentiation of “canonical” ECM

structures. To this regard, recent studies have shown that some Tuber spp. can

indeed colonize the roots of species generally recognized as nonhost, by developing

structures that differ from ECMs sensu stricto. More specifically, Selosse and

colleagues (2004) showed the presence of mycelia of T. aestivum associated with

roots of orchids belonging to the genus Epipactis, whereas Lancellotti and col-

leagues (2014) showed that T. borchii is able to colonize the roots of Arbutus unedo
L. forming arbutoid-like ECMs. Pacioni and colleagues (2014) reported that

mycelia of some Tuber spp. such as T. aestivum and T. melanosporum can form

different types of mycorrhizal structures on genetically transformed roots of Cistus
incanus L., depending on the characteristics of the culture medium. Finally,

Gryndler and collaborators (2014), using qPCR analyses, revealed that within the

“brûlé,” the concentration of T. aestivummycelium in contact with roots of nonhost

plants is higher than that found in the surrounding soil. Overall, these observations

suggest that Tuber spp. can interact with a wider range of plant species than

previously thought and that the functional plant fungus relationship results in the

differentiation of different exchange structures that might or might not be structured

as canonical ECMs. Embracing this hypothesis, it is plausible that several hosts

might represent the reservoir of T. magnatum mycelia under unfavorable environ-

mental conditions and that they eventually spread into the soil patches nearby only

when favorable environmental conditions are met. Finally, we note that the diffi-

culties of obtaining genuine T. magnatum ECMs on nursery-inoculated host plants

might result from the scarce attitude of this fungus in competing with other fungi

and/or in perpetrating these exchange structures on their hosts over several months

and/or environmental conditions.
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6.3 Tuber magnatum Life Cycle and Reproductive Biology

The study of the reproductive mode of truffles is a subject that has been fascinating

scientists, truffle hunters, seekers, and growers for decades. First studies on life

cycle and reproductive biology of Tuber spp. were based on morphological ana-

lyses. Several authors described the presence of reproductive structures in Tuber
fruiting bodies (Marchisio 1964; Callot 1999). Such observations however were

only occasional, and formation of these structures cannot be obtained in controlled

conditions for any Tuber species. This limitation has represented a major obstacle

in understanding the life cycle and reproductive system of these fungi. Other studies

have shown the presence of hyphae with paired nuclei in mycelia forming the

ECMs and in in vitro cultured mycelia of different Tuber spp. In virtue of this

karyological pattern, it was suggested that the life cycle of these ascomycetes is

sustained by a secondary mycelium with dikaryotic hyphae (Lanfranco et al. 1995).

The advent of analyses based on molecular markers has then provided the most

powerful tools to investigate the life cycle and reproductive modes of truffles. To

make a long story short (for a specific review, see Rubini et al. 2014), a break-

through on these aspects has been gained when codominant SSR markers were

applied to study population genetics in T. magnatum. By this approach, the occur-

rence of gene flow and the absence of significant linkage disequilibrium among

individuals within the same population or neighboring populations were provided

for the first time (Rubini et al. 2005). These results mined the view, prevalent at that

time, that truffles were strictly selfing species (Bertault et al. 1998). Rather they

neatly pointed to a T. magnatum reproduction system based on outcrossing. Addi-

tionally, SSR markers have been used to genotype single T. magnatum ECMs

obtained under controlled conditions as reported in Rubini et al. (2001) and

provided the unequivocal evidence that truffle ECMs are formed by primary

(haploid) mycelia derived from the germination of single ascospores. Taken

together, these results have led to a reevaluation of T. magnatum reproductive

modes, in that they provided the clear-cut evidence that this species can outcross

and that its life cycle is predominantly haploid (Paolocci et al. 2006; Rubini

et al. 2007). In turn, the approaches pursued and results obtained in T. magnatum
have paved the way for studies aimed at assessing the life cycle and reproductive

mode in T. melanosporum and reach the same conclusion, i.e., this species can also

outcross (Riccioni et al. 2008). Finally, the sequencing of the T. melanosporum
genome led scientists to conclude that T. melanosporum is a heterothallic (i.e.,

obligate outcrossing) fungus since the two mating type genes, namely, MAT1-1-1
and MAT1-2-1, that control sexual reproduction in Ascomycetes, are harbored by

different strains (Martin et al. 2010a; Rubini et al. 2011b). In turn, sequence

information of the two T. melanosporum mating type genes has been seminal to

clone their orthologs in T. magnatum and prove that also the prestigious white

truffles result from sexual crossing between strains harboring the opposite mating

type genes (Martin et al. 2010b).
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The distribution of sexually compatible truffle strains has been investigated

recently by taking into account both ECMs and extra-radical mycelium in natural

and man-made T. melanosporum grounds. Briefly, these studies have documented

an uneven distribution of ECMs of different mating type in truffle grounds that has

been interpreted as the result of a competition between strains of opposite mating

type for their persistence on host plants (Rubini et al. 2011a; Linde and Selmes

2012; Murat et al. 2013). Although the genetic determinants underlying this

phenomenon have yet to be elucidated (for more information, see Rubini

et al. 2011a, 2014; Selosse et al. 2013; Le Tacon et al. 2015), such pattern of

ECM distribution might represent a factor limiting fructification. In fact, in a

heterothallic fungus, mycelia of opposite mating type must come into contact for

fertilization and fructification to occur. A different scenario was found considering

the distribution of extra-radical mycelia of the two mating types in the soil. The

analyses of DNA from soil samples have shown that often both mating types are

present in the same sample. However, the source of this DNA in the soil remains to

be understood, whether it comes from ascospores, mitotic spores (Urban

et al. 2004), free-living mycelia, or mycelia connected to ECMs and the possible

role of these elements in the fertilization process (Rubini et al. 2011a, 2014; Murat

et al. 2013; Le Tacon et al. 2015). But what about the distributional patterns of

T. magnatum strains of opposite mating type? As we learned above, the vegetative

propagation pattern of T. magnatum seems not to rely on the formation of stable

ECM structures on host plants. Consequently, investigating the distribution of

strains with different mating types on host plants is not only very challenging, but

it might be also not so informative. Notwithstanding, it is crucial to monitor the

spatial and temporal dynamics of sexually compatible T. magnatum strains, regard-

less of the structures/organs and propagules that they might form. Thus, in order to

glean a leap forward into the sexual propagation pattern of this fungus, the next

logical step will be to develop real-time PCR assays based on the two T. magnatum
MAT genes to monitor, in addition to the presence and abundance, also the mating

type of T. magnatum mycelia and/or propagules present in soil samples and likely

on plant partners.

6.4 Genetic Variability and Population Genetics

of T. magnatum

Different from other truffle species, T. magnatum has a particularly narrow distri-

butional range, being patchily found in some Italian regions from Piedmont to

Sicily and in some countries in the Balkan Peninsula (Frizzi et al. 2001; Rubini

et al. 2005), with a few samples recently found in the south of France (Tabouret

2011).

Within a given truffle species, the geographic provenance of truffles is much

taken into account to determine the price. As we highlighted previously,

6 Tuber magnatum: The Special One. What Makes It so Different from. . . 95



T. magnatum is traditionally thought as “Tartufo bianco di Alba”, and thus white

truffles marketed in Alba generally command a higher price. Indeed, across their

geographic range, truffles of a given species generally exhibit a significant vari-

ability in several key traits, one of the most salient being the aroma (Mauriello

et al. 2004; Splivallo et al. 2011). Whether or not genetic determinants concur with

environmental factors in driving organoleptic differences among truffles of differ-

ent provenance is a long-lasting debate among scientists and truffle stakeholders.

However, at least for T. aestivum, a correlation between genetic and aroma vari-

ability was reported (Splivallo et al. 2012; Molinier et al. 2015). In light of these

considerations, it is of pivotal importance to evaluate and map, by means of large-

scale population genetics studies, the extent of genetic diversity within each single

Tuber species of economical relevance.

The first studies dealing with the genetic variability of T. magnatum showed a

very limited intraspecific polymorphism. No genetic diversity was evidenced by

assessing RAPD (random amplification of polymorphic DNA) and ITS-RFLP

(restriction fragment length polymorphism of the internal transcribed spacer of

rDNA) markers over a low number of Italian ascomata (Gandeboeuf et al. 1997;

Mello et al. 2001). Later on, the presence of single nucleotide polymorphism

(SNPs) in the ITS region, in the β-tubulin gene, and in a sequence-characterized

amplified region (SCAR) was investigated across T. magnatum ascomata from

different Italian regions and from Croatia (Mello et al. 2005). Because of the

exiguous number of SNPs detected, the number of different haplotypes found was

very low. Similarly, when a broader investigation was performed by analyzing the

polymorphism of isoenzymes on 139 T. magnatum samples distributed in 13 Italian

populations, only two of the 11 enzymes tested were polymorphic. Consequently,

no interpretable evolutionary processes correlated with geological or climatic

phenomena emerged (Frizzi et al. 2001).

Parallel studies conducted on T. melanosporum by Bertault and colleagues

(1998) also showed a scant variation, within and among Italian and French

populations of this species. These authors explained such very low levels of

polymorphism as a result of a population bottleneck that occurred during the last

and coldest glaciation in the Quaternary, when the deciduous forest of Europe was

restricted to the Mediterranean coastal zone (Bennett et al. 1991). On these pre-

mises, it was concluded that “morphological and organoleptic differences seen over

the geographical range of the black truffles can probably be explained by environ-

mental variation rather than by genetic factors” (Bertault et al. 1998). In a following

paper, the same group suggested that such a bottleneck could have been also

experienced by other truffle species, such as T. magnatum that, similarly to

T. melanosporum, have a rather sparsely wooded habitat that makes them suscep-

tible to mortality due to freezing (Bertault et al. 2001). Overall, under these

assumptions, the genetic diversity in species such as T. melanosporum and

T. magnatum was expected to be low.

However, for both T. magnatum and T. melanosporum, a genetic differentiation
over their habitats was disclosed afterwards when a larger number of SSRs,

amplified fragment length polymorphism (AFLP), and/or ITS-SNP markers
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(Rubini et al 2004, 2005; Riccioni et al. 2008; Murat et al. 2004, 2011) was

employed. SSRs are the markers of choice for population genetics studies also in

fungi (Dutech et al. 2007; Douhan et al. 2011). Rubini and colleagues (2004)

isolated and characterized seven polymorphic SSR loci in T. magnatum and

assessed their variability in 316 individuals grouped in 26 populations, collected

from the entire distributional range of this species (Rubini et al. 2005). The different

parameters evaluated concurred to show a consistent intraspecific genetic variation.

Some populations exhibited private alleles as well as single highly frequent alleles.

For example, ascomata from three places of the Piedmont region, including the

well-known Alba, had four private SSR alleles. Similarly, the southern Italian

regions Molise, Campania, and Basilicata showed very high frequencies of another

specific allele. A high number of haplotypes was found across all samples

(265 among the 316 individuals) and many different haplotypes were generally

present within single populations as well as within single truffle grounds. Never-

theless, significant signals of a genetic and phylogeographic structure emerged.

Finally, the southernmost (Campania and Basilicata regions) and the north-

westernmost (Piedmont) T. magnatum populations resulted to be clearly distin-

guishable from all the others.

The glacial refugia of T. magnatum host species (e.g., Quercus, Corylus, Tilia,
and Carpinus spp.) were located in central and southern Italy from where they

spread northward as ice receded (Brewer 2002; Petit et al. 2003). Data on

T. magnatum suggest that the refugia for this species were located in central Italy

and that populations of this species spread northward and southward when ice

receded (Rubini et al. 2005).

Going back to the issue of what factors concur in shaping the aromatic profiles of

truffles, we note that there are many, spanning from pedoclimatic conditions of the

collection sites (Gioacchini et al. 2008), host plant species, microbiome (yeasts,

bacteria, and filamentous fungi) inhabiting fruiting bodies (Buzzini et al. 2005;

Pacioni et al. 2007; Splivallo et al. 2014; Splivallo and Ebeler 2015), down to the

genetic background of the fungal strain (Splivallo et al. 2012; Molinier et al. 2015;

see also Chap. 23). As we are now aware that T. magnatum populations are

genetically structured, their genetic background should be taken into account as a

potential driver of the aroma variability across white truffles from different areas.

To this purpose, metabolic profiling of truffles should be paralleled by high-

throughput genotyping. Along this line of reasoning, it will be interesting to assess

whether the T. magnatum truffles that show significant differences in the proportion

of volatile organic compound (VOCs), as those from Marche, Tuscany, and Emilia

Romagna regions (Gioacchini et al. 2008), can also be differentiated by molecular

markers.

In summary, it should be possible to genetically discriminate white truffles

according to their provenance. To this end, the ongoing T. magnatum genome

sequencing project will provide scientists in the near future with a plethora of

molecular markers to test even further this hypothesis. In turn, the successful

differentiation of T. magnatum strains and populations is the premise for actions

aimed at (a) tracing genetically the origin of local production as an effort to promote
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the social and economic development of specific rural areas and (b) preserving

T. magnatum biodiversity. In this regard, if programs of T. magnatum cultivation

are relaunched, then local fungal strains adapted to the areas of cultivation should

be, whenever possible, used for the inoculation of host plants.

6.5 Conclusions

The last years have witnessed a major breakthrough in several aspects of the life

cycle and population genetics of T. magnatum. These studies have highlighted that

T. magnatum populations are genetically structured and in turn that its biodiversity

across the species range has to be preserved. Also, these studies have questioned the

ability of T. magnatum in establishing a mutualistic symbiosis with its hosts via

canonical ECM structures. In turn, the recent progresses made in producing and

characterizing genuine T. magnatum mycorrhizal plants represent a fundamental

but still not sufficient step to manage productive man-made plantations. Thus, more

efforts need to be made to trace the fate of this fungus in the field and disclose the

structures and/or propagules that this fungus differentiates to accomplish its vege-

tative and sexual propagation phases. The development of molecular tools for

monitoring the spatial and temporal dynamics of sexually compatible

T. magnatum strains in the field will be the next frontier. These innovative molec-

ular tools will be of invaluable help for investigating the effects of soil practices on

persistence, spreading, and fructification of this fungus in the field and thus to set

new guidelines for the correct management of both natural and man-made truffle

grounds.
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Chapter 7

The Puberulum Group Sensu Lato (Whitish

Truffles)

Enrico Lancellotti, Mirco Iotti, Alessandra Zambonelli,

and Antonio Franceschini

7.1 Introduction

Tuber species in the Puberulum group sensu lato (s.l.) produce small and light-

colored ascomata with alveolate-reticulated ascospores. Members of this group are

commonly called “whitish truffles” (Zambonelli et al. 2000a), in order to distin-

guish them from the most precious species Tuber magnatum Pico (the Italian white

truffle). Puberulum group s.l. is the most widely distributed group and has the

highest species richness within Tuber genus (Bonito et al. 2010a). Its members have

been found all over the Northern Hemisphere associated with angiosperm and/or

gymnosperm in a wide range of habitats: from the northern boreal forests of Europe

and North America to the semiarid environments of Mexico and North Africa.

Moreover, unclassified members of the Puberulum group were also found as

ectomycorrhizas (ECMs) in the Southern Hemisphere (Bonito et al. 2010b). The

Puberulum group s.l. includes commercially valuable species which are becoming

increasingly popular in the marketplace. The most noteworthy species is Tuber
borchii Vittad. (“bianchetto” truffle) which, actually, is cultivated outside its native
areas and the extent of its plantations is increasing around the world. Actually, it is

successfully cultivated in New Zealand and Australia, and, more recently, it has

also been introduced in the USA (Zambonelli et al. 2015). Tuber gibbosum Harkn.
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(Oregon spring white truffle) and Tuber oregonense Trappe, Bonito and P. Rawl.

(Oregon winter white truffle) are well appreciated in North America, but the efforts

to cultivate them are in their infancy (Lefevre 2012). The potential culinary value of

all the other whitish truffles has to be investigated yet.

The term “Puberulum” was used for the first time by Knapp (1950) to group

together the Tuber species forming ascomata with smooth, papillate or rough

surface, soft texture, and globose asci bearing an early-disappearing stalk and

reticulate ascospores. Furthermore, the author define a Puberulum groupA including

nine species (Tuber puberulum Berk. & Broome, Tuber albidum Pico, Tuber
michailowskianum Bucholtz, Tuber rapaeodorum Tul. & C. Tul., T. borchii,
Tuber maculatum Vittad., Tuber mougeotii Quél., Tuber asa-foetida Lesp., and

Tuber lacunosum Mattir.) with small-meshed (<10 μm) and regularly reticulate

ascospores and a Puberulum group B consisting of three species (Tuber dryophilum
Tul. & C. Tul., Tuber foetidum Vittad., and T. magnatum) with large-meshed

(>10 μm) and irregularly reticulate ascospores. Thereafter, taxonomic relationships

of the whitish truffle species have been debated for decades by many other European

mycologists. Based on the spore dimension andmorphology, Gross (1987) identified

a Puberulum “cluster” within the white truffle species with small-sized ascomata,

which included T. borchii var. sphaerosperma Malençon (¼T. puberulum var. c),

T. puberulum (¼var. b), Tuber murinum R. Hesse (¼T. puberulum var. a), Tuber
exiguum R. Hesse, and T. borchii. Montecchi and Lazzari (1987) reported a redun-

dant increase of species within the Puberulum group and accepted as valid only

T. borchii, T. rapaeodorum, T. dryophylum, T. maculatum, T. puberulum, and
T. foetidum. As time passes, the validity of some of these species was questioned,

and new European species were included within the Puberulum group such as Tuber
oligospermum (Tul. & C. Tul.) Trappe (Riousset et al. 2001) and Tuber cistophilum
P. Alvarado, G. Moreno, Manj�on, Gelpi & J. Mu~noz (Alvarado et al. 2012).

The recent studies on molecular phylogeny of truffles have significantly

improved the taxonomy of Puberulum group s.l., unraveling most of the phyloge-

netic affiliations within it. For example, Jeandroz et al. (2008) demonstrated that

T. magnatum is phylogenetically well differentiated from the whitish truffles and

belongs to the Aestivum group. On the contrary, many Asiatic and American

species have been recently added to the Puberulum group s.l. (Wang et al. 2007,

2013; Jeandroz et al. 2008; Bonito et al. 2010a; Guevara et al. 2013).

Based on recent insight, we can consider as whitish truffles the Tuber species
forming fruiting bodies with the following general features (Fig. 7.1):

Ascomata: hypogeous, small (commonly<5 cm in diameter), solid, and firm; globose or sub-

globose, sometimes lobed;whitish at first becomingpale yellowish to yellow-brown or reddish-

brown; surface smooth or finely pubescent, rarely with minute and flat warts (T. foetidum)
Peridium: pseudoparenchymatous or plectenchymatous; yellow or darker toward the

surface, otherwise white/hyaline

Dermatocystidia: cylindric or needle with septa when present; hyaline or yellowish

Gleba: whitish at first becoming grayish-brown to yellowish-brown, marbled with

branching white veins arising from different points on the peridium

Asci: globose to ovate with 1–4 (�5) spores, thin-walled, sessile or short stipitate

Ascospores: hyaline at first becoming yellow-brown or reddish-brown at maturity,

bearing an alveolate reticulum 3–6 μm deep
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Fig. 7.1 Ascomata, peridium, and spores of T. borchii (a, b, c), T. dryophilum (d, e, f), and

T. oligospermum (g, h, i). Mycorrhizas of whitish truffles with P. nigra, A. unedo, and Q. robur
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The large amount of molecular data deposited in the public sequence reposito-

ries have represented a great resource to study the relationships among whitish

truffle species but their analysis also revealed inconsistencies and contradictions.

Indeed, part of the misidentified entries have been generated from the difficulties in

identifying the whitish truffle ascomata because only few taxonomic informative

traits of peridium and spores are available for species identification. However, most

of the conflicting entries are from European species described before the twentieth

century because the poor quality of the original descriptions led to disagreement

among taxonomists and a different application of the species concepts (Jeandroz

et al. 2008; Zambonelli et al. 2012). Then, the poor quality of the oldest holotypes in

herbarium collections made often difficult to obtain reference DNA sequences

useful to solve these controversies. Considering also that Puberulum group

s.l. contains the highest number of insufficiently identified taxa and most of the

diversity within Tuber genus (Bonito et al. 2010a), it remains the most controversial

group of truffle species.

This chapter aimed to investigate the phylogenetic relationships and the diver-

sity within Puberulum group s.l. based on the recent findings and the screening of

the internal transcribed spacer (ITS) rDNA sequences available in GenBank data-

base. We attempted to select an ITS reference sequence and, consequently, to assess

the current extent of misidentified entries for each whitish truffle species. Finally,

we reported the geographical distribution and intraspecific variability of each

member of the Puberulum group s.l. as well as the description of mycorrhizas

formed by these fungi.

7.2 Phylogeny of the Puberulum Group s.l.

Halász et al. (2005) were the first to explore the phylogenetic relationships within

Puberulum group, validating the distinction among T. rapaeodorum, T. foetidum,
T. maculatum, T. borchii, and T. puberulum. Wang et al. (2007) and Jeandroz

et al. (2008) sorted members of this group in four subclades, including new species

from Europe, Asia, and North America. Later, Bonito and colleagues (2010a)

separated the whitish truffle species in two different clades, Puberulum and

Maculatum, accounting for 37 (25 undescribed) and 19 (12 undescribed) species,

respectively, all around the world. A third closely related lineage, the Gibbosum

clade, was identified by only four species from North America. More recently, this

latter phylogenetic reconstruction was also confirmed by the analysis of three

different individual loci (28S large subunit rDNA, elongation factor 1-alpha,

RNA polymerase II) in addition to the common ITS rDNA-based phylogeny, and

Fig. 7.1 (continued) (l,m, n). Puzzle-like (o) and puzzle-like bearing a hyphal net (p) mantles and

cystidia (q) of whitish truffles
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it was estimated that the most recent common ancestors of Puberulum, Maculatum,

and Gibbosum clades diverged 65, 67, and 27 Mya, respectively (Bonito

et al. 2013).

Actually (date of accession 18 January 2015), about 800 ITS1-5.8S-ITS2 rDNA

complete sequences (>400 bp) attributable to the Puberulum group s.l. are depos-

ited in GenBank. To retrieve all the sequences (identified and insufficiently iden-

tified) belonging to this group of truffles, three reference sequences were selected

for each clade (Puberulum, Maculatum, and Gibbosum) and BLAST against

GenBank nucleotide database adjusting to 1000 the “max target sequences” param-

eter. The output sequences of each clade were aligned together by Muscle in

MEGA6 (http://www.megasoftware.net/, Tamura et al. 2013), and those of poor

quality and short length as well as the redundant entries were removed by the

datasets. A provisional neighbor-joining tree was then generated for each of the

three dataset for identifying and removing the sequences belonging to other Tuber
lineages after Bonito et al. (2010a). We assumed 97% ITS sequence similarity as

threshold for phylotype definition and species approximation. Phylotypes were

defined based on a similarity matrix constructed using MEGA6. Sequences with a

p-distance< 3% were grouped into the same phylotype. The 3% is commonly

accepted as global cutoff values for intraspecific variation in fungi (Nilsson

et al. 2008; Smith et al. 2007) and in Tuber spp. (Bonito et al. 2013) although it

is unable to discriminate cryptic species of whitish truffles (Bonuso et al. 2010;

Wang et al. 2013). For some species of the Maculatum clade, we adopted a more

stringent threshold for species definition after the work of Guevara et al. (2013) on

North American truffles. We defined a reference ITS sequence for each described

species of the Puberulum group s.l. according to one of the following criteria (listed

in order of priority) (Table 7.1, second column): (1) sequences from holotypes

considered by the “ITS RefSeq Target Loci project” (Schoch et al. 2014);

(2) sequences from holotypes characterized in various scientific works; and

(3) sequences from specimens in which characters are congruent with those

reported by Pegler et al. (1993), Astier (1998), Zambonelli et al. (2000b),

Montecchi and Sarasini (2000), Riousset et al. (2001), and Ceruti et al. (2003).

The validity of the reference sequences selected for T. borchii and T. maculatum
is supported by the analysis carried out by Mello et al. (2000) which amplified some

neotypes of “Vittadini original” collections with the species-specific primer pairs

TBA–TBB (Mello et al. 1999) and TmacI–TmacII (Amicucci et al. 1998),

respectively.

The ITS sequence divergence of each phylotype was measured by p-distance in
MEGA6, using either the correctly identified or misidentified sequences as well as

the unidentified sequences. Mean and max values of p-distance are reported in

Table 7.1.

It has not been possible to assign reference ITS sequences to T. asa and

T. sphaerospermum because, in our opinion, their genetic and morphological

identity is still controversial. All sequences from GenBank identified as T. asa
(1) and T. sphaerospermum (5) clustered within our T. oligospermum phylotype

(<3% diversity).
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T. asa was considered synonym of T. oligospermum by Alvarado et al. (2012),

but they were regarded as true species by other authors which, instead, considered

T. lacunosum synonym of T. asa (Ceruti 1960; Montecchi and Sarasini 2000;

Riousset et al. 2001; Ceruti et al. 2003).

Tuber sphaerospermum has been promoted to the rank of species only recently

by Roux (2006) but it was firstly identified as T. borchii var. sphaerosperma by

Malençon (1973). The original description of its ascomata reported regularly

spherical spores and a pseudoparenchymatous peridium. Tuber oligospermum
shows the same spore morphology but a plectenchimatous peridium as described

by Ceruti et al. (2003) who examined a syntype of the Mattirolo herbarium.

No ITS sequences are available in GenBank for the American truffle species

Tuber guzmanii Trappe and Cázares, Tuber irradiansGilkey, and Tuber levissimum
Gilkey which were included within the Puberulum group by Bonito et al. (2010a)

based on the sequence of their LSU rDNA gene.

7.3 Unreliability of the ITS Accessions and Unknown

Species

Several studies have questioned the taxonomic reliability of the entries in public

sequence databases, demonstrating that more than 10% of the identified ITS

sequences from fungi have been incorrectly annotated (Bridge et al. 2003; Nilsson

et al. 2006). Despite the efforts recently made by the scientific community to

improve the quality and the interpretation of database submissions (Tedersoo

et al. 2011; Nilsson et al. 2012), compromised annotations still hamper the correct

interpretation of the molecular data of some fungal taxa. Among these, whitish

truffles account for a significant number of incorrect annotations.

GenBank ambiguities have been revealed in two different ways with respect to

each reference entry: (1) entries with the same ITS sequence but differently named

(Table 7.1, column 6) and (2) entries with the same name but with ITS sequence

clustering in a different phylotype (Table 7.1, column 8). According to our criteria

of analysis, we found 83 ambiguous entries (31% of total identified sequences

belonging to the Puberulum group s.l.) in the first case and 127 ambiguous entries

(47% of total) in the second case. Erroneous annotations were found in 10 out of

38 described whitish truffle species represented by at least one GenBank entry

(Table 7.1). The highest number of misidentified entries has been found for

T. puberulum, T. maculatum, T. oligospermum, T. rapaeodorum, T. dryophilum,
and T. borchii (Table 7.1). More than 75% of the sequences identified as

T. puberulum (31 out of 39), T. oligospermum (28 out of 36), and

T. rapaeodorum (22 out of 25) fall into other phylotypes in addition to that of the

respective reference sequence (Table 7.1, columns 4 and 8). On the contrary,

T. maculatum and T. dryophilum show the highest number of sequences (24 and

23, respectively) erroneously accessioned under other whitish truffle species

(Table 7.1, column 6).
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The reliability of the recent described Asiatic species Tuber polyspermum (Fan

et al. 2011a) and Tuber microsphaerosporum (Fan et al. 2012a) must be verified

because they are both represented by a single ITS sequence clustering within the

Tuber lijiangense L. Fan and J. Z. Cao phylotype. Likewise, the unique sequence

identified as T. murinum (JF261371) is similar to those of the Tuber beyerlei Trappe,
Bonito, and Guevara holotype. The validity of T. murinum was debated for a long

time, and, recently, it has been ignored by taxonomists (Ceruti et al. 2003).

Also the number of insufficiently identified sequences attributable to described

species of the Puberulum group s.l. is remarkable. In fact, 42% (249 out of 594) of

the sequences of these species are mainly from ECMs or soil clones with the highest

values registered in T. maculatum (53 out of 90) and Tuber anniae W. Colgan &

Trappe (29 out of 46).

Based on the sequences from mycorrhiza, soil clone and unidentified ascomata

deposited in GenBank, Bonito et al. (2010a) added 25 and 12 putative undescribed

species to the Puberulum and Maculatum clades, respectively. A number of these

unknown phylotypes have been recently identified and their ascomata characterized

(Guevara et al. 2013). Our analysis found a total of 53 unidentified phylotypes in the

Puberulum (43) and Maculatum (10) groups, whereas no unidentified species were

revealed for the Gibbosum group. Most of these unidentified phylotypes appeared

only recently in GenBank (later than Bonito et al. 2010a), and 18 out of 53 are only

represented by one sequence.

7.4 Phylogeography

Whitish truffles represent the most widely distributed group of species in the world

although many of them appear to have a native distribution range restricted to

continental or subcontinental scale. Indeed, truffle cultivation, forestry, and nursery

trade have contributed to introduce a number of whitish truffle species into novel

habitats (Barroetave~na et al. 2005; Hall et al. 2007; Bulman et al. 2010; Wang

et al. 2013). However, to date, the number of species shared between continents is

still low (six for both Puberulum and Maculatum groups).

7.4.1 Puberulum Clade

Puberulum clade is the most abundant and ubiquitous clade of whitish truffle

species, with members distributed across Europe, Asia, North America, South

America, and northern Africa (Fig. 7.2). A new unidentified species belonging to

the Puberulum group was also found in Argentina analyzing ITS sequences from

ECMs of Nothofagus spp. and Salix humboldtiana Willd. natural stands (Bonito

et al. 2013). Based on the sequence metadata, all described species from Asia and

America have been found only in China (11 species), the USA (Tuber californicum
Harkn.; Tuber pacificum Trappe, Castellano, and Bushnell; Tuber sphaerosporum
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HM485397 (N-Am)
KJ411454 (SAs)
EU554690 (N-Am)
HE820674 (N-Am)
HM485387 T. separans (N-Am)
JQ991906 (EAs)
AB553469 (EAs)
AB553510 (EAs)
AB553497 (EAs)
NR119983 T. cistophilum (SEu)
AJ969626 T. puberulum (CEu-NEu)
FJ554490 T. borchii (Eu)
FJ348398 (N-Am)
FJ348403 (N-Am)
KF742740 (Eu-Am)
KC840647 (N-Am)
NR119860 T. anniae (NEu-N-Am-EAs)
AY702816 (N-Am)
HM485378 T. pacificum (N-Am)
GU907804 (N-Am)
HM485401 (N-Am)
JN102413 (N-Am)
DQ898182 T. liui (EAs)
NR 119621 T. zhongdianense (EAs)
JQ910651 T. huizeanum (EAs)
NR111718 T. pseudomagnatum (EAs)
JQ393152 (N-Am)
HM485351 T. californicum (N-Am)
HM485390 T. sphaerosporum (N-Am)
HE687180 (Eu-WAs)
AF003917 T. dryophilum (Eu)
EU931686 (EEu)
JX092086 T. sinosphaerosporum (EAs)
AB553465 (EAs)
KF805727 T. lijiangense (EAs)
AB553464 (EAs)
GU722194 (EAs)
AB553466 (EAs)
AB553467 (EAs)
FJ803957 (EAs-N-Am-NEu)
KC840623 (N-Am)
AJ410864 (SEu-NAf)
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Fig. 7.2 Neighbor-joining tree ( p-distance) of described and undescribed species of Puberulum

clade. Accessions without the species name are referred to undescribed Tuber species. The

bootstrap consensus tree was inferred from 100 replicates. Branches corresponding to partitions
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Gilkey), or both the USA and Mexico (Tuber separans Gilkey). However, the

number of entries attributable to these species is probably still too low to determine

their entire range of distribution. On the contrary, four out of five species are

widespread in Europe and have been also found in Iran (T. dryophilum and

T. puberulum) and Morocco (T. oligospermum) or are cultivated around the world

(T. borchii). According to the current metadata, T. cistophilum is only present in the

Iberian Peninsula, and as T. oligospermum, it might be a species confined to the

Western Mediterranean areas, with a preference for acid soils (Alvarado

et al. 2012). The higher intraspecific diversity within T. oligospermum than

T. cistophilum is probably due to the different range of collection sites. Tuber
oligospermum has also been found outside the Iberian Peninsula, and its ITS

sequences are grouped in two subclades, the first distributed in Morocco, Portugal,

and Spain and the second in Sardinia (Italy) and Spain. On the contrary to the latter

two species, the phylotype identified by us as T. puberulum almost grows in the

northern temperate areas of middle Europe, from France and England to Poland and

Czech Republic. To date, no molecular evidence of this species in Italian and

Iberian Peninsulas as well as in the south Balkans or Scandinavia has been found.

Tuber borchii and T. dryophilum are ubiquitous in Europe and share the same

distribution range and, often, also the same habitat (Iotti et al. 2010). Both species

grow in cold-temperate to Mediterranean regions, from Iberian to Balkan Penin-

sulas (Hall et al. 2007). They are commonly found in calcareous sub-alkaline soils

but can also colonize host species in acid soils (Peintner et al. 2007; Lancellotti and

Franceschini 2013). ITS sequences of T. borchii are also from nonnative countries

(the USA, British Columbia, New Zealand) probably due to increased cultivation of

this truffle or introduced host plants. Tuber borchii is the whitish truffle mostly

represented in GenBank with more than 120 entries, and our analysis revealed

highest diversity within Puberulum group s.l. Its ITS variation is distributed

between two main subclades, considered as cryptic species by Bonuso

et al. (2010). Collections of the first group (clade I of Bonuso’s work) are distrib-

uted mainly throughout Italy, whereas the second group (clade II) is ubiquitous in

Europe. A significant genetic diversity was also found in T. dryophilum and the

analysis of ITS sequence from 44 entries distinguished 6 subclades without any

geographic structure. However, most of the diversity was found in Italy which

might represent the area of diversification for this species.

Tuber anniae is the species of the Puberulum group with the largest geographical

distribution. Its ascomata and ECMs have been mainly found in the coldest region

of the Northern Hemisphere, but there is evidence for introduction of this species

also in New Zealand (Bulman et al. 2010) and Hawaii (Hynson et al. 2013). Wang

et al. (2013) considered T. anniae a species complex composed by three distinct

⁄�

Fig. 7.2 (continued) reproduced in less than 50% bootstrap replicates are collapsed. Evolutionary

analyses were conducted in MEGA6. Am America, N-Am North America, SAm South America,

EAs East Asia, SAs South Asia,WAsWest Asia, Eu Europe, NEuNorth Europe, SEu South Europe,
CEu Central Europe, EEu East Europe
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clades not supported by distinct morphological differences of their ascomata.

Members of the clade I have been only found in North America, whereas clades

II and III represent geographically disjunct phylotypes, which both include

sequences from Europe and North America (Wang et al. 2013). Tuber anniae has

been recently found also in northern Japan (Hashimoto et al. 2012) to form

symbiosis with Betula ermanii Cham., a tree species widespread also in Russian,

Korea, and China (Li and Skvortsov 1999). So, this species complex could have a

wider distribution range than previously supposed.

With respect to Bonito et al. (2010a), we found 23 additional unidentified

phylotypes within Puberulum clade, mostly from East Asia. Two unidentified

phylotypes (Tuber sp. 33 and Tuber sp. 29 from Bonito’s work) have been recently

described as Tuber pseudosphaerosporum L. Fan (Fan and Yue 2013) and

T. lijiangense (Fan et al. 2011b).

7.4.2 Maculatum Clade

Maculatum clade includes ten described species found exclusively in North Amer-

ica (Tuber shearii Harkn.; Tuber lauryi Trappe, Bonito & Guevara; Tuber
whetstonense J. L. Frank, D. Southw. & Trappe; Tuber walkeri Healy, Bonito &

Guevara; T. beyerlei; Tuber guevarai Bonito & Trappe; Tuber castilloi Guevara,
Bonito & Trappe; Tuber miquihuanense Guevara, Bonito & Cázares; Tuber
mexiusanum Guevara, Bonito & Cázares, and Tuber linsdalei Gilkey) and four

described species from Europe (T. maculatum, Tuber scruposum R. Hesse, T.
rapaeodorum, T. foetidum) rarely found also in Asia (Fig. 7.3). In general, intra-

specific ITS diversity of European species is lower than American species.

Within Maculatum group, T. maculatum was the phylotype with the highest

number of ITS entries which are grouped in six main subclades. Members of these

subclades share a similar geographic range of distribution, from the Netherlands to

Iran and from Italy to Finland. A unique sequence from China forms an additional

basal subclade which might represent a native Asiatic cryptic species of

T. maculatum (GU134516). Our analysis revealed also the introduction of

T. maculatum in Canada, the USA, and New Zealand.

Tuber maculatum ascomata can be easily confused with those of

T. rapaeodorum and our analysis confirmed the taxonomic difficulties in

distinguishing between these species (Table 7.1). According on our criteria for

species selection, T. rapaeodorum should be only present in East Europe and South

Caspian region.

Tuber scruposum was found in the same areas where T. rapaeodorum grow as

well as in central Europe (Italy, Germany, and Austria). Its ITS sequences are

grouped in two subclades which do not show any geographic structure. The

reference sequence selected for T. scruposum correspond to the Tuber
sp. 37 (scruposum 1) phylotype after Bonito et al. (2010a) which is phylogeneti-

cally distinct from Tuber sp. 40 (scruposum 2), found both in North America and

Europe. ITS diversity between these two phylotypes (>7%) does not seem
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supported by evident differences in morphology of their ascomata. In fact,

Badalyan et al. (2005) classified as T. scruposum the ascomata of both species

collected in an oak-hornbeam forest near Dilijan (Armenia).

With respect to Bonito et al. (2010a), our analysis revealed only one new

unidentified phylotype from ECMs collected in a T. magnatum truffle ground

located in South Italy (Leonardi et al. 2013). Two unidentified phylotypes (Tuber
sp. 39 and Tuber sp. 45 from Bonito’s work) and other four new species have been

recently described by Guevara et al. (2013).

7.4.3 Gibbosum Clade

Gibbosum clade includes only four described species (T. gibbosum, Tuber
bellisporum Bonito & Trappe, Tuber castellanoi Bonito & Trappe, and T.
oregonense). All 34 analyzed ITS sequences have been obtained by ascomata or

 NR119865 T. castilloi (N-Am)

 JF419252 T. guevarai (N-Am)

 AY634177 (N-Am)

 KF414687 (Eu-As) 

 NR119866 T. beyerlei (N-Am)

 HM485370 T. linsdalei (N-Am)

 EU292221 (N-Am-NEu)

 NR119867 T. mexiusanum (N-Am)

 JF261405 T. scruposum 2 (Eu–N-Am)

 NR119868 T. miquihuanense (N-Am)

 NR119864 T. whetstonense (N-Am)

 HM485407 (SAs) 

 KC517481 T. boemiense (Nepal) 

 JX625380 (SAs-SEu) 

 DQ011845 T. scruposum 1 (Eu-WAs) 

 GQ219935 (Eu) 

 FJ008032 (N-Am)

 HM485389 T. shearii (N-Am)

 AY634172 (N-Am)

 NR119862 T. lauryi (N-Am)

 JF419265 T. walkeri (N-Am)

 JN870099 T. microverrucosum (As) 

 AJ557544 T. foetidum (Eu-EAs) 

 AF003919 T. maculatum (Eu-EAs) 

 DQ011850 T. rapaeodorum (Eu) 

 AJ557516 (EEu) 

 American subclade 

 Eurasian subclade 

 Intercontinental subclade 

 Intercontinental subclade 

 American subclade 

 American subclade 

Fig. 7.3 Neighbor-joining tree ( p-distance) of described and undescribed species of Maculatum

clade. Accessions without the species name are referred to undescribed Tuber species. The

bootstrap consensus tree was inferred from 100 replicates. Branches corresponding to partitions

reproduced in less than 50% bootstrap replicates are collapsed. Evolutionary analyses were

conducted in MEGA6. N-Am North America, As Asia, EAs East Asia, SAs South Asia, WAs
West Asia, Eu Europe, NEu North Europe, SEu South Europe, EEu East Europe
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ECMs collected in western North America. Montecchi and Sarasini (2000) and

Pomarico et al. (2007) reported T. gibbosum ascomata from Emilia-Romagna

(northern Italy) and Basilicata (Southern Italy), respectively, but evidences for

these collections are not available in GenBank database. This truffle species was

probably introduced in Italy together with Pseudotsuga menziesii (Mirb.) Franco, a

nonnative European tree present in both collection sites. Species of the Gibbosum

clade are characterized by a low intraspecific ITS variation (Table 7.1), and unlike

the other Tuber lineages, they appear to be exclusively associated with Pinaceae

hosts (Bonito et al. 2010b; Bonito et al. 2013). Five years after Bonito et al. (2010a),

also our analysis did not reveal unidentified phylotypes within Gibbosum clade.

7.5 Mycorrhizas

Many species of the Puberulum group s.l. have been proven to form ECMs with a

wide range of host plants either in greenhouse or in the field. Mycorrhizas of

T. borchii have been synthesized and described on a wide range of host plants:

Pinus strobus L. (Scannerini and Palenzona 1967), Pinus pinea L. (Zambonelli

et al. 1995), Pinus radiata D. Don (Du~nabeitia et al. 1996), Quercus robur
L. (Fontana et al. 1992; Boutahir et al. 2013), Quercus pubescens Willd.

(Zambonelli et al. 1993), Quercus suber L. (Zambonelli and Branzanti 1989),

Tilia platyphyllos Scop. (Granetti et al. 1995; Sisti et al. 1998), Corylus avellana
L. (Zambonelli and Branzanti 1984; Fontana et al. 1992; Rauscher et al. 1996),

Populus sp. (Fontana and Palenzona 1969), Castanea sativa Miller (Zambonelli

and Branzanti 1989), Alnus cordata (Loisel.) Desf. (Zambonelli and Branzanti

1989), Carya illinoinensis (Wangenh.) K. Koch (Benucci et al. 2012), and Arbutus
unedo L. (Lancellotti et al. 2014). ECMs of T. puberulum on Picea abies Karst.
(Blaschke 1988), T. maculatum on Ostrya carpinifolia Scop. (Zambonelli

et al. 1999), T. oligospermum on Quercus cerris L. (Bencivenga et al. 1997), and

Q. robur (Boutahir et al. 2013) have also been synthesized. In natural condition

whitish truffles have been found in association with a broad host range, including

both gymnosperm and angiosperm (Kovács and Jakucs 2006; Iotti et al. 2010;

Leonardi et al. 2013). Whitish truffles are also susceptible to orchid colonization

(Tešitelová et al. 2012).

ECMs established by the whitish truffle species share a common morphology

and only little differences could be detected in some anatomical characters

(Fig. 7.1). However, these differences are usually wide even within the same

species and partially overlap between species of whitish truffles. Unramified ends

are commonly club-shaped, straight, yellow ochre (younger tissues) to brown (older

tissues), with a smooth or spiny surface. The mantel is pseudoparenchymatous with

roundish to epidermoid cells, sometimes covered by a hyphal network, and the

cystidia, when present, are needle-shaped, straight, or slightly bent, hyaline with a

blunt tip and one basal septa (sometimes 2). Emanating hyphae are rare, septate,

hyaline, without clamps, and not frequently ramified. Rhizomorphs have never been

found.
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Characters useful to discriminate ECMs of different whitish truffles can be only

found in cystidia and mantle cells although the shape of mantle cells can slightly

vary depending on the strain and the host plant (Giomaro et al. 2000). Kovács and

Jakucs (2006) confirmed this statement analyzing ECMs formed by different

species of the Puberulum group s.l. in natural conditions. For example, cystidia

of T. oligospermum show a frequent basal inflation which can be used to discrim-

inate ECMs of this species (Bencivenga et al. 1997; Boutahir et al. 2013). Tuber
maculatum ECM differs from those of T. borchii for the shorter cystidia

(Zambonelli et al. 1999).

7.6 Conclusions

The Puberulum group s.l. is the phylogenetic group inside the genus Tuber having
the greatest genetic and species diversity, not supported by a similar variability in

morphology of ascomata, ECM, or mycelia. Most of the whitish truffle species are

difficult to differentiate morphologically and the number of cryptic species within

this group is probably high. As a consequence, these species are often misidentified

or insufficiently identified in GenBank, and, so, caution has to be exercised in

interpreting the BLAST results for the molecular identification.

This context led to confusion among researchers who are concerned with the

study of these truffles. Moreover, being some whitish truffles of high economic

importance, this confusion may have negative effects on truffle market and culti-

vation. In fact, in many parts of Italy and throughout Europe, the precious species

T. borchii is very often confused with other Tuber species in the Puberulum group

s.l. such as T. maculatum, T. dryophilum, and T. puberulum which have poor

culinary quality (Montecchi and Sarasini 2000). Misidentification of T. borchii
ascomata may produce ecological and economic problems when alien or nontarget

species are used to inoculate the seedlings for truffle cultivation.

We aim that reference sequences and morphological considerations reported in

this chapter will help in research and practical studies on whitish truffles and will be

a starting point for developing shared species concepts.
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Chapter 8

A Brief Overview of the Systematics,

Taxonomy, and Ecology of the Tuber rufum
Clade

Rosanne Healy, Gregory M. Bonito, and Matthew E. Smith

8.1 Introduction

The most comprehensive assessment of Tuber phylogeny to date showed that the

Rufum clade is one of the three most speciose in the Tuberaceae (Bonito

et al. 2010). Perhaps not surprisingly, the three most species-rich clades (the

Rufum clade, the Maculatum clade, and the Puberulum clade) also contain the

highest number of insufficiently identified sequences and undescribed taxa, illus-

trating the fact that these groups have not been adequately studied (see also

Chap. 7). In this chapter we provide an overview of what is known about the

Rufum clade of Tuber.

8.2 The Tuber rufum Species Concept

Tuber rufum Pico is a well-known, if not well-understood, species. It was described

more than two centuries ago (1788) and was one of the original Tuber species

treated by Elias Fries in his Systema Mycologicum (1823). Tuber rufum was

described as globose, smooth, with a dirty white gleba that later becomes rufescent

with white veins. We do not know the etymology for certain, but the epithet

“rufum” means “red,” and we infer that “rufum” refers to the reddish color of the

mature gleba, although the peridium is also reddish. This species is thought of as
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morphologically variable and common in Europe wherever Tuber magnatum Pico

and Tuber melanosporum Vittad. are found. Perhaps due to the high level of

morphological variability, other described species have been synonymized with

T. rufum, and a number of forms, varieties, and subspecies have been described for

T. rufum. Corda (1854) recognized the species with spiny spores as being suffi-

ciently different from the species with alveolate-reticulate spores to transfer the

former, including T. rufum, to his new genus Oogaster. However, Oogaster was not
much accepted and fell into disuse. Fischer (1923) subdivided T. rufum into

subspecies Tuber rutilum and T. rufum, and he also described three varieties

(apiculatum, brevisporum, and oblongisporum). Tuber ferrugineum Vittad. and

Tuber nitidum Vittad. were considered forms of T. rufum by Montecchi and

Lazzari (1993).

Knapp (1950) attempted to order the genus Tuber by delineating groups based on
morphology. He designated the “rufum” group because T. rufum was the earliest

described of the species in the group. Riousset et al. (2001) also adopted this

convention. Besides T. rufum, this group included T. nitidum, Tuber panniferum
Tul. and C. Tul., Tuber requienii Tul. and C. Tul., and T. rufum f. lucidum
(H. Bonnet) Montecchi and Lazzari. Jeandroz et al. (2008) were the first to use

phylogenetic inference to delimit Tuber based on molecular characters. In their

analyses based on 5.8S and ITS2, they found that T. panniferum (another spiny-

spored Tuber species) belonged in the Aestivum clade and that the following

species were well supported in a monophyletic Rufum clade: T. rufum, Tuber
candidum Harkn., T. ferrugineum, Tuber huidongense Y. Wang, Tuber
liaotongense Y. Wang, Tuber quercicola J. L. Frank, D. Southw., and Trappe,

Tuber taiyuanense B. Liu, and Tuber sp. 1 (Wang et al. 2007). They also found that

Tuber spinoreticulatum Uecker and Burds. represents the earliest diverging lineage

and is sister to the rest of the Rufum clade. Later analyses of a much larger ITS data

set by Bonito et al. (2010) agreed overall with Jeandroz et al. (2008), but their

improved taxon sampling showed that T. candidum was a species complex, and

they added the following to the Rufum clade: Tuber lucidum H. Bonnet, Tuber
lyonii Butters, Tuber malacodermum E. Fisch., T. nitidum, and Tuber texense
Heimsch, along with 25 undescribed species. The undescribed taxa were delimited

based on ITS clustering at 96% similarity. These numerical designations are

species hypotheses (Kõljalg et al. 2013) intended to stabilize a species concept

until the species can be fully described. Bonito et al. (2013) conducted additional

multilocus analyses that also supported the monophyly of the Rufum clade and

confirmed that T. spinoreticulatum is sister to all other known taxa. Bonito

et al. (2010, 2013) supported the validity of T. ferrugineum and T. nitidum, whereas
Bonito et al. (2010) also supported the distinctness of T. lucidum (which was not

included in the 2013 study). No sequence data are available for T. requienii, but
putatively undescribed species close to T. ferrugineum and T. rufum should be

morphologically compared with the description of T. requienii and also compared

with the varieties described by Fischer (1923).
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8.3 Taxonomy and Species Diversity Within the Rufum

Clade

In our most recent reconstruction of the Rufum clade (Fig. 8.1), we have removed

erroneous species names in order to reduce confusion and clarify species limits. We

included described species names for 18 types or verified specimen-based

sequences. For all other taxa, we used species hypotheses designations based on

the phylogenetic inferences of Jeandroz et al. (2008) and Bonito et al. (2010, 2013).

Since the first major molecular phylogenetic studies of Tuber, the number of

species in the Rufum clade has grown from 8 (Jeandroz et al. 2008) to 39 (Bonito

et al. 2010) to our current hypothesis of approximately 43 species, including five

species complexes that require further study. The number of species in the Rufum

clade will likely continue to increase as investigators sequence additional

ectomycorrhizal (ECM) root tips and truffles from diverse locations. Here we

include 18 described species and 25 undescribed species or species hypotheses,

including five taxa known only from ECM root tips (Tuber sp. 51, 58, 61, 63, 67).
Tuber furfuraceum H. T. Hu and Y. I. Wang was synonymized with T. huidongense
by Deng et al. (2009), but in agreement with Huang et al. (2009), our analysis

suggests that T. furfuraceum is a unique taxon.

8.4 Morphological Characterization of the Rufum Clade

Prior to the application of molecular tools, Trappe defined the T. rufum group for

taxa with (1) smooth to minutely verrucose peridia (Fig. 8.2a), (2) asci with three-

layered walls and a stem (Fig. 8.2b), and (3) spiny spores (Trappe et al. 1996). The

current phylogenetic reconstruction of the Rufum clade suggests a more diverse

morphology. Although most species have spiny spores, this character appears to

exist along a continuum of elaboration of spore ornamentation. Toward one end of

the continuum are taxa with isolated spines [e.g., T. rufum, T. candidum complex,

T. quercicola, and T. lucidum complex (Fig. 8.1)], in the middle of the continuum

are taxa with spines that are sometimes connected to adjacent spines by low ridges

to form an incomplete reticulum [e.g., members of the T. lyonii complex and many

undescribed North American species (Fig. 8.2c)], and at the other end of the

continuum are taxa with fully connected spines that form a full reticulum [e.g.,

T. spinoreticulatum and many of the Chinese species (Figs. 8.1 and 8.2d)]. Char-

acter state reconstruction analysis in Tuber indicates that the ancestral spore

ornamentation was most likely alveolate-reticulate and that spiny-reticulate orna-

mentation evolved independently by the loss of tissue along the ridges connecting

junctions of the alveolae in the Aestivum clade and in the common ancestor of the

Melanosporum and Rufum lineages (Bonito et al. 2013). The reduction of orna-

mentation within the Rufum lineage is at its most extreme in Tuber melosporum
(G. Moreno, J. Dı́ez, and Manj�on) P. Alvarado, G. Moreno, J. L. Manj�on, and Dı́ez,
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Fig. 8.1 Maximum likelihood phylogram of T. rufum clade based on publicly available ITS rDNA

sequences (with GenBank numbers) and unpublished data (with collector numbers). Ambiguous

regions within the nucleotide alignment were excluded in Gblocks under the least stringent

settings (Castresana 2000), and RAxML using a GTR+ gamma model of nucleotide substitution

(Stamatakis 2014) was used to generate the phylogeny. Based on the analysis of Bonito

et al. (2013), we used T. spinoreticulatum as the out-group taxon. Thickened branches represent

bootstrap support greater than 84% based on 1000 iterations. Asterisks denote sequences from type

collections. Species hypotheses for undescribed species (Tuber sp. followed by numbers) follow

the conventions of Bonito et al. (2010)
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where the spores have lost all ornamentation and are smooth. Tuber polyspermum
L. Fan and J. Z. Cao was thought to belong to the Rufum clade (Fan et al. 2011) but

the ITS sequence shows affinities to the Puberulum clade (see Chap. 5). This

suggests a third, putatively independent transition toward spiny spores, this time

in the Puberulum lineage.

While many species in the Rufum clade have a smooth to minutely verrucose

peridium, T. huidongense, T. melosporum, and Tuber subglobosum L. Fan and C. L.

Fig. 8.2 (a) Smooth to slightly verrucose peridium of T. lyonii complex species (bar¼ 2 mm). (b)

Stalked ascus of T. spinoreticulatum, with spiny-reticulate spores (bar¼ 5 μm). (c) Spores of

T. lyonii complex species showing low-lying connections between spines that create a partial

reticulum (bar¼ 5 μm). (d) Young spores of T. spinoreticulatum developing with full reticulum

and spines in an ascus (bar¼ 10 μm). (e) ECM roots of C. illinoensis and T. lyonii (bar¼ 500 μm).

(f) T. lyonii harvest in pecan orchard (bar¼ 5 cm)
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Hou are more obviously verrucose or warted. Most species are pale to more deeply

yellow-brown to reddish-brown, but T. quercicola and T. lucidum are much darker

reddish-brown to purple-black than the others.

Most Rufum clade species are described with a two-layered peridium where the

layers are sometimes difficult to distinguish: an outer layer of textura intricata to

angularis (with occasional swollen cells in some species) and an inner layer of

textura intricata. However, the peridium of T. quercicola is composed of textura

intricata in both layers (Frank et al. 2006). Globose spores have not been found in

any Rufum clade species; all species described so far have spores that are broadly or

narrowly ellipsoid to subglobose with one spore pole often having an acute angle.

ECMs of species in the Rufum clade have been morphologically described for

T. rufum (Iotti et al. 2007 and references therein), T. candidum (Frank et al. 2006),

and T. furfuraceum (Huang et al. 2009), among others. The ECM mantle is similar

to those of other Pezizales in being thin, pseudoparenchymatous, and with limited

emanating hyphae (Fig. 8.2e). They tend to lack the bristlelike cystidia or other

cystidia types that are characteristic of other Tuber clades.

8.5 Biogeography and Distribution of Species Within

the Rufum Clade

Species in the Rufum clade are mostly found in North America, Europe, and Asia.

One species (sp. 57) was recovered from a Tilia root in New Zealand and an

herbarium specimen of “Tuber rufum” was collected from New Zealand in 1941,

but this specimen has not been sequenced. These undoubtedly represent an intro-

duction to New Zealand with foreign soil or plant material (Bonito et al. 2010;

Bulman et al. 2010).

There have been two molecular clock analyses of Tuber origin and biogeogra-

phy. For the diversification of the Melanosporum and Rufum clades from a com-

mon ancestor, Jeandroz et al. (2008) hypothesized a European origin around

70 Mya, while Bonito et al. (2013) hypothesized a North American origin around

86 Mya. Differences between the estimates may be attributed to the greater taxon

sampling and model complexity used by Bonito et al. (2013). Bonito et al. (2013)

incorporated topological and branch length uncertainty into their Bayesian model

and had a larger, more diverse taxon sampling set that included Southern Hemi-

sphere Tuberaceae that were not available to Jeandroz et al. (2008). Half of the

Rufum clade taxa delimited thus far are from North America which is consistent

with a hypothesized initial species radiation in North America. Dispersal from

North America to Europe and Asia was putatively via the Thulean North Atlantic

Land Bridge (Bonito et al. 2013).
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8.6 Mycorrhizal Ecology of Tuber Species Belonging
to the Rufum Clade

Most species in the T. rufum clade are ECM associates of angiosperms, particularly

of Quercus, but they are also found on Populus, Salix, Corylus, and Carya (Frank

et al. 2006; Huang et al. 2009; Bonito et al. 2010). Members of the clade are

widespread in many plant communities but are most dominant and diverse in

angiosperm-dominated forests and woodlands with neutral to high pH soils (e.g.,

Bertini et al. 2006; Jumpponen et al. 2010; Smith et al. 2007). There are a few ECM

root sequences from pines in North America (Gladish et al. 2010; Glassman

et al. 2015) and China (Deng et al. 2009) and reports of truffles from the Rufum

clade fruiting with Pinaceae in China (Cao et al. 2011) and Europe (Stobbe

et al. 2012). A number of species have also been found from the roots of Epipactis
(Bidartondo et al. 2004). These are mycoheterotrophic terrestrial orchids that

parasitize ECM fungi and some species of Epipactis are known to regularly

parasitize Tuber species (e.g., Selosse et al. 2004). An ecological consequence is

that Tuber and other Pezizalean ECM fungi appear to provide a favorable environ-

ment for Epipactis orchids to become established and may thus facilitate the

invasion of this orchid into nonnative regions (Ogura-Tsujita and Yukawa 2008).

8.7 Commercial Value and Edibility of Tuber Species
in the Rufum Clade

Tuber rufum itself is considered to have little flavor, and the taste was said to be

insipid and undelightful (“insipidum and gusto injucundo,” attributed to Borch by

Fries 1823). It has no commercial value, but since it grows where commercially

important species grow, it is inadvertently harvested along with target species and

its spores make it into root inoculum. Thus, it is regarded as an accidental contam-

inant or weed on inoculated tree roots in truffle orchards (Iotti et al. 2007). How-

ever, one member of the Rufum clade, T. lyonii (Fig. 8.2f), is among the most

commercially important Tuber species in North America, along with Tuber
gibbosum Harkn. and Tuber oregonense Trappe, Bonito, and P. Rawl. (Bonito

et al. 2011, 2013). The value of T. lyonii is currently around $160–$200 per lb or

314–393 € per kg (Smith et al. 2012; Sharma et al. 2012). Members of the T. lyonii
complex can be found with a wide array of host plants across the Eastern USA,

including species of Quercus, Corylus, and Carya. However, T. lyonii is most

commonly collected in commercial orchards of pecan [Carya illinoensis
(Wangenh.) K. Koch] in the Southeastern USA where truffle orchards can take

advantage of the association of T. lyonii with pecan trees to form a dual crop

(Bonito et al. 2009, 2011; Sharma et al. 2012; Smith et al. 2012). Tuber lyonii was
first described from Minnesota in early spring (Butters 1903), an unusual time to

find Pezizales truffles in the Upper Midwest USA and north of the range limit for
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C. illinoensis. The type collection is in good condition and has been examined

morphologically but DNA sequencing has not been possible. To date, none of the

spiny-spored truffles collected more recently in Minnesota fit the morphological

description of T. lyonii, and the exact identity of this taxon still needs to be resolved.
The identity of T. texense is also uncertain, and the possibility that it is a synonym

of T. lyonii prevents us from trying to match its description to any recently

sequenced specimens pending further phylogenetic investigation. Due to the cur-

rent state of taxonomic uncertainty, the practical identification of T. lyonii is

confused by numerous morphologically similar species.

There is no available data that compares the organoleptic properties among

species within the T. lyonii complex, so whether parsing out the species is important

from a commercial standpoint is unknown. Collections identified as T. lyonii are
from Canada (Quebec) south to Florida and Mexico and west to New Mexico

(Trappe et al. 1996; Bonito et al. 2010). Members of the T. lyonii species complex

have not been found west of the Rocky Mountains, suggesting that this group is

bound to the eastern part of North America by the continental divide formed by the

Rocky Mountains. Tuber lyonii is not only important as a crop truffle, but is

ecologically significant as well. Pyrosequencing of Quercus roots in Kansas

revealed that species from the T. lyonii complex are among the most abundant

recovered (Jumpponen et al. 2010). Similarly, T. lyonii is abundant on the roots of

pecan trees in many orchards (Bonito et al. 2011; Smith and Ge, unpublished).

8.8 Conclusions

Ecological studies and commercial strategies are only as sound as the reference

information that is available to them. Verified species with ITS reference sequences

are vital for these endeavors. In this regard, the most immediate task for those who

work with the Rufum clade is species delimitation, which includes tackling species

complexes. The number of described species and undescribed species in the Rufum

clade has increased fivefold since this group was first molecularly delimited by

Jeandroz et al. (2008). More than half of the undescribed species are from North

America, where there is a need for basic taxonomic work on the species that are

native there. This is time-consuming, but not difficult. A more difficult task resides

in the untangling of the five species complexes and potentially delimiting an even

greater number of species for the Rufum clade. Three of the species complexes are

in Europe (T. ferrugineum, T. lucidum, and T. rufum) and two are in North America

(T. lyonii and T. candidum). For this work, the addition of RPB1, RPB2, and EF1a

markers across the clade would be helpful, although the identification of more

informative markers would be ideal.

For greater insight into many aspects of the Rufum clade, comparative genomics

is a possibility. To date there is no published genome for any member of the Rufum

clade. However, some species such as those in the T. lyonii complex are culturable

which makes them good candidates for sequencing their genomes.
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More work can also be done on the biology of the Rufum clade. As yet, no

mitosporic forms are known for this group. Do they exist and have not yet been

recognized, or do members of the Rufum clade lack this stage? If the latter case,

their life cycle may differ from the Puberulum and Maculatum clades where

mitosporic forms are increasingly being identified (Urban et al. 2004; Healy

et al. 2013).
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Chapter 9

Truffle Genomics: Investigating an Early

Diverging Lineage of Pezizomycotina

Claude Murat and Francis Martin

9.1 Introduction

In the 1980s, the term genomics came into common use to describe the emerging

scientific field of sequencing and analyzing genomes, but genomics started in the

second half of the twentieth century, thanks to numerous discoveries, such as the

first sequencing of the alanine tRNA of Saccharomyces cerevisiae Meyen ex

E.C. Hansen (Holley et al. 1965), the sequencing of the bacteriophage MS21

(Fiers et al. 1976), and the development of the Sanger DNA sequencing method

(Sanger et al. 1977). The Sanger sequencing method was used until the mid-2000s

and allowed the sequencing of the first bacterial and eukaryotic genomes,

Haemophilus influenzae (Fleischmann et al. 1995) and S. cerevisiae (Goffeau

et al. 1996), respectively.

In 2003, the first filamentous fungal genome was sequenced (Neurospora crassa
Shear and B. O. Dodge; Galagan et al. 2003), and afterward the number of

sequenced fungal genomes began to increase rapidly (Galagan et al. 2005). Fungal

genomics benefits from different large-scale programs, such as the Fungal Genome

Initiative (FGI), a consortium that aims to sequence fungal genomes, initiated in the

year 2000 at the Broad Institute (http://www.broadinstitute.org/science/projects/

fungal-genome-initiative/fungal-genome-initiative). The FGI aimed to sequence

the fungal species that are important in medicine, agriculture, and industry. In the

last decade, large-scale projects that aimed to sequence the genomes of fungi

from environmental settings were launched at the Joint Genome Institute (JGI),

the sequencing center of the US Department of Energy (http://jgi.doe.gov/).
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INRA, Université de Lorraine, UMR1136, Interactions Arbres/Micro-organismes, Laboratoire

d’Excellence ARBRE, 54280 Champenoux, France

e-mail: claude.murat@nancy.inra.fr

© Springer International Publishing Switzerland 2016

A. Zambonelli et al. (eds.), True Truffle (Tuber spp.) in the World, Soil Biology 47,

DOI 10.1007/978-3-319-31436-5_9

137

http://www.broadinstitute.org/science/projects/fungal-genome-initiative/fungal-genome-initiative
http://www.broadinstitute.org/science/projects/fungal-genome-initiative/fungal-genome-initiative
http://jgi.doe.gov/
mailto:claude.murat@nancy.inra.fr


The 1000 Fungal Genomes project (http://genome.jgi-psf.org/programs/fungi/

1000fungalgenomes.jsf), which aimed to sequence at least two reference genomes

from the more than 500 recognized families of fungi, started to fill in the gaps in the

Fungal Tree of Life (Spatafora 2011). Additional projects, such as the Mycorrhizal

Genomics Initiative (MGI; http://genome.jgi.doe.gov/Mycorrhizal_fungi/Mycorrhi

zal_fungi.info.html), which focuses on sequencing specific ecologically relevant

groups of fungi, participated and increased the number of released fungal genomes

(van der Heijden et al. 2015). All these projects rely on second-generation DNA

sequencing (SGS) technologies. Indeed, until the mid-2000s, most sequencing

projects were limited to one or a few genomes due to the cost of Sanger sequencing.

In 2005, a revolution in genome sequencing started with SGS (Margulies

et al. 2005), which dramatically dropped the cost of sequencing (Metzker 2010).

To date, 1204 fungal genomes have been deposited in the GenBank database,

belonging to the Ascomycetes (903), the Basidiomycetes (200), and early diverging

fungi (101) (Fig. 9.1). The activity of the international consortia mentioned above

explains the exponential increase in the number of fungal genomes deposited in the

GenBank in the last few years (Fig. 9.1).

9.2 The Evolution of Mycorrhizal Symbiosis Unraveled by

Comparative Genomics

Almost all vascular plants interact with mycorrhizal fungi, but woody shrub and

tree species in particular rely on symbiotic associations with ectomycorrhizal

(ECM) fungi to generate large amounts of biomass and store carbon (Smith and

0

200

400

600

800

1000

1200

1400

2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015

To
ta

l n
um

be
r o

f g
en

om
es

 d
ep

os
ite

d 
in

 G
en

Ba
nk

Ascomycetes

Basidiomycetes

Other fungi

Fig. 9.1 Number of partial or complete fungal genomes deposited in GenBank from 2001 to

December 10, 2015 (http://www.ncbi.nlm.nih.gov/genome/browse/)
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Read 2010). The ability to establish ECM symbioses is a widespread characteristic

of various soil Ascomycetes and Basidiomycetes; interactions with these soil

symbionts are essential for efficient acquisition of growth-limiting nutrients, such

as phosphorus and nitrogen. The ECM species have great potential as a versatile

ecological model due to their involvement in symbioses with economically impor-

tant conifer and hardwood tree species worldwide. Several ECM species have been

disseminated globally via exotic eucalypt, poplar, and pine plantations. Reforesta-

tion and large-scale plantations on marginal soils introduced ECM symbionts to be

successful; as a consequence, this mutualistic partnership is being exploited as a

strategy to bolster biomass production for next-generation biofuels in the USA,

Europe, Brazil, and Australasia. In addition, the fruiting bodies of ~400 ECM fungi

are appreciated worldwide as edible mushrooms, e.g., boletes, chanterelles, and

truffles, and they represent a global market evaluated at more than US$23 billion

(Boa 2004).

According to Hibbett and colleagues (2000), ECM symbiosis arose several times

in the evolution from saprotrophic species. In phylogenetic analyses, however, it is

impossible to know if all ECM fungi use the same “tool kit” to establish symbiosis

or if multiple ECM species developed their own tool kits. To gain information on

mycorrhizal evolution, we sequenced the genome of the ECM species Laccaria
bicolor (Maire) P. D. Orton (Martin et al. 2008) and Tuber melanosporum Vittad.

(Martin et al. 2010). In the frame of the MGI project (see above), an additional

40 mycorrhizal genomes were sequenced, among them ECM, arbuscular (AMF),

orchids (ORC), and ericoid (ERM) mycorrhizal species (http://genome.jgi.doe.gov/

Mycorrhizal_fungi/Mycorrhizal_fungi.info.html). The questions addressed in the

frame of the MGI project are:

1. Do all ECM lineages arise from similar saprotrophic ancestors?

2. Are there a common set of mycorrhiza-related genes that interact with the host

plants and differentiate the symbiotic structures: a putative symbiosis tool kit?
3. Do the different types of mycorrhizal symbioses (ECM, AMF, ORC, ERM) use

similar gene networks to differentiate the mutualistic interaction?

The first large-scale comparative analysis of the genomes from mycorrhizal

species included 11 ECM (10 Basidiomycetes and one Ascomycete), 2 ORC, and

1 ERM. These genomes were compared to those of 33 white and brown rots, soil/

litter decayers, and pathogenic fungi (Kohler et al. 2015). The first conclusion is

that ECM symbiosis arose several times during the Agaricomycotina evolution

from ancestors of either white-rot, brown-rot, or litter decayers. On average,

ECM lineages have a reduced complement of genes encoding plant cell-wall

degrading enzymes (PCWDEs), compared to ancestral white-rot wood decayers,

suggesting convergent genome erosion. This decrease in PCWDE can be explained

by two hypotheses: (1) being fed by their host plant, ECM fungi do not need to

maintain PCWDEs in their genome to degrade the soil’s organic matter or (2) their

reduced number of PCWDEs allows them to avoid eliciting the host plant’s
defenses as a result of the oligosaccharide elicitors. Transcriptomic data allowed

the identification, for each basidiomycete ECM species, of a specific set of
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mycorrhizal-induced small secreted proteins (MiSSP; Kohler et al. 2015). One of

these proteins, MiSSP7, is an effector protein that contributes to the dialogue

between L. bicolor and the plant (Plett et al. 2011, 2014); most of these MiSSPs

are species specific (Kohler et al. 2015). Finally, a different picture was observed

for ORC and ERM, since the genomes of these fungi are very rich in PCWDEs and

some PCWDEs are expressed during symbiosis (Kohler et al. 2015). In conclusion,

the major types of mycorrhizal symbioses (ECM, ORC, and ERM) evolved differ-

ent molecular mechanisms to interact with their host plants.

In this large-scale comparative genomic analysis of mycorrhizal genomes, one

Ascomycete species (i.e., T. melanosporum) was included; can one generalize the

conclusions reached with basidiomycete ECM fungi to Ascomycete ECM fungi?

9.3 Pezizomycetes Pan-Genome Project

True truffles belong to the genus Tuber and form ECM symbiosis with trees and

shrubs. The Tuber genus evolved in the last 140 Mya in 11 phylogenetic groups

(Bonito et al. 2013) and 180 species (Bonito et al. 2010; see Chap. 1). Tuber belongs
to the Pezizomycetes class, which constitutes an early diverging lineage in

Pezizomycotina (Spatafora et al. 2006). The Pezizomycetes class is composed of

200 genera and 1683 described species (Kirk et al. 2008) that are saprophytic,

mycorrhizal, or pathogenic. The formation of apothecia that contain operculate asci

with forcible spore discharge (Laessøe and Hansen 2007) characterizes

Pezizomycetes, although other forms exist, such as hypogeous fungi. Fungi with

subterranean fruiting bodies are called truffles, and they comprise many taxonom-

ically unrelated species (i.e., Ascomycetes and Basidiomycetes) that show remark-

able features of phenotypic convergent evolution as a result of adaptation to this

specialized habitat (i.e., fruiting belowground). Truffle ascomata contain asci with

passive spore dispersal, which have multiple evolutionary origins in Pezizomycetes

(O’Donnell et al. 1997; Laessøe and Hansen 2007). They probably derive from

epigeous fruiting bodies which evolved as an adaptation to animal grazing or water

stress (Thiers 1984; Bruns et al. 1989). Although truffle lifestyles have evolved in

nearly every major group of fleshy fungi and over 100 independent instances within

the Ascomycota, Basidiomycota, and Mucoromycotina (Tedersoo et al. 2010), the

majority of transitions to a truffle form occur in ECM fungal lineages (Trappe

et al. 2009). This pattern suggests that the symbiotic association with plants may be

an important driver in the evolution of the truffle fruiting body phenotype. Although

protected from desiccation and other environmental stresses, like grazing, by their

belowground location, truffle ascomata grow slower than those of most epigeous

mushrooms, e.g., T. melanosporum ascomata growth during the 6–9 months under-

ground during summer and fall (Olivier et al. 2012). It is tempting to speculate that

this slow hypogeous differentiation of the truffle ascomata is only possible, thanks

to the constant flux of carbohydrates from the host plant (Le Tacon et al. 2013).

140 C. Murat and F. Martin

http://dx.doi.org/10.1007/978-3-319-31436-5_1


Comparing Tuber spp. with other Pezizomycetes, therefore, allowed the inves-

tigation of the different fungal life strategies in Ascomycetes (mycorrhizal

vs. saprotroph), the development of hypogeous versus epigeous ascocarps, and

the evolution of the particular organoleptic qualities of some species (e.g., truffles

and morels). To date, the T. melanosporum genome is the only truffle genome that

has been published (Martin et al. 2010). Several projects to sequence additional

truffle genomes are ongoing (Payen et al. 2014), and the genomes of fourteen

additional Tuber species will be released in the next few years (Table 9.1). These

genomes are sequenced in the frame of the TuberEvol project (Comparative

Genomics of Truffle Species and the Evolution Ectomycorrhizal Symbiotic

Genomes), involving scientists in France, Italy, the USA, and both the JGI and

Genoscope sequencing centers (Payen et al. 2014). The haploid genomes of Tuber
aestivum Vittad. and Tuber magnatum Pico have been sequenced and assembled,

and gene annotations are now completed. The genomes of Tuber brumale Vittad.,
Tuber indicum Cooke and Massee, and Tuber lyonii Butters have been sequenced

and assembled, and the gene annotation is underway. For Tuber borchii Vittad.,
Tuber canaliculatum Gilkey, Tuber dryophilum Tul. and C. Tul., Tuber excavatum
Vittad., Tuber gibbosum Harkn., Tuber macrosporum Vittad., Tuber maculatum
Vittad., Tuber oregonense Trappe, Bonito, and P. Rawl., and Tuber rufum Pico,

genome sequencing will be carried out in 2016–2017. These 14 species belong to

8 out of the 11 clades identified in the Tuber genus (Table 9.1, Bonito et al. 2013);

indeed, only species of the multimaculatum, japonicum, and gennadii clades are not

yet represented in this genomic project.

Additional Pezizomycetes genomes are now available (http://genome.jgi.doe.

gov/pezizomycetes/pezizomycetes.info.html), including:

1. The saprotrophic species: Pyronema confluens Tu. and C. Tul. (Traeger

et al. 2013), Ascobolus immersus Pers., Ascodesmis nigricans Tiegh.,Morchella
conica Pers., Morchella importuna M. Kuo, O’Donnell, and T. J. Volk, and

Sarcoscypha coccinea (Gray) Boud

2. The symbiotic species: Choiromyces venosus (Fr.) Th. Fr., Terfezia boudieri
Chatin, and Wilcoxina mikolae (Chin S. Yang and H. E. Wilcox) Chin S. Yang

and Korf

A first characteristic of truffle genomes is their large size (>125 Mbp) and their

high repeat sequence content (Table 9.1). The Tuberaceae member C. venosus has a
genome that shares features with Tuber species (i.e., a large size with a high repeat

sequence content), in agreement with some phylogenetic studies (Percudani

et al. 1999), although recent phylogenetic analyses clearly separated both genera

(Bonito et al. 2013). Moreover, W. mikolae (Pyronemataceae) also has a large

genome (111 Mbp), similar to other ECM Pezizomycetes (i.e., Tuber spp. and

Choiromyces), confirming that the genomes of ECM species are generally larger

than those of saprotrophic species (Payen et al. 2014). The comparative analysis of

these Pezizomycetes genomes is currently underway and should provide new

insights into truffle evolution, but also into ECM evolution by comparing Basidio-

mycetes ECM and Pezizomycetes ECM fungi.
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9.4 Population Genomic: Resequencing of Geographic

Accessions

The increase of genomic resources in the last few decades provided new genetic

tools for population geneticists. For example, using whole genome sequences, it

was possible to characterize highly polymorphic microsatellite markers for inves-

tigating the genetic structures of T. aestivum (Molinier et al. 2013) and

T. melanosporum (Murat et al. 2011) populations (see Chaps. 2 and 3). Traditional

population genetic studies, however, use a limited set of molecular markers (typ-

ically a dozen or less), impeding the identification of genomic evolution and

adaptation signatures. Thanks to the decrease in DNA sequencing costs (see

above), it is now possible to move from population genetics to the population

genomics of mycorrhizal symbionts by resequencing the genome of several geo-

graphic accessions (Branco et al. 2015; Payen et al. 2015). In the latter studies,

single nucleotide polymorphisms (SNP) were characterized; SNPs are more infor-

mative than microsatellites due to their distribution throughout the genome,

bi-allelic nature, and high potential for automation (Brumfield et al. 2003). SNP

locations in coding sequences increase the probability of identifying the signatures

of adaptation to environmental cues. Such an approach was used, for example, to

identify the genomic signature of adaptation to temperature in N. crassa (Ellison

et al. 2011). Recently, Branco and colleagues (2015) re-sequenced 28 individual

strains of the ECM basidiomycete Suillus brevipes (Peck) Kuntze from coastal and

montane sites in California. Reduced nucleotide diversity was observed among

coastal individuals for the Nha1-like gene, a membrane Na+/H+ exchanger known

to enhance salt tolerance in plants and yeast, suggesting an adaptation to saline soils

by S. brevipes.
The first population genomics analysis of T. melanosporum was recently

published (Payen et al. 2015). More than 440,000 SNPs were identified by com-

paring seven genomes. These SNPs were used to detect genomic regions putatively

under selection (see Chap. 2). Among these SNPs, 60,507 present in the intergenic

regions free of selective pressure were selected to reconstruct a phylogeny with the

seven geographic accessions. Interestingly, the phylogenetic tree clustered samples

according to their geographical origin, with a cluster comprising the northern

France samples, another with those of southeastern France and Italy, and a last

one with the Spanish samples (Fig. S1B in Payen et al. 2015). The use of SNPs is

now facilitated by SGS and high-throughput SNP arrays (Davey et al. 2011).

Medium- to high-throughput technologies, such as the competitive allele-specific

PCR (KASPar) assay from KBiosciences (Hertfordshire, UK; http://www.

kbioscience.co.uk) or the Affymetrix Axiom SNP microarrays, are now available.

The KASPar assay is commonly used for genotyping up to 1000–2000 SNPs,

whereas the Axiom SNP microarrays allow genotyping of 1500 to several million

SNPs. We are now developing an array based on the 60,507 SNPs for analyzing the

population genetic structure throughout the natural regions of T. melanosporum
production.
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9.5 Conclusions

Truffle genomics began with the sequencing of the T. melanosporum genome

(Martin et al. 2010). The genomes of 14 additional truffle species (T. aestivum,
T. borchii, T. brumale, T. canaliculatum, T. dryophilum, T. excavatum,
T. gibbosum, T. indicum, T. lyonii, T. macrosporum, T. maculatum, T. magnatum,
T. oregonense, and T. rufum) should be released in the next 2 years. In the

framework of the 1000 Fungal Genomes Project, we recently proposed the genome

sequencing of about 20 Pezizomycetes belonging to the Balsamia, Barssia,
Discina, Helvella, Tuber, Underwoodia, and Verpa genera.

Based on the ongoing studies of the Tuber and other Pezizomycetes genomes,

we identified several key questions that future analyses can help resolve, presented

below in the form of six currently unanswered questions, rather than an exhaustive

list:

1. How did the different lifestyles (e.g., mutualism vs. saprotrophism) evolve in

Ascomycetes?

2. Which are the key developmental genes explaining the shift from epigeous to

hypogeous ascomata?

3. Are the sex-related pathways in Tuber species similar to those characterized in

other Pezizomycetes, such as the genetic model A. immersus?
4. Which enzymatic pathways are at the origin of the particular organoleptic

volatiles of truffle species and are these pathways species or genus specific?

5. Are truffles able to adapt to environmental stresses, such as drought or frost?

6. Is it possible to genotype the geographic origin(s) of truffles?

In summary, our knowledge of the truffle life cycle, evolution, and population

dynamics have increased, thanks to the availability of genomic resources. In

addition to answering fundamental questions, genomic resources could also help

us respond to truffle industry requests, since the truffle industry, for several decades,

has sought innovative tools to identify the geographic origin of the truffles, mainly

to valorize local territories. Protected designation of origin certification was devel-

oped for boletes, i.e., “Fungo di Borgotaro” (http://www.fungodiborgotaro.com/ita/

igp.jsp), although molecular markers allowing us to certify bolete origins do not

exist yet. In a population genomic study, using SNPs, the seven geographic

accessions are clustered according to their geographic origin (Payen et al. 2015).

Using SNPs to identify the harvesting region could have many applications for the

truffle industry regarding local geographic certification.

The development of truffle genome sequencing will therefore provide scientists

and the truffle industry new innovative tools or molecular markers to investigate not

only population genetics but also taxonomy. Indeed, the recent discovery and

characterization of mating-type genes for T. indicum confirmed that such functional

markers could also be used for taxonomic purposes (Belfiori et al. 2013; see

Chap. 2).
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Part II

The Abiotic Environment



Chapter 10

Influence of Climate on Natural Distribution

of Tuber Species and Truffle Production

François Le Tacon

10.1 Introduction

Species belonging to the genus Tuber are associated through ectomycorrhizas

(ECMs) with the roots of deciduous or coniferous trees or shrubs. They are

completely dependent on their host and cannot be found in treeless areas. Never-

theless, they can also be associated and form ECMs with non-tree species such as

Cistaceae (Giovanetti and Fontana 1982). The genus Tuber displays a large natural
geographic distribution, but almost only in the Northern Hemisphere. Truffles occur

naturally throughout all of Europe, including Scandinavia (Gotland Island in

Sweden) (Weden et al. 2004) and some species are found in North Africa (Ceruti

et al. 2003). The genus Tuber is widespread in Asia (India, China, Mongolia) and

present in North America (Bonito et al. 2013). The actual natural distribution of the

genus Tuber results from current climatic conditions and soil characteristics in the

Northern Hemisphere but also from past long-distance migrations related to past

climatic changes and the resulting co-migration of their hosts (Murat et al. 2004).

In this review, we will analyse first the past migrations of the genus Tuber. We

will then describe the current natural distribution of the main commercialised

species related to current climatic characteristics. We will follow with a discussion

about the effects of annual climatic variations on Tuber borchii Vittad. and Tuber
melanosporum Vittad. ascoma production, and we will conclude by proposing

several considerations on the possible effect on truffle production of CO2 increase

and its consequence, predicted climate warming.
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10.2 Past Migrations of the Genus Tuber

The Tuberaceae are present in Southern and Northern Hemispheres suggesting that

this family has a Pangean origin. But Tuber species have been recorded in natural

sites almost only in the Northern Hemisphere suggesting that the genus Tuber
would have appeared after the break-up of Pangea.

Jeandroz et al. (2008) suggested that the Tuber common ancestor originated

from Europe or Eurasia. Genetic marker analysis and the use of molecular clocks

tell us that differentiation of the Tuber genus would have taken place between

205 and 184 Mya (Jeandroz et al. 2008) or later, between 161.6 and 121.8 Mya

(Bonito et al. 2013). A first diversification event occurring more than 150 Mya led

to the differentiation of a first clade, the Aestivum clade, comprising the Aestivum,

Magnatum and Macrosporum groups only found in Europe (Jeandroz et al. 2008).

Later, four other clades would arise in Asia or Eurasia, the Excavatum clade

110 Mya, the Rufum clade 70 Mya, the Melanosporum clade between 85 and

25 Mya and, finally, the Puberulum clade between 65 and 53 Mya. The presence

of the Rufum, Melanosporum and Puberulum clades in Europe, Asia and North

America could be explained by migrations between Asia and Europe and migra-

tions towards America from Asia through the North Atlantic Land Bridge prior to

its break 45 Mya (Jeandroz et al. 2008).

In the middle of the Miocene, 16Mya, a new connection between North America

and Eurasia occurred with the appearance of the Bering Land Connection, allowing

a new route of terrestrial migration for these three groups. The exchanges between

Asia and North America stopped 3.5 Mya, when the land connection disappeared

(Behrensmeyer et al. 1992). The Bering Land Bridge would appear again during the

ice ages. But the absence of trees excluded migration of Tuber species via this route.
During the last glacial period, the European forest was restricted to the Medi-

terranean region, which could have induced a loss of genetic diversity and a

bottleneck in remaining populations of T. melanosporum (Bertault et al. 1998).

After the end of the last glacial period, the recolonisation of France by T.
melanosporum took place from the two refugia of Spain and Italy following the

recolonisation by oak (Murat et al. 2004). This scenario is probably also applicable

to the other European Tuber species. Similarly, migrations might have occurred in

Asia and North America during the last ice age.

From these past long-distance migrations and from those which took place more

recently, it is clear that Tuber species have climatic requirements, which partly

explain their present natural distribution.
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10.3 Climate and Current Natural Distribution of the Main

Five Commercialised Tuber Species

10.3.1 Tuber melanosporum

Tuber melanosporum is limited in Europe between a latitude of 40� and 48� North.
The highest latitude where T. melanosporum has been recorded is that of Lorraine

near Commercy in France (48.7� North). The countries where T. melanosporum is

most frequently found in its natural habitat are France, Italy and Spain. Tuber
melanosporum has also been recorded in Portugal, the Czech Republic, the Slovak

Republic, Switzerland, Croatia, Serbia, Bulgaria, Romania, Greece and Turkey

(Ceruti et al. 2003). Its presence in Germany and Poland is doubtful. Tuber
melanosporum is typically a Mediterranean species. It is found in lowlands and

extends from the sea level to highlands up to 1300 m AMSL. The Mediterranean

climate is characterised by hot and dry summers with strong soil water deficit, with

relatively humid and mild winter months. However, the variability of the Mediter-

ranean climate is high and is characterised by a number of interactions at different

scales (rainfall, altitude, topography, circulation systems).

The main factors limiting the natural distribution of T. melanosporum are the

summer drought and the winter frost. Tuber ECMs appear to be very resistant to

summer drought and winter frost, while the fruiting process is very sensitive. The

young ascomata born at the end of the spring develop slowly during the summer and

become mature from November to March of the following year. This long cycle, in

contrast to the very short time necessary for the development of fruiting bodies of

epigeous fungi, makes the survival of Tuber ascomata highly sensitive to annual

climatic conditions. It is the reason why T. melanosporum is rare or not present in

Mediterranean regions, where annual rainfall is less than 600 mm. Similarly, due to

winter frost, T. melanosporum cannot be found at latitudes higher than 48� North.
Nevertheless, Zampieri et al. (2011) demonstrated that cold temperatures modify

T. melanosporum gene expression, mainly heat shock protein-coding genes and

genes involved in cell wall and lipid metabolism. These genes could be involved in

the adaptation of T. melanosporum to low temperatures. The T. melanosporum
ECMs are more resistant to frost than the ascomata and are capable of vegetative

propagation. While this might allow for T. melanosporum to be present in the form

of mycorrhizas in Northern latitudes, ascoma formation may not be possible.

10.3.2 Tuber indicum

The Asian black truffle Tuber indicum Cooke and Massee was first described from a

dried sample harvested in January 1892 in India at an altitude of about 2000 m

(Cooke and Massee 1892). Much later, other similar species have been described:

Tuber sinense K. Tao and B. Liu; Tuber himalayense B. C. Zhang and Minter;
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Tuber pseudohimalayense G. Moreno, Manj�on, J. Dı́ez and Garcı́a-Mont.; and

Tuber formosanum H. T. Hu. It is now agreed that these five taxa are synonymous

and form a single species T. indicum with different populations, or groups or cryptic

species (Zhang et al. 2005; Wang et al. 2006; Chen et al. 2011; Kinoshita

et al. 2011; Belfiori et al. 2013). Tuber indicum has a very large distribution area

in Asia and can be found from 75� East (India) to 140� East (Japan) and from 23� to
40� North. In China, T. indicum is found mainly in the provinces of Yunnan and

Sichuan between 25� and 30� North and at an altitude of between 1500 and 3000 m.

In these two provinces, the tropical climate is moderated by the altitude. The

average annual temperature is about 15 �C (Chuxiong 16 �C, Hui Dong 15 �C,
Kunming 14.9 �C, Gongshan 12 �C). At these altitudes, the annual rainfall is

1000 mm or more (Hui Dong 1153 mm, Miyi 1148 mm, Huize 1102 mm, Kunming

1011 mm, Gongshan 968 mm, Chuxiong 863 mm). Moreover, rainfall is abundant

during the three summer months (cumulated rainfall of June, July and August: Hui

Dong 646 mm, Huize 620 mm, Kunming 587 mm; Gongshan 615 mm, Chuxiong

497 mm), eliminating water stress, which is favourable to the development of the

young ascomata. The coldest month is January with an average temperature ranging

between 6 and 8 �C. While occasionally the minimum temperature can drop to

�5 �C, freezing days during truffle production are uncommon.

10.3.3 Tuber aestivum

Tuber aestivum Vittad. is spread throughout all Europe and can be found in North

Africa (Morocco) between a latitude of 35� and 57� North (Ceruti et al. 2003). The
highest latitude where T. aestivum has been recorded is that of the Gotland Island on

the eastern coast of Sweden (Weden et al. 2004). Towards the west, the highest

longitude is 8� West in Ireland and Portugal. To the east, our knowledge is

fragmentary. Tuber aestivum has been found in Poland, in Russia (Ceruti

et al. 2003) and in Azerbaijan (Fekete et al. 2014). We do not know if this species

crossed the Ural. The presence of T. aestivum has been reported in China (Chen

et al. 2005), but several phylogenetic analyses seem to prove that Chinese

T. aestivum should be placed in a clade different from that of Europe (Zambonelli

et al. 2012) and named T. sinoaestivum (Zhang et al. 2012). At all events, T.
aestivum has adapted to a broad range of climatic conditions covering the entire

natural area of T. melanosporum distribution characterised by a Mediterranean

climate and including temperate rainy climates (Ireland, Scotland and England),

cold maritime climates (Sweden) and very cold continental climates (Deutschland,

Poland, Hungary, Russia). Tuber aestivum can be found until an altitude of

1400–1600 m. This astonishing broad natural distribution could be explained by

the fact that, contrary to T. melanosporum, the T. aestivum cycle is continuous as

was first reported by Geoffroy (1711). The young T. aestivum ascomata will

produce continuously given favourable soil moisture and temperature conditions

(Stobbe et al. 2013). The cycle is rated by two climatic parameters: the summer
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drought and the winter frost. In Mediterranean conditions, the cycle is often stopped

short by the summer drought. In May or June or even later, white nonmature

ascomata are harvested in southern Europe. However, if the summer is not too

dry, mature ascomata can be harvested in autumn. In Atlantic and temperate

conditions, mature ascomata can be found in autumn or at the same period in

continental conditions before the winter frost. Nonmature ascomata, however, can

be found in autumn or in winter depending on the summer rainfall or winter

temperatures.

10.3.4 Tuber borchii

Tuber borchii also has a wide distribution in Europe. It can be found from 37� to 61�

North from southern Finland to Sicily and from Ireland to Poland (Ceruti

et al. 2003). To date, T. borchii has not been recorded in Russia. It cannot be

found above an altitude of 1000 m.

10.3.5 Tuber magnatum

Contrary to T. aestivum and T. borchii, Tuber magnatum Pico exhibits a narrow

distribution range. It can be found between 40� and 46� North from South East of

France to Italia, Slovenia, Croatia and Serbia from low elevation to an altitude of

about 700–900 m ASLM (Ceruti et al. 2003; Hall et al. 2007). Tuber magnatum
ascomata seem very sensitive to winter frost and summer drought, which could

explain this narrow distribution and the fact that T. magnatum is mainly found in

riparian areas (Hall et al. 2007).

10.4 Climatic Variations and Truffle Ascoma Production

Truffles are often harvested from naturally occurring forests in Europe, Asia and

North America. Nevertheless, very little data exists concerning the relationship

between ascoma production and climatic conditions in natural forests. The only

data available for natural forests are those of Salerni et al. (2014) on T. borchii. For
truffle plantations we have more data, but they remain scarce and often not reliable.
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10.4.1 Climatic Variations and Ascoma Production
of T. borchii in Natural Sites

Salerni et al. (2014) conducted surveys for 4 years (1996–1999) on T. borchii
ascoma production in Central Italy (Parco Regionale della Maremma, Tuscany)

(lat. 42�390 North, long 11�20 East, altitude 5 m, mean annual rainfall 590 mm and

mean annual temperatures 14.7 �C). The production of T. borchii ascoma was

observed to positively correlate with rainfall occurring 3 months before harvest.

But a negative effect was observed as a result of rainfall during ascoma harvesting,

indicating that an excess of soil moisture in autumn could stop the development of

ascoma or could induce their rotting. Salerni and colleagues also found that low

temperatures in autumn had a positive effect on T. borchii ascoma production.

10.4.2 Climatic Variations and T. melanosporum Ascoma
Production in Plantations

Plantations of trees for T. melanosporum production occurred throughout the

nineteenth century in France and Italy and then in Spain. From that time forward,

production of natural sites has progressively been replaced by that of plantations,

mainly in France where it is almost exclusively the plantations that produce

Périgord black truffles.

B€untgen et al. (2012a) found, for the period going from 1970 to 2006, a

significant positive correlation of total black truffle production of Southern France

(Périgord), Northeastern Spain (Arag�on) and Northern and Central Italy (Piedmont

and Umbria) with June–August rainfall and a negative correlation with temperature

maxima. Spanish and French production displayed significant positive correlations

with summer rainfall, while Italian production was poorly correlated with summer

precipitations (B€untgen et al. 2012a).

In France, the peak of truffle production was reached at the beginning of the

twentieth century with a record of approximately 1000 t in 1904. Today, annual

truffle production does not exceed 80 t (source Fédération Française des

Trufficulteurs).

Le Tacon et al. (2014) studied sales in French wholesale markets for the past

25 years. Sales were stable for the whole of France, with an average of 12.9 t per

year. This stability, however, masks important annual variations ranging from 4 to

25 t per year (Fig. 10.1).

An analysis of the Richerenches and Carpentras wholesale markets revealed that

the main factor explaining these variations was the cumulative late spring and

summer hydric balance (HB in mm¼ precipitation, potential evapotranspiration),

which accounted for 36.9% in the variance of truffle sales in Carpentras and 45.7%

in Richerenches (Fig. 10.2).
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The second factor explaining variations of sales in the Richerenches basin was

the number of freezing days with minimum temperatures equal to or less than

�5 �C, which accounted for 14% of the variance in truffle sales.

Additional factors for both sites, such as cumulative rainfall for October and

November, affected truffle sales but were less consequential than the summer

HB. Rainfall in October and November allowed for the growth of young truffles

which had survived the summer months. Good water availability in late winter

could also serve to support the formation of new ECMs, thus allowing for sexual

reproduction.

Models obtained from 1988–1989 to 2012–2013 for detrended sales were used to

simulate the evolution of the sales from 1965–1966 to present day using the

meteorological data available for the Richerenches and Carpentras basins. The

simulation of potential truffle sales from 1965–1966 to 2012–2013 considering

climatic conditions for that period showed stability in truffle sales these past

48 years despite a degradation of the summer HB, compensated in part (for the

Richerenches site) by reducing the number of freezing days. These results show us

that a decline in French truffle production over the last 48 years could be attributed

more to changes in rural communities than to climatic changes (see Chap. 2).

Nevertheless, the Mediterranean climate has warmed by about 1 �C over the past
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Fig. 10.1 Truffle sales in wholesale markets in South Western France (dark blue), South Eastern

France (red), total France (green), Richerenches (violet) and Carpentras (light blue) from

1988–1989 to 2012–2013 (in tons per year, source “Réseau des Nouvelles des Marchés” of the

French Ministry of Agriculture, adapted from Le Tacon et al. (2014))
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100 years. While this warming trend might have played a role in the decreased

production of black truffles over the past century in France, it does not solely

explain the sharp fall in production.

10.5 Future Global Change and Truffle Production

Kauserud et al. (2012) and B€untgen et al. (2012b) showed that in Europe, the

fructification period for mushrooms growing in natural conditions may or may

not respond to important shifts in climate changes and that it depends on both the

species and the locations. The fruiting period and the ascoma production of the

Tuber species could be both affected by climate changes. B€untgen et al. (2011)

suggested that a shift of T. aestivum biome has already occurred in line with

extended growing season. On the contrary, Splivallo et al. (2012) suggested that

Sales in tons 

 

Cumulative hydric balance of year n (P-PET from May to August, in mm)  

Fig. 10.2 The relationship between sales (in tons per year) from 1988–1989 to 2012–2013 and the

cumulative hydric balance of year n (P-PET fromMay to August, in mm) in Carpentras (black) (R2

¼ 0.607, p-value< 0.01) and Richerenches (red) (R2¼ 0.676, p-value< 0.01), adapted from Le

Tacon et al. (2014)
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climate change has had little effect on the present natural distribution of

T. aestivum.
In order to discuss how climate change may affect natural truffle distribution or

ascoma production, it is necessary to consider possible direct and indirect effects of

rising concentrations of atmospheric CO2 (Norby and Luo 2004).

10.5.1 Direct Effects of Elevated CO2 Concentrations

In addition to the greenhouse effect induced by increased CO2 concentrations, it is

well known that the first consequence of this increase is more efficient photosyn-

thesis and improved plant growth in the absence of other limiting factors such as

water availability and nitrogen or phosphorus supply. Increase in atmospheric CO2

also generally improves water use efficiency (Morison 1985). Plants growing in

enriched atmospheric CO2 allocate more photosynthates to roots. The result is an

increase of carbon availability to the associated fungi, higher numbers of ECMs,

more fungal biomass and an increase in fungal respiration (Ineichen et al. 1995;

Rouhier and Read 1998; Nehls and Hampp 2000; Treseder and Allen 2000;

Alberton et al. 2005; Frannson et al. 2007). Although no experiments currently

exist which specifically focus on possible effects of increased atmospheric CO2

levels on truffles, we can deduce with some certainty that future increases in

atmospheric CO2 should have beneficial effects on Tuber ECM status. This could

also have positive effects on ascoma production, which is dependent on control of

the host plant over carbon allocation.

10.5.2 Indirect Effects of Elevated CO2 Concentrations
on Warming and Summer Water Stress

For the twenty-first century, almost all scenarios in Europe predict a trend towards

warming, ranging from 2 to 4 �C. Almost all scenarios also predict decreased

rainfall in the Mediterranean region, mainly in summer months (Giorgi and

Lionello 2008). Similarly, B€untgen et al. (2012a) predicted intensified potential

summer evapotranspiration in this area to occur up to the end of the twenty-first

century. The result could be increased summer water stress, which, as discussed at

the second international meeting on truffle in the Vaucluse region (Rousset-Rouard

2008), could greatly affect black truffle production.

As we have shown above, T. magnatum ascomata are mainly found in riparian

areas and most commonly in natural conditions. Soils in these zones are deep with

high water availability, even in summer months. In these conditions, degradation of

the summer hydric balance should have a more limited effect on T. magnatum
ascoma production than on that of T. melanosporum.
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10.5.3 Possible Influences on T. melanosporum Production
and Management Techniques for Decreasing Summer
Drought Stress

Distribution of several tree species is likely to change in the Mediterranean region,

particularly for white oak (Quercus pubescens L.) and holm oak (Quercus ilex L.) to
which T. melanosporum is associated (Petit et al. 2005). Migration of their hosts

could affect the presence of T. melanosporum in its natural habitats. At present, the

black truffle is mainly produced in orchards where its hosts are planted. Neverthe-

less, while these hosts are artificially maintained, climatic changes could have

direct effects on truffle production. Truffles are fungi, and we know that mushroom

production in natural conditions depends first on rainfall and soil moisture levels

(O’Dell et al. 1999; Bonet et al. 2004; Krebs et al. 2008).
Management techniques currently used in these orchards (irrigation, mulching,

soil tilling, host pruning) can partly compensate for summer water deficits. How-

ever, if degradation of the summer hydric balance continues, it will be necessary to

adopt improved management methods (Chevalier and Wehrlen 2008; Genola 2008;

Gregori 2008). Far too often in France, black truffle orchards are installed on soils

with limited water holding capacity (100 mm or less). To at least partly compensate

for deficits in summer hydric balance, T. melanosporum orchards will need to be

installed on soils with a high water holding capacity (200 mm or more).

The use of irrigation in black truffle orchards has begun to be more frequently

applied on large scales in France, Spain and Australia. But irrigation is not

sufficiently based on guidelines, although they have existed for a long time

(Le Tacon et al. 1982). These authors showed that truffle orchard irrigation can

be driven simply by measuring soil pF (force necessary to extract water);

maintaining soil pF in the 10 first cm <3.5 during the summer drought greatly

improved truffle production. Combining irrigation and mulching also contributed to

improved control of soil water availability (Le Tacon et al. 1982).

It would also be necessary to implement all techniques that allow for improved

summer hydric balance: diminishing the herbaceous vegetation cover by soil tilling

and decreasing tree evapotranspiration rates by diminishing host stem density and

by reducing tree crowns. While these are known techniques, they are not suffi-

ciently implemented; when we do see them applied, they are used empirically

without relevant guidelines. A challenge for the next decades to come will be to

provide truffle growers with best practice management guidelines based on

established water balance models of truffle orchards.

Another possible way to counteract global warming could be to move the black

truffle plantations further north or to higher altitudes. In France, the truffle growing

surface area of black truffle orchards could be increased in Poitou, Charente and

South of Touraine. In New Zealand, Renowden holds that global warming could

allow for expanded areas suitable for truffle production, which would have a

positive effect on truffle production in a country characterised by mild temperatures

and moderately high rainfall (Guérin-Laguette and Renowden 2008). In Australia,
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the situation is different: while global warming could improve black truffle pro-

duction in Tasmania and Victoria, in other regions it may be necessary to rely more

heavily on irrigation (Malajczuk 2008).

10.6 Conclusions

From the past long-distance migrations and from those, which took place more

recently, it is obvious that Tuber species have climatic requirements, which partly

explain their present natural distribution. Tuber melanosporum is limited in Europe

between a latitude of 40� and 48� North. Tuber melanosporum is typically a

Mediterranean species. The main factors limiting its natural distribution are the

summer drought and the winter frost.

Tuber indicum has a very large distribution area in Asia and can been found from

75� (India) to 140� (Japan) East and from 23� to 40� North. In China, T. indicum is

found mainly between 25 and 30� North and at an altitude of between 1500 and

3000 m. The tropical climate, moderated by the altitude, is characterised by an

abundant rainfall during the three summer months.

Tuber aestivum is spread throughout all Europe and can be found in North Africa

(Morocco) between a latitude of 35� and 57� North. Towards the west, the highest
longitude is 8� West in Ireland and Portugal. To the east, our knowledge is

fragmentary. Tuber aestivum has adapted to a broad range of climatic conditions:

Mediterranean, temperate rainy climates, cold maritime climates and very cold

continental climates. In Mediterranean conditions, the cycle is often stopped short

by the summer drought. In Atlantic and temperate conditions, mature ascomata can

be found in autumn or at the same period in continental conditions before the winter

frost.

Tuber borchii also has a wide distribution in Europe. It can be found from 37� to
61� North from southern Finland to Sicily and from Ireland to Poland. It cannot be

found above an altitude of 1000 m.

Contrary to T. aestivum and T. borchii, T. magnatum exhibits a narrow distri-

bution range. It can be found between 40� and 46� North from South East of France

to Italia, Slovenia, Croatia and Serbia from low elevation to an altitude of about

700–900 m.

Very little data exists concerning the relationship between ascoma production

and climatic conditions in natural forests. The only data available for natural forests

are on T. borchii. For truffle plantations we have more data, but they remain scarce

and often not reliable. An analysis of the French Richerenches and Carpentras

T. melanosporum wholesale markets revealed that the main factor explaining the

annual variations of sales was the cumulative late spring and summer water

balance. The second factor explaining annual variation of sales in the Richerenches

basin was the number of freezing days with minimum temperatures equal to or less

than �5 �C. Models obtained from 1988–1989 to 2012–2013 were used to simulate

the evolution of the sales from 1965–1966 to present day. The simulation showed
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that potential truffle sales would have been stable these past 48 years despite a

degradation of the summer water balance, compensated in part (for the

Richerenches site) by reducing the number of freezing days. The decline in French

truffle production over the last 48 years could be attributed more to changes in rural

communities than to climatic changes. Nevertheless, the Mediterranean climate has

warmed by about 1 �C over the past 100 years. While this warming trend might

have played a role in the decreased production of black truffles over the past century

in France, it does not solely explain the sharp fall in production (Fig. 10.3).

For the twenty-first century, almost all scenarios in Europe predict a trend

towards warming, ranging from 2 to 4 �C, and decreased rainfall in the Mediterra-

nean region. The result could be increased summer water stress, which could

greatly affect truffle production. In plantations, it would be necessary to implement

all techniques that allow for improved summer hydric balance (irrigation,

mulching, soil tilling, host pruning). A challenge for the next decades to come

will be to provide truffle growers with best practice management guidelines based

on established water balance models of truffle orchards. Another possible way to

counteract global warming could be to move the truffle plantations further north or

to higher altitudes.
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Fig. 10.3 Evolution of the detrended truffle sales in wholesale markets of Carpentras and

Richerenches from 1988–1989 to 2012–2013 (square continuous line) and of the multiple linear

regression model from 1965–1966 to 2012–2013 (triangle dotted line) in Carpentras and

Richerenches. The statistics of the multiple linear regression of the predicted sales over time are

indicated, adapted from Le Tacon et al. (2014)
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Chapter 11

Soil Characteristics of Tuber melanosporum
Habitat

Benoı̂t Jaillard, Daniel Oliach, Pierre Sourzat, and Carlos Colinas

11.1 Introduction

Tuber melanosporum Vittad. belongs to the genus Tuber that only includes mycor-

rhizal fungi living and fruiting underground within the soil environment. All their

life cycle, as mycorrhizas, mycelia and fruiting bodies, occurs within the soil

environment. Tuber melanosporum may leave the soil only for a short time if

ascomata are eaten and digested by an animal, before their spores return again to

the soil. The soil is also the medium where host trees find the water and nutrients

necessary for their growth and where they establish the mycorrhizal partnership

with fungi. The soil organisation; its physical, chemical and organic properties; and

its chemical and biological activities are of utmost importance for

T. melanosporum. Yet most soil data collected in the field about truffle ecology

are related just to truffle fruiting, and little is known about truffle “living” before
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Solsona, Spain

Department of Crop and Forest Sciences, University of Lleida, Av. Rovira Roure 191, 25198

Lleida, Spain

© Springer International Publishing Switzerland 2016

A. Zambonelli et al. (eds.), True Truffle (Tuber spp.) in the World, Soil Biology 47,

DOI 10.1007/978-3-319-31436-5_11

169

mailto:benoit.jaillard@montpellier.inra.fr


any fruiting takes place. Only a successful mycelium growing comfortably in a

friendly soil environment will produce the treasured black truffles, the “black

diamond” of Mediterranean gastronomy.

11.2 Soil Location, Organisation and Stoniness

11.2.1 Soil Location in Landscape

Tuber melanosporum grows and fruits best in well-structured, porous and aerated

soils (Delmas and Poitou 1973, 1974; Poitou 1988, 1990). The soil profile must

allow for water to flow freely through all the soil horizons and excess water to drain

out of the topsoil layers where tree roots and fungi live. Tuber melanosporum
thrives in soils with low concentrations of mineral nutrients, especially phosphorus

of which the availability is generally under 18 mg kg�1 (Sáez 1991; Sáez and De

Miguel 1995). Soils favourable to T. melanosporum are consequently most often on

summits, ridges or slopes where free water can run off suctioning fresh air in its

wake (Fig. 11.1). This ecological requirement leaves T. melanosporum to grow on

marginal lands occupied by shrubs and forests or abandoned agricultural areas

previously planted with vineyards, olive or almond trees, the least demanding

crops in terms of water and fertilisers. In France and Italy, truffle hunting was

traditionally associated with sheep or goat herding, and truffles were thus harvested

in rangelands and forests.

11.2.2 Soil Organisation and Depth

Highlands and marginal agricultural lands often have stony and shallow soils,

sometimes lying directly on bedrock (Fig. 11.2). Soil depth is a very important

parameter for the growth of many plant species because it determines the soil’s
water reserve. Even though productive truffle beds can be found in skeletal soils

hardly 10 cm deep (Reyna 2000), the optimal soil depth for truffle production is

around 30–50 cm to ensure a good growth of both the tree and the fungus.

Moreover, bedrock must be highly and finely fractured to ensure drainage of excess

water from the soil profile and to allow roots to dig deep into the parent material to

get the water necessary for tree growth (Grente et al. 1974; Callot and Jaillard 1996;

Callot 1999; Weiller 2002). Many wild truffle beds are located on stony substrates,

on hillside gravels and on rock debris that allow very efficient water drainage. Such

geological formations are frequent on limestones of the Jurassic and Cretaceous

period, but also in mountainous regions as the French Central Massif, the Pyrenees

and the Apennines (Raglione et al. 2001; Jaillard et al. 2014).
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Regardless of the prospective truffle orchard location, it is always necessary to

dig soil profiles that allow the direct observation of all the soil profile and the

bedrock condition since they can vary locally from site to site (Callot 1999; Weiller

2000, 2002). Moreover, soil profiles give the opportunity to observe in detail

possible discontinuities between soil horizons that can induce local water accumu-

lation inside. Soil profiles also allow to observe lithological discontinuities at the

profile bottom that can block the growth of taproots deep into the bedrock that

would help the trees and their partner fungi survive droughts through hydraulic lift

(Querejeta et al. 2007). Callot (1999) studied the relationship between truffle

production and soil and subsoil organisation based on a morphological study of

soils. This relationship is weak or non-existing in sandy or sandy loam soils that are

very favourable for T. melanosporum. It becomes general in sandy-clay-loam or

Fig. 11.1 Location of truffle orchards in the landscape: (a) planting of green oaks, white oaks and
hazelnut trees on limestone terraces; (b) planting of green oaks on a limestone plateau
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sandy-clay soils that are less favourable to T. melanosporum and is determinant for

truffle production in clay-loam or clay soils. For instance, Callot and Jaillard (1996)

showed that the sites where ascoma were harvested were weakly related to the

subsoil structure. The presence of a partially impermeable clay subsoil discourages

fruiting of both epigeous and hypogeous fungi. Soils presenting a shallow calcar-

eous crust discourage fruiting of truffles but encourage that of epigeous fungi.

These authors showed that T. melanosporum fruits best in soils with a very porous

horizon developed in contact with the calcareous bedrock. This horizon was

characterised by an intensive biological activity. In another truffle orchard devel-

oped on a clay-loam soil, Callot (1999) showed that truffles were exclusively

harvested along an ancient drainage system that corrected the naturally

impermeable soil.

Fig. 11.2 Soil organisation and depth of truffle orchards: (a) cambisol on very fractured

lithographical Jurassic limestone; (b) rendosol on Cretaceous limestone
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The organisation of the soil and its underlying parent material can only be

studied by digging soil profiles down to 2 m deep or to the bedrock when possible.

The analysis of the soil organisation must be completed by observations of the plot

of interest and its surroundings and the results cautiously extrapolated. The digging

of soil profiles is an essential prerequisite when planting a new truffle orchard. It is

the only way to observe in detail soil organisation, although it only opens a few

small windows to the real soil variability. Digging of soil profiles seems expensive

and time-consuming, but this investment is minimal compared to the cost of a failed

truffle orchard.

11.2.3 Soil Stoniness

Soil stoniness plays several roles on soil properties. In general, it increases the soil

porosity and improves water drainage within the soil profile. Soil stoniness also

increases aeration and gas movement in soil. Gravels (2–5 mm) and little stones

(5–30 mm) are more efficient than larger stones. In the same way, stoniness

decreases the mechanical cohesion of soil and thus facilitates root growth and the

expansion of truffle ascomata. However, very rocky soils produce more irregularly

shaped truffles that fetch lower prices in the market. Stones can themselves con-

tribute to water retention when the parent rock is porous, and limestones contribute

to maintain high soil alkalinity, regardless of the lime content inside the soil matrix.

In rocky soil (Fig. 11.3), the fine particles tend to settle among the larger stones,

leaving the stones on the soil surface (Delmas and Poitou 1974; Poitou 1990; Reyna

2000). This effect gives the impression that the stones “rise up” to the soil surface.

Rock fragments can consequently constitute a continuous mulch on the soil surface.

In dry climates, this stony mulch decreases significantly water evaporation by

partially reflecting the radiation of the sun. Moreover, rock mulches reduce soil

surface compaction caused by raindrops and soil surface erosion caused by water

run-off. Finally stoniness favours biological activities in the soil under the rock

mulch by maintaining this microhabitat shady, cool and moist for long periods of

time.

In Central Italy, Bencivenga and collaborators reported an average of 50%

stoniness, with a large range from 10 to 90% (Bencivenga 1986; Bencivenga and

Granetti 1988; Bencivenga et al. 1990). In France, Delmas et al. (1981) and Poitou

(1990) reported a range from 0 to 75% of large elements. In Spain, Reyna (2000)

indicated that soil stoniness varies from 0 to 90%. It can be so high that stones

completely cover the soil surface. We have observed in France regularly productive

truffle beds in massive limestone rock debris, where truffles are harvested under the

blocks (Jaillard et al. 2014). Suz et al. (2008) studied the production onset and the

productivity in truffle orchards. These authors showed that early producing trees

had significantly lower surface rock cover than other trees. In contrary, the surface

rock cover in a mature producing orchard was much higher under productive than

under unproductive trees. These effects of rock cover on tree productivity may be
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related to its direct effect on soil or to physical or chemical interactions between

rocks and soil. Note that soil stoniness is rarely measured in the field because it

would take moving large soil volumes: this parameter is often estimated and the

surfacing of rock fragments induces a general overestimation of soil stoniness.

The truffle fungus does not need rock fragments to grow, but it grows frequently

on stony soils because of their location on the landscape and the induced good

aeration of soil. For this reason many authors have associated stony soils with

truffle soils, because T. melanosporum fruits often and well in stony soils (Sourzat

1997; Oliach et al. 2005).

Fig. 11.3 Soil stoniness of truffle orchards: (a) harvesting of truffles in a vineyard planted with

white oaks; (b) harvesting of wild truffles under limestone rocks
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11.3 Soil Texture and Structure

The texture of a soil describes the size distribution of mineral particles that form the

soil. Its measurement therefore requires destroying the soil structure beforehand.

Soil texture informs on how the soil can be structured in view of its history, mineral

and organic amendments that have been added and cultural practices. The soil

texture contributes to shape, but does not determine, the soil structure (Duchaufour

1965). However, soil texture is stable and easy to measure in the laboratory. It is

why soil texture is so often measured, as opposed to soil structure. It is also why

many authors try to estimate field properties of soil as soil structure by using

empirical relationships (pedotransfer functions) based on soil texture (Duchaufour

1965; Alonso Ponce et al. 2014).

The structure of a soil describes the organisation of mineral and organic particles

that form the soil: it is a fundamental soil property because it determines how the

soil liquid and gas phases work, and it also influences considerably its chemical,

organic and biological dynamics. The soils in which the particles are clustered into

aggregates have granular, crumb or blocky structures. However, the structure can

change with time, climate and water regime, incorporation or loss of mineral and

organic matter, biological activity or cultural practices. It results from any soil

component (clays, metal oxides and organics) or process (liming, biological activ-

ity, drying/wetting cycles) that contributes to aggregate soil particles. This is why

the soil structure must be primarily observed in the field. Soil structure plays a

major role on T. melanosporum growth and fruiting that needs to be emphasised.

11.3.1 Soil Texture

Balanced textures, those where soil is formed by roughly equal proportions of clay,

silt and sand (Delmas and Poitou 1974), are the most appropriate for the growth and

fruiting of T. melanosporum. Indeed, balanced textures are well known to naturally
generate loamy soils that are well-structured with crumb or subangular blocky

structure, porous, aerated and generally without excess of water. Raglione

et al. (2001) also identified sand and silt as positive and clay as negative soil

properties to discriminate soils favourable to T. melanosporum. Excess of clay or

silt limits water and gas exchange, which is unfavourable to T. melanosporum. Soils
whose clay content is above 300–400 g kg�1 tend to develop large, compact and

continuous clumps that are much less porous and permeable to water, both soil

properties unfavourable to T. melanosporum. Note that the clay effect depends on

the mineralogy of the clay: clays with low exchange capacity as kaolinite are very

unfavourable to truffle by increasing soil compaction and decreasing water perme-

ability. The lack of rock fragments also aggravates the effects of high clay content.

Sandy soils pose a different problem. Fine sands tend to become solid massive

clumps when dry, thus preventing any growth of underground ascomata in size.
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However, coarse sands reduce the cohesion among soil particles effectively

decreasing aggregate size, and sandy structures remain very porous to air and

water. Soils with high contents of coarse sands do not retain enough water: this

coarse texture should be compensated by a high content of organic matter.

11.3.2 Soil Structure

The most critical physical soil property, for the growth and fruiting of

T. melanosporum, is the structure (Fig. 11.4). The best structure for T.
melanosporum allows good soil aeration and water flow and easy growth of tree

roots and fungal mycelium (Delmas and Poitou 1973, 1974; Poitou 1988, 1990).

Soil aggregation should be crumb or granular with the aggregates of the size of a

grain of wheat (Delmas 1973a, b; Poitou 1988, 1990). This specific structure is

often called coffee grounds structure because of the lightness, looseness and

consistency of the soil in the hand (Callot 1999). Lulli et al. (1999) showed that

soil aggregation was granular, and aggregate size was 1–2 mm near the soil surface.

Ricard (2003) noted that aggregates have a size of 0.25–2 mm in the top 15 cm of

soil. Sourzat (1997, 2002, 2012) recommends a regular surface tillage to keep the

soil soft and well aggregated.

This specific soil structure is associated to a great stability over time. Bragato

and collaborators (Panini et al. 1993; Bragato 1997; Lulli et al. 1999; Castrignanò

et al. 2000; Bragato et al. 2001) have measured the soil structure at the scale of a

truffle bed. The authors showed that the spatial pattern of the probability of finding

a productive brûlé was related to the structure of the soil, suggesting that

T. melanosporum may prefer a soft and well-aerated soil environment to grow

and fruit (Lulli et al. 1999; Castrignanò et al. 2000). They also showed that, inside

the brûlé, soil aggregate size decreased, and the conditions were more oxidative

than outside: this pattern was related to a 50% decrease of total organic matter and

microbial biomass (Bragato et al. 2001). The authors assumed that the disappear-

ance of the grass cover in the brûlé and the increase in soil macroporosity might

increase airflow in soil surface layers (Bragato 1997). This would be confirmed by

the increase in DTPA-extractable manganese observed in productive brûlés (Lulli
et al. 1999).

In the Pyrenees, the sites identified by truffle growers as the most productive

have a sandy or pseudo-sandy structure and a crumb aggregation with an organic

origin or a subangular blocky aggregation generated by a significant clay or

oxyhydroxide content (Jaillard et al. 2013, 2014). Even in dry conditions, these

soils have a low cohesion and can be dug easily by hand or with a small pocket-

knife. Jaillard et al. (2014) showed analytically that the most productive soils were

those whose aggregates remain stable during fast immersion in water. On the

contrary, the least productive soils were those whose aggregation is blocky, aggre-

gate size larger than 4 mm and that collapse in water. Indeed, soils unstable in water

had the annoying property to harden during drying and to collapse during wetting,
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while stable and well-aggregated soils stay granular and thus soft and uncohesive

regardless of the moisture conditions. Soil structure is the single most relevant

physical property of soil favourable to T. melanosporum development.

11.3.3 Origin and Role of Soil Structure

Soil structure results from several independent soil properties: soil exchange

capacity; contents in clay, lime and oxides; soil organic matter; biological activity;

plant cover; and soil tillage. This multifactorial dependence brings about a large

spatial and temporal variability of soil structure. Indeed, if the texture and the

Fig. 11.4 Soil aggregation in truffle orchards: (a) calcareous soil raised up by a growing truffle;

(b) organic sandy soil on dolomitic limestone (reproduced from Jaillard et al. 2013)
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contents of carbonate or metal oxides of soil are properties that generally vary only

slightly in space and slowly over time, content of organic matter, plant cover and

biological activity varies quickly in space and changes rapidly over time. Several

authors (Bragato 1997; Bragato et al. 2001; Garcı́a-Montero et al. 2009a) have also

showed that the truffle fungus itself alters the soil structure: the brûlé area becomes

ashy and powdery, following a decrease in organic matter content and an increase in

fine and reactive limestone content. Recently, Bragato (2014) studied the distribu-

tion and compared the size of aggregates within and outside a brûlé of

T. melanosporum in the Italian Apennines. He showed that the distribution of

aggregates larger than 0.25 mm displayed a spatial pattern comparable to that of

the brûlé, with sharp changes along the boundaries of the brûlé itself. This author
suggested that the disappearance of grasses in the brûlé allows freeze-thaw cycles

to decrease aggregate size in winter.

The large spatial and temporal variability of soil structure makes it a property

that deserves to be regularly measured in time or at least estimated by hand in the

field. Its measurement is not standardised. Several methods have been proposed

(Emerson 1967; Oades and Waters 1991; Le Bissonnais 1996), and analytical

laboratories generally do not offer this determination on their catalogue. However,

the estimate of the structural stability of a soil can be easily made by any truffle

farmer, because it is simple and requires very little equipment: a 5 mm screen and a

glass of water. Aggregates are isolated by sieving dry soil and then immersed for a

few minutes in water. If the aggregate remains intact, the soil structure is very stable

in water. If the aggregates are broken but are still visible to the naked eye, the soil

structure is quite stable in water. If the aggregates collapse, the soil structure is very

unstable and soil surely unsuitable for the production of black truffle. Note that, as

surprising as it may be, we still do not know today exactly why well-structured soils

favour T. melanosporum.
Soil microfauna is very active in truffle-dominated soil ecosystems and contrib-

ute significantly to the development of soil structure. In particular, protozoa and

small soil invertebrates (insects, mites, myriapods and annelids) are essential to

ensure aeration of the soil, activation and dispersal of the ascospores and truffle

development (Morcillo et al. 2015). Arthropods, together with earthworms, help to

transform fresh organic matter and plant debris that drops on the soil surface into

small faecal pellets. The excrements of all these animals form aggregates that

improve soil structure and aeration. The organic matter that transits through the

gut of these small animals, together with mineral particles, makes the nutrient

elements more accessible to plants and mycorrhizal fungi (Olivier et al. 2002).

Earthworms play an important role by incorporating exchangeable calcium, nitrate

and available phosphorus and potassium, thus improving the chemical properties of

the soil (Olivier et al. 2002). These annelids increase soil calcium carbonate by

means of their calciferous glands (Garcı́a-Montero et al. 2013), effectively fixing

carbon in the soil from fresh organic matter or atmospheric CO2 and raising soil pH

(Canti 2009; Garcı́a-Montero et al. 2013). These actions by earthworms have a

similar impact to calcareous amendments, as they modify the availability of
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nutrients, alter ectomycorrhizal communities and improve the growth of roots

(Monfort-Salvador et al. 2015).

11.4 Soil pH and Alkalinity

11.4.1 How to Measure Soil Alkalinity?

The alkalinity of a solution describes its ability to neutralise an acid. The inverse of

alkalinity is the acidity. By extension, the alkalinity of a soil describes its ability to

neutralise acids. This quantity thus determines how soils react to an acid intake.

Every living organism has specific needs in terms of alkalinity/acidity of its

environment. The pH of a soil measured in an aqueous solution (pHwater) measures

the alkalinity of the soil solution at equilibrium. As reference, pHwater of soils is

generally between 4.2 and 8.4. But soil pHwater can shift quickly and significantly

with water or gas dynamics and biological activity (Hinsinger et al. 2002; Jaillard

et al. 2003). To fill this gap, we often measure the pHKCl (pH measured in an

aqueous 1 M KCl solution) which takes more into account the alkalinity carried by

the soil exchange complex: pHKCl is always lower than pHwater.

Soil “active carbonate” is extracted with ammonium oxalate according to the

Drouineau method (Drouineau 1942). The measurement of “active carbonate” takes

into account the alkalinity of highly reactive carbonate minerals that mainly

corresponds to the fine calcareous fraction of soil (Callot and Dupuis 1980). The

Metson cation exchange capacity (CEC, generally in cmolþ kg�1 of soil) of the soil

exchange complex is measured by extraction of cations, mainly calcium (Ca) and

magnesium (Mg) in alkaline soils, with ammonium acetate (Metson 1956). In

alkaline soils, this extractant can also dissolve an active fraction of carbonate

minerals (Ciesielski and Sterckeman 1997). The ratio (Mg +Ca)/CEC (in molþ
molþ

�1) gives thus a good indicator of “reactive” alkalinity of a soil. The “reactive”

alkalinity of a soil is much higher than the “equilibrium” alkalinity of soil solution:

often, it much better describes the alkaline soil conditions that living organisms

need over an extended period for growing and fruiting.

11.4.2 Soil pH

Tuber melanosporum grows and fruits best in alkaline soils (Delmas and Poitou

1973, 1974; Poitou 1988, 1990). The pH of productive truffle beds ranges from 7.0

to 8.9, with a median of 7.9 and a standard deviation near 0.4 units: that means that

the pH of 95% of truffle soils ranges between 7.5 and 8.3 (Bencivenga and Granetti

1988; Bencivenga et al. 1990; Raglione et al. 1992; Sáez and De Miguel 1995;

Olivier et al. 1996; Garcı́a-Montero et al. 2007b; Colinas et al. 2007). So, the soils
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favourable to T. melanosporum include neutral (7.0< pH< 7.9), dolomitic

(7.5< pH< 8.3) and calcareous (8.0< pH< 8.9) soils. Soil pH is most often used

to characterise soil alkalinity because it is easy and inexpensive to measure.

However, pH has the disadvantage of an asymptotic increase in the alkaline range

of interest: in calcareous soils, pH is close to 8.3, that is, the pHwater value of a

solution in equilibrium with lime. That is also the maximum soil pH adequate for

T. melanosporum to grow. A higher soil pH indicates significant amounts of sodium

or gypsum, both minerals detrimental to the black truffle fungus.

11.4.3 Exchange Complex

Alkaline soils are characterised by an exchange complex saturated by divalent Ca

and Mg cations. The ratio between the sum of divalent cations and cation exchange

capacity, i.e. (Mg +Ca)/CEC, has the advantage of a gradual variation from acid

soils whose exchange complex is not or just barely saturated [(Mg+Ca)/

CEC� 1 molþ molþ
�1], up to highly calcareous soils that contain high amount

of reactive limestone [(Mg+Ca)/CEC> 1 molþ molþ
�1] (Ciesielski and

Sterckeman 1997). Dolomitic soils fit easily in this scale because their exchange

complex is saturated and may contain a fraction of magnesium or calcium that is

soluble and reactive. In addition (MgþCa)/CEC ratio avoids the nature of the soil

minerals that support the alkalinity and takes into account the difference of cation

exchange capacity between soils. Finally, exchangeable cations and cation

exchange capacity are also commonly and inexpensively measured in routine soil

analysis. Jaillard et al. (2013, 2014) have showed that (Mg +Ca)/CEC is likely the

most pertinent indicator for alkalinity evaluation in truffle ecology: it ranges from

0.9 to 1.2 molþ molþ
�1 in neutral soils, from 1.4 to 1.9 molþ molþ

�1 in dolomitic

soils and from 2.4 to more than 4 molþ molþ
�1 in calcareous or sandstone soils.

11.4.4 Soil Reactive Limestone

A soil exchange complex saturated by divalent cations generally results from the

presence of calcium carbonate crystallised as calcite CaCO3 or dolomite CaMg

(CO3)2 in the soil mineral fraction. Indeed, this fraction is slowly dissolved releas-

ing alkalinity as bicarbonate anion and associated calcium and magnesium cations.

Several authors (Ourzik 1999; Garcı́a-Montero et al. 2007b; Jaillard et al. 2014)

have reported that the soils favourable to black truffle contained rather low amounts

of active carbonate, on the order of only a few tens of grammes per kg of soil with

an average of 30 g kg�1 of soil. Sourzat (2001) and Jaillard et al. (2008) found

truffles grown on acidic soils (on granite or gneiss) whose upper horizons were

carbonated by human practices (the lime of masonry walls, the limestone of road

embankments, etc.) and had less than 20 g active carbonate kg�1 of soil. Grente
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et al. (1974), Callot and Jaillard (1996), Callot (1999) and Weiller (2000, 2002)

have noted that the most productive truffle beds were on leached soils or at least on

soils that had lost carbonate. These soils are brown to red, because of the

mobilisation of iron or manganese (a process called “brunification”, possibly

followed by a “reddening” in Mediterranean climate) (FAO 2006). These data led

some authors (Jaillard et al. 2007, 2008; Garcı́a-Montero et al. 2007a, 2009a) to

assume that the presence of active carbonate is critical for truffle production, even if

it is in small amounts. Authors as Callot (1999), Garcı́a-Montero et al. (2009a, b)

and Demerson (2012) have even suggested that active carbonate could play a direct

role in the nutrition of mycelium or fruiting of T. melanosporum ascomata. How-

ever, Sourzat (2008, 2012) reported T. melanosporum growing and fruiting in

neutral soils with null carbonate content, and Jaillard et al. (2014) observed wild

truffle beds on soils whose exchange complex was just close to saturation, with no

carbonate in them. These observations clearly contradict the hypothesis of a

possible role played by active carbonate on truffle nutrition. The data only are in

good agreement with the mean pH value that indicates that T. melanosporum grows

and fruits as well in neutral and dolomitic soils as in calcareous soils.

11.4.5 Soil Total Limestone

Soil content in total carbonate is, with pH in water, the most commonly measured

soil property for determining truffle cropping potentiality. Indeed, black truffle is

traditionally associated with the characteristic landscapes of Mediterranean lime-

stone regions, with limestone hillsides in Southern France, Eastern Spain and Italy.

However, soil content in total carbonate is not very informative. The lack of

carbonate in a given soil does not imply that this soil will not produce

T. melanosporum. The presence of carbonate in a given soil indicates only that

soil exchange complex is very likely saturated by divalent cations and therefore that

(Mg +Ca)/CEC ratio is higher than one. The capacity of a site to produce black

truffles depends firstly on its location in the landscape and on the soil structure.

Interestingly, Jaillard et al. (2014) analysed 220 truffle grounds in the Pyrenean

regions colonised by T. melanosporum and reported that very calcareous soils may

not be the best ones for truffle production, mostly when compared to dolomitic soils

with an active carbonate content of only 4 g kg�1 on average. Very calcareous soils

often result from the weathering of marls and marly limestones, rich in clay and

loam, with an impermeable hardpan (petrocalcic horizon) in the lower soil hori-

zons. This result reinforces the observations reported by Garcı́a-Montero

et al. (2007a, b, 2009a, b) and Jaillard et al. (2007) that suggested that the best

truffle orchards frequently had low active carbonate, most often associated to low

carbonate content. Valverde-Asenjo et al. (2009) also analysed 77 truffle beds

colonised by T. melanosporum and Tuber brumale Vittad. in Arag�on (Northeast

Spain): they showed that the active carbonate content of T. melanosporum beds was

lower in wild than in orchard soils, i.e. lower than 30 g kg�1 and higher than
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100 g kg�1 in average, respectively. This suggests that truffle growers plant truffle

trees in soils even more calcareous than wild truffle soils. This belief in the quality

of soils with high carbonate content for truffle cultivation could cause a bias in the

analysis of truffle soils.

11.4.6 Dolomitic Limestone and Calcareous Sandstone Soils

Special attention should be given to soils developed on dolomitic limestones and

calcareous sandstones. Most limestones are composed of calcium carbonate CaCO3

crystallised as calcite. Dolomite is a double carbonate of calcium and magnesium

CaMg(CO3)2. Dolomitic limestones result from secondary processing of calcitic

limestones. When a magnesium-rich solution percolates through calcitic lime-

stones, a part of the calcium of the calcite is substituted by magnesium, and calcite

gradually turns into dolomite. Calcite is much more soluble than dolomite. As a

consequence in the field, the soil that results from the weathering of dolomitic

limestones is made of dolomite grains quite free from calcite cement. The soil is

mostly a sandy soil, alkaline, generally free from active carbonate and reacting very

slowly to the addition of acid unlike a calcareous soil. Its pH is always less than 8.3,

usually ranging from 7.5 to 7.9.

A calcareous sandstone is made of siliceous sand cemented by calcium carbon-

ates. Calcareous sandstones weather by dissolving the carbonate cement and grad-

ually releasing the sand. The resulting soil is also a sandy soil, but which can have

high active carbonate content. In these calcareous sandy soils, the pH varies from 7.5

to 8.3 depending on the content of residual active carbonate. Both dolomitic

limestones and calcareous sandstones produce alkaline sandy soils. With a high

content in organic matter, the dolomitic limestone soils and the calcareous sandstone

soils are among the most favourable soils for T. melanosporum (Jaillard et al. 2014).

11.5 Soil Organic Matter

11.5.1 Role of Organic Matter in Soil

Organic matter is a minor but essential component of soil because it considerably

alters many soil properties, especially soil structure. Its content ranges generally

from 30 to 150 g kg�1 in untilled and undisturbed soils and from 5 to 50 g kg�1 in

cultivated soils. Organic matter incorporated in soil is usually plant debris. These

fresh organic materials are first physically fragmented by the mesofauna, then

chemically digested by the microfauna. The resulting organic matter is linked to

minerals and forms a very stable organo-mineral complex because of the hydro-

phobicity and molecular structure of organic polymers (Buckman and Brady 1991).
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Organic matter improves significantly the soil structure by increasing soil porosity,

water-holding capacity and structure stability of soil to water. Organic matter also

increases exchange capacity that, in turn, increases the soil capacity to retain

mineral elements. Adding organic matter increases the soil CEC and, consequently,

decreases the (Mg +Ca)/CEC ratio. As a consequence, organic matter is the main

factor of soil structuring.

However, organic matter is labile: it is mineralised with time, mainly in the

warm Mediterranean regions. Content of organic matter decreases with time,

releasing carbon (C) as carbonic gas in the atmosphere and nitrogen (N) and

phosphorus as available nutrients in soils. Plant debris have high values of C/N

ratio, from 20 to 50 kg kg�1 and more. The mineralisation of plant debris is always

associated with a decrease in C/N ratio, until reaching low values close to 8 or

10 kg kg�1 that correspond to relative C and N contents of microorganisms. The

C/N ratio of soil organic matter thus provides useful information on biological

activity in soil. Organic matter in a biologically very active soil generally has a low

C/N ratio except if fresh organic matter has been recently added. But fresh organic

matter in such a soil will be mineralised quickly returning the soil to a low C/N ratio

in a short time. In alkaline soil, organic matter evolves towards calcic mull humus

form and soil structure towards a crumb structure. Because of its lability, fresh

organic matter must be regularly added to the soil as well composted plant residues,

animal faeces or wood, in order to keep C/N ratio high and maintain its positive

impact on other soil properties and functions (Callot 1999; Reyna and Colinas

2012).

11.5.2 Soil Organic Matter Favours T. melanosporum

The contents of organic matter in soils where the black truffle thrives range from

8 to 180 g kg�1, with a mean near 50 g kg�1 and a reported maximum value above

370 g kg�1 (Delmas et al. 1981; Bencivenga and Granetti 1988). These are high

values of organic matter content in soil. By comparing truffle productive and

non-productive areas, Bragato (1997) showed that in truffle-producing areas, the

content of total organic matter was lower, and the relative content of linked organic

matter was higher than in non-productive areas. Callot and Salducci (1997, 1998)

confirmed this result and suggested that high amounts of organic matter with high

C/N ratio favour T. brumale rather than T. melanosporum. It is thus important to

specify the quality of soil organic matter, especially the ratios of fresh organic

matter to resulting stable organic matter. Poitou et al. (1983) and Delmas

et al. (1981) reported that soils favourable to black truffle contained well-

mineralised and stabilised organic matter, with a C/N around 10 kg kg�1 and

ranging from 8 to 12 kg kg�1. Callot (1999) and Reyna (2000) widen the range

from 8 to 20 kg kg�1, depending on the natural intake of fresh organic matter.

Ricard (2003) reports that truffle beds contain generally low amounts of free
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organic matter (size> 20 μm), but can be rich in organic matter bound to mineral

particles (size< 20 μm).

11.6 How to Choose and Improve the Soil

for T. melanosporum?

11.6.1 Location and Physical Soil Properties Cannot Easily
Be Changed

Tuber melanosporum is a thermophilic fungus of Mediterranean regions. Its

edaphic requirements naturally confine it to calcareous or dolomitic mountains

and calcareous sandstone plateaus of these regions. However, the development of

truffle cultivation and planting of truffle orchards in the late twentieth century

changed the distribution of this fungus. Former agricultural lands were often

converted to truffle orchards, and many people that have inherited farms wish to

convert them to truffle orchards. This new infatuation for truffle cultivation induces

the plantation of many truffle orchards in areas that are not naturally favourable to

truffle production. Traditionally preferred crop fields are often in flat plains conve-

nient to use farming equipment on. They are flat because of the fine sediments that

were deposited in previous eras. But those same sediments also make their clay

content too high. The development of truffle cultivation raises the question of the

choice of soil and its improvement through appropriate practices. We do not know

how many of the 2500–3000 ha of truffle orchards planted every year in Europe are

placed in inadequate sites. So far, even though the decline in production has

stopped, we are still very far from the truffle crops of 100 years ago.

We have seen that the physical properties of the soil are essential. All plains,

depressions and slope failures accumulate water permanently or temporarily on all

or part of the soil profile: these areas are unfavourable to T. melanosporum and must

be avoided. Moreover, accumulation of sediments in these areas generates rather

deep and heavy soils with fine texture that contribute to hold water and humidity for

a long time. Soils too clayey or too loamy should be avoided as they are too

sensitive to excess of water, collapse and compaction (Sáez and De Miguel 1995;

Olivier et al. 1996; Reyna 2000). Very sandy soils have poor water-holding

capacity, but this problem can be corrected by adding clay and organic matter,

and it is not a problem if the farm is located in an area of high precipitation or that

can be irrigated. Generally, adding organic matter improves the physical properties

of soil, but these improvements are limited to the soil surface. We must recall here

the recommendation to previously observe the organisation of the soil and its

underlying parent material by digging soil profiles down to two metres deep or to

the bedrock when possible. The digging of soil profiles is not expensive by

comparison with the investment of planting a truffle orchard that is expected to

produce truffles over several decades. The site, its location in the landscape and the
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structure of its subsoil are paramount for the plantation of a black truffle orchard

because these properties cannot be modified by any agricultural practices.

11.6.2 Other Soil Properties Can Be Improved

On the other hand, most other physical and chemical soil properties can be

improved over time by adapted agricultural practices (Fig. 11.5). Soil structure

can easily be modified (Le Bissonnais 1996). Soil tillage is the main and oldest

practice used in truffle cultivation: it is recommended by most authors as a basic

practice in truffle cultivation to keep the soil surface soft and well structured

(Sourzat 1997, 2002, 2012). Adding coarse sands or rock fragments is also used

to decrease the soil cohesion and improve the soil fragmentation in loamy soils.

Liming is another common way to improve soil structure, but it is effective only in

desaturated neutral soils. Finally the most commonly used practice is the addition of

well-decomposed organic matter that can tremendously increase the structure

stability of soils (Le Bissonnais 1996; Lulli et al. 1999). This culture practice is

well known in horticulture, and it is only recently becoming common in truffle

cultivation (Reyna and Colinas 2012). It should be encouraged to keep high the

stability of soil structure in truffle beds.

Soil alkalinity can also be easily and successfully managed (Valverde-Asenjo

et al. 2009) in the field: it increases with the addition of lime or calcium or

magnesium carbonate and may decrease slightly with the addition of clay or

carbon-rich organic matter. Moreover, the observation of truffle orchards in neutral

soils implies that acidic soils with good physical properties can become productive

truffle orchards by natural or artificial liming. The development of truffle culture in

Australia, New Zealand, Chile and the USA (Sourzat 2012) has been largely based

on this principle. For instance, Garland (1995, 1996) reported in North Carolina that

soils with initial pH near 5.5 had been progressively limed over 10 years until their

pH reached 8, and the site became a productive truffle orchard. Similar results are

reported by Hall and Yun (2003) in New Zealand. We have observed in the

Pyrenean mountains that some truffle growers are also liming their plantations to

rise the truffle soil alkalinity.

11.7 Conclusions

Tuber melanosporum ultimately appears as a relatively ubiquitous fungus able to

grow in a wide range of physical and chemical conditions of soils whose optimum is

difficult to identify. This difficulty is enhanced by the meteorological (Alonso

Ponce et al. 2010, 2014) and biological conditions that are favourable to the fungus

and that we are only beginning to understand (see Chap. 10). The situation becomes

even more confusing as our technology gives us the capacity to dramatically and
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persistently change many soil properties. A soil favourable to T. melanosporum
must be well-drained, well-structured and well-aggregated, alkaline and rather

organic, which are all common soil properties, but that rarely occur together in

the same site, which is the reason why soils naturally favourable to

T. melanosporum are not very common.

Fig. 11.5 Soil improvement in truffle orchards: (a) soil samples collected in a cultivated field

(on the left) and a wild truffle woodland (on the right), both being a few meters apart (reproduced

from Jaillard et al. 2014); (b) tillage of the soil surface by hand with a bigot

186 B. Jaillard et al.



References
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Catalunya, Solsona

Olivier JM, Savignac JC, Sourzat P (1996) Truffe et trufficulture. Fanlac, Périgueux
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Chapter 12

Soil Characteristics for Tuber magnatum

Gilberto Bragato and Žaklina S. Marjanović

12.1 Introduction

The aim of this chapter is to provide useful information about the habitats of Tuber
magnatum Pico to be further investigated in future environmental research. Until

recently, most investigations on T. magnatum environments were done in Italy, and

their results were reported in Italian journals that are not easily accessible.

Since recently, ascomata were the only observable manifestation of T.
magnatum in the field. Accordingly, all investigations on its habitats were based

on two assumptions: (1) T. magnatum mycelial phase requires the presence of

symbiont trees, and (2) T. magnatum produces ascomata only in the right soil

environment. In this chapter, we took the presence of symbionts for granted and

focused our attention on the subset of soil environments that were suitable for

ascoma production.

Soil is a natural body formed by mineral and organic constituents organized in

structures that are (1) specific for the pedological medium and (2) in constant

evolution (FAO 1998). Soil is layered in horizons that are differentiated by envi-

ronmental processes acting on the underlying parent material. In areas where

tectonics is active and soil contains finely dispersed carbonates, the most frequent

sequence of horizons is A-AC/Bw-C, where A indicates the surface mineral

horizon, AC and Bw subsurface horizons originated in the early phases of soil

genesis and C the unconsolidated parent material. The characteristics of A and,
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partially, of AC horizons are determined by the presence of organic matter that,

coming from litter decomposition, interacts with mineral particles. These interac-

tions are responsible for the arrangement of organic and mineral particles into

aggregates. On the other hand, long-lasting physical and chemical processes orig-

inate Bw horizon. They result in the downward migration of primary carbonates

and a more developed aggregation of soil particles.

In this chapter, we used the soil classification of the last edition of the World

Reference Base for Soil Resources (IUSS Working Group WRB 2014). This

classification allows to briefly summarize the main soil processes acting in the

surveyed areas, and it will help the reader to identify areas that are potentially

suitable for T. magnatum growth in national and regional soil maps.

12.2 The Beginnings

Since its first description by Pico in 1788 (Ceruti 1968), T. magnatum has been

associated with the Langhe and Monferrato regions and the area around the city of

Alba, in Italy. However, we had to wait until the pioneering work of Montacchini

and Caramiello (1968) to get environmental data on areas suitable for T. magnatum
growth. After an introduction to their geology—rugged hillslopes on Miocene and

Pliocene marine sediments—the authors reported some chemical properties

concerning the topsoil layer of 23 truffle grounds (Table 12.1) along with the

characteristics of six soil profiles. The data of Table 12.1 delineate a soil environ-

ment characterized by the presence of calcium carbonates (CaCO3), a high content

of exchangeable Ca (Caex), the presence of exchangeable Mg (Mgex) and a large

range of variation of organic C (Corg).

Profiles were quite homogeneous, displaying an A–C horizon sequence, a brown

to grey colour and two main texture classes: clay loam and sandy clay loam.

Montacchini and Caramiello (1968) also recorded a granular structure in the surface

horizon, with a total porosity ranging from 53 to 68% and a subangular blocky or

massive structure in depth. Unfortunately, even if they noticed the alluvial origin of

Table 12.1 Topsoil chemical

characteristics of 23 truffle

grounds of the Monferrato

and Langhe areas (from

Montacchini and Caramiello

1968)

m SD Min Max

Corg (%) 1.9 1.0 0.5 3.8

CaCO3 (%) 25 17 1 68

Caex (cmol(+) kg�1) 19.0 7.7 10.6 35.1

Mgex (cmol(+) kg�1) 2.10 0.85 0.73 3.71

NO3
� (mg kg�1) 56.4 37.0 18.8 187.5

Total P (mg kg�1) 0.64 0.31 0.26 1.26

M mean, SD standard deviation, Min minimum value, Max max-

imum value
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some soils, they did not relate truffle grounds with the geomorphic features of the

investigated areas.

These results were taken into consideration by Ceruti at the Congress on Truffles

held in Spoleto in 1968. In the final part of his report, Ceruti listed the soil qualities

he considered necessary for T. magnatum cultivation: near-neutral pH, good drain-

age, lack of waterlogging, calcareous and clay (but not too much) composition.

Interestingly, he concluded by saying “I think that the use of mycorrhized seedlings

it is not strictly necessary whereas it is essential that the soil is suitable to truffle”.

However, 8 years later, no further data on truffle soils were reported by Mannozzi-

Torini (1976), who indicated the area of diffusion of T. magnatum known at that

time (Northern and Central Italy) and underlined the prevailing frequency of truffle

grounds in floodplains.

12.3 Systematic Collection of Chemical and Physical Data

Between 1982 and 1992, a lot of surveys in T. magnatum truffle grounds were

done in Central Italy by the “Istituto Sperimentale per la Selvicoltura” of Arezzo

(Mirabella 1983; Elisei and Zazzi 1985; Tocci 1985), the University of Perugia

(Bencivenga and Granetti 1988) and the “Istituto Sperimentale per lo Studio e la

Difesa del Suolo” of Florence (Lulli et al. 1991, 1992, 1993; Bragato et al. 1992b).

Data about the A horizon, the soil layer where T. magnatum ascomata are usually

found, are summarized in Table 12.2. All authors determined grain size distribu-

tion, Corg, pH and CaCO3, and some papers also considered exchangeable cations

and available P (P2O5).

Table 12.2 Physical and chemical data of T. magnatum soils in Central Italy

ISS (n¼ 322) UNIPG (n¼ 68) ISSDS (n¼ 138)

m SD m SD m SD

Sand (%) 55.4 15.7 31.6 15.4 33.8 18.5

Silt (%) 24.1 9.0 43.9 13.1 37.3 7.7

Clay (%) 20.5 9.4 24.5 7.4 18.0 8.3

pH 7.82 0.34 7.90 0.20 7.98 0.36

Corg (%) 1.96 0.94 1.51 0.64 2.12 1.20

CaCO3 (%) 22.0 10.2 19.5 12.1 18.6 14.1

P2O5 (mg kg�1) 47.1 16.7 nd nd nd nd

Caex (cmol(+) kg�1) 16.24 7.72 nd nd nd nd

Mgex (cmol(+) kg�1) 3.14 2.55 nd nd nd nd

Kex (cmol(+) kg�1) 0.42 0.75 nd nd nd nd

ISS: Mirabella (1983), Elisei and Zazzi (1985); UNIPG: Bencivenga and Granetti (1988); ISSDS:
Bragato et al. (1992b), Lulli et al. (1992, 1993)

n number of observations, m mean, SD standard deviation, nd not determined
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A first insight on soil reactivity and exchange cations indicates a sub-alkaline pH

ranging between 7.40 and 8.20, buffered by the presence of CaCO3, which also

explains the prevalence of Caex and the presence of Mgex, representing 82% and

16% of exchangeable cations, respectively. Small-sized rock fragments were

rarely found, suggesting the lack of fragments coarser than 2 mm as a compulsory

requirement for T. magnatum growth.

We merged the data collected by Lulli and his colleagues (Lulli et al. 1991,

1992, 1993; Bragato et al. 1992b) with those reported by Elisei and Zazzi (1985),

thus obtaining a set of 400 observations that helped us to improve the knowledge of

the soil environment of T. magnatum. Figure 12.1 reports the ternary plot of grain

size distribution over USDA texture classes (Soil Survey Division Staff 1993).

About 73% of the observations belong to the sandy loam (SL), sandy clay loam

(SCL) and loam classes. The much less frequent silt loam (SiL) and silty clay loam

(SiCL) observations refer to the Crete Senesi area in Tuscany, whereas clay

samples mainly belong to the Schlier geological formation.

Figure 12.2 shows the histograms of some representative variables. These

values are slightly skewed, the most frequent values indicating the average soil

Fig. 12.1 Grain size distribution in the surface soil layer of 400 locations in Central Italy plotted

over USDA texture triangle (Soil Survey Division Staff 1993). Full dots: data from Elisei and

Zazzi (1985), empty dots: data from Bragato et al. (1992a, b), Lulli et al. (1992, 1993)
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characteristics of T. magnatum truffle grounds. The highest values, on the contrary,

provide information on edaphic conditions found in specific regions. The largest

values of clay are combined with high CaCO3 percentages in truffle grounds on

the Schlier formation, where small-sized carbonate particles dispersed in the clay

fraction mitigate shrinking-swelling processes and the seasonal compaction of

moist clay soils in autumn (Lulli et al. 1993). Corg values larger than 3% are instead

related to truffle grounds in mountain areas. They are the outcome of lower

mineralization rates that, in the Apennines, are originated by a climate colder

than that recorded in most of T. magnatum truffle grounds (Lulli et al. 1992).

Unfortunately, a large range of variation also characterizes variables of Fig. 12.2,

and as a consequence, none of them helps in delineating soils suitable for

T. magnatum.

Fig. 12.2 Histograms of clay, CaCO3, Corg and P2O5 in the surface soil layer of 400 T. magnatum
truffle grounds in Central Italy. P2O5 data refers to 299 observations
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12.4 White Truffle Landforms and Soils in Italy

The data of Table 12.1 are common to many Italian soils, whereas T. magnatum
fructifies in a limited number of locations. Geology itself was not very helpful in

delineating areas suitable for T. magnatum colonization. The work done by Tocci

(1985)—the largest ever in terms of investigated area and number of observa-

tions—reported the presence of T. magnatum in a broad range of geological

formations, from Eocene and Miocene turbidites to Pliocene–Pleistocene marine

sediments, which are characterized by more or less cemented sedimentary stratifi-

cations that, in the presence of active tectonics, provide widespread slope instability

in hilly areas.

12.4.1 Pliocene Marine Clay and Silt Facies

Soils suitable for T. magnatum production were investigated by Lulli and his

collaborators in Tuscany (Lulli et al. 1991, 1992; Panini et al. 1991; Bragato

et al. 1992b). Lulli and Primavera outlined the ultimate findings of those researches

in 2001. They focused the attention on soil-forming processes and factors not yet

considered. Their approach was based on previous experiences of thematic soil

mapping done by Rodolfi and Frascati (1979) and Lulli et al. (1980), who improved

FAO procedures for land use assessment (FAO 1976) through the systematic use of

geomorphology recordings.

In Tuscany, T. magnatum truffle grounds are mainly located on Pliocene marine

sediments characterized by layered clays and silts overlaid with marine coastal

sands. Combined with active tectonics, they originated two main types of land-

scapes connected to the presence of T. magnatum (Lulli et al. 1991; Bragato

et al. 1992b). The landscape housing about 70% of truffle grounds is that typical

of the Crete Senesi area, where the outcrop of clay and silt sediments produced a

sequence of rounded hills, dominated by cracking soils rich in expansible clays, and

badlands with steep slopes where silt-sized sediments prevail.

Compactness and summer dryness make soils on slopes unsuitable for many tree

species, while the size of mineral particles and geomorphic processes expose them

to erosion. Eroded materials are captured by the dendritic drainage system of these

hilly areas and redeposited by seasonal floods that chaotically release the coarsest

particles along minor streams. In these frequently flooded areas, T. magnatum and

its symbiont trees find a suitable environment to grow thanks to the presence of

moist soils and loose sediments.

However, not all the floodplain is suitable for truffle production. Figure 12.3

reports the main land units present in narrow floodplains of the Crete Senesi area.

Their relationships with T. magnatum can be summed up in terms of soil develop-

ment by considering the sequence of horizons and soil structure organization
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(Lulli et al. 1991). Tuber magnatum grows in the narrow strip of present-day flood

deposits running parallel to the stream that originates moist soils with a loose,

weakly organized granular to subangular blocky structure in the surface layer, while

it is absent where floods do not occur anymore, like those on recent and terraced

deposits. The time elapsed from the last deposition is enough to allow the precip-

itation and concentration of carbonates as nodules and the physical reorganization

of clays from a poorly sorted sediment. Macroscopic results are a subangular to

angular blocky structure, the occurrence of a Bw horizon and an early recurrence of

cracks due to expansible clays inherited from the original marine sediments. As a

consequence soils suitable for T. magnatum belong to Calcaric Fluvisols—i.e. very

young alluvial soils rich in lime inherited from the parent material—whereas Fluvic
Calcaric Cambisols and Calcaric Cambisols are found in recent and terrace

deposits, respectively.

These results outline the fundamental role played by sedimentation dynamics on

the suitability of soil for T. magnatum, whereas the size of the eroded particles

influences the length of truffle grounds along streams. Compared to large-sized

particles, small-sized ones remain suspended in water for a longer time, and as a

result, their sedimentation takes place in longer portions of the floodplain. This

outcome was used by Lulli et al. (1991) to distinguish two variants of Calcaric
Fluvisols that correspond to the SL-L and the SiL-SiCL observations of Fig. 12.1.

This idea was confirmed by Bragato et al. (1992b) who recorded the prevailing

distribution of present-day deposits on the head of watercourses flowing from

Pliocene sandy hills.

Fig. 12.3 Cross-section of a typical floodplain of the Crete Senesi area. The soil sequence from

profile P1 to profile P3 is Calcaric Fluvisol, Fluvic Calcaric Cambisol and Calcaric Cambisol,
respectively. Tuber magnatum is found in the Calcaric Fluvisol on present-day flood deposits
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12.4.2 Pliocene Marine Coastal Sands

The second typical landscape is related to the cemented coastal sands layered with

loose sandy-silty beds and compact silt beds that can be found west to the Chianti

area in Tuscany (Panini et al. 1991; Bragato et al. 1992b). The undercutting of sand

beds generate near-vertical, progressively retreating scarps. The slumped mass

accumulated at their base triggers diffuse processes of soil creep and water erosion

on lower slopes. The prevalence of one process on the other depends on the canopy

density. When it is scarce, slope erosion is remarkable; otherwise, diffuse down-

ward movements of unconsolidated materials affect the slope. Such instability can

be further favoured by the surfacing of perched water tables flowing above compact

silt beds.

Under forests, T. magnatum is usually found in slope channels where the energy

of floods diminishes because of a sudden decrease in slope angle or the presence of

obstacles to water flowing. However, the most common case is that of soft deposits

originated by the accumulation of unconsolidated materials and soil aggregates

moved downslope by mass movement (Panini et al. 1991). In Fig. 12.4, soils

connected with T. magnatum are those of profiles P2 and P5, which show the

same granular structure found in the P1 truffle soil of Fig. 12.3. These are classified

as Colluvic Calcaric Regosols, because they lack any soil development and

inherited carbonates from parent material. The prefix colluvic indicates their dis-

tinctive feature of being developed on materials deposited by mass movement. P2

displays a sequence of two equivalent soils, the lower one—the horizon sequence

3Ab-3Cb—buried under 50 cm of new materials fallen from the scarp. P5 shows

upper-slope remnants of an A horizon mixed with AC1 horizon. In both cases, the

accumulation of soil materials takes place in the presence of local changes of the

slope angle: an abrupt slope decrease in P2, a concave slope segments in P5.

Soils without T. magnatum are instead representative of stable areas: summit,

man-made terrace and linear mid-slope for P1, P3 and P4 profiles, respectively. P1

and P3 do not show any development and are classified as Calcaric Regosols. They
differ for the thickness of the AC horizon, higher in P3 because of tillage practices

that ended about 30 years earlier. When the slope is linear, like in P4, the soil has

time enough to develop a B horizon, being thus classified as a Calcaric Cambisol. It
is also worth noting that P4 is representative of the frequent layering of Pliocene

sediments—i.e. horizons C, 2C and 3C—in which differentiation is mainly due to

texture.

12.4.3 Eocene and Miocene Marine Formations

The information explicitly given by Tocci (1985) on landforms of Eocene and

Miocene formations was very limited to relate landforms and soil processes

observed in Tuscany with those of the Apennines. However, a careful analysis of
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the punctual data reported in the annex of the paper indicates that more than 40% of

truffle grounds were located in flat or slightly sloping areas, about 20% in slope

channels, and the remaining 40% in hillslopes sometimes explicitly described as

uneven, i.e. possibly subjected to soil creep. These notations and those of Lulli

et al. (1992) suggest that soil processes affecting T.magnatum in Central Apennines

were almost the same of those observed in Tuscany. Chiucchiarelli et al. (2010) and

Raglione et al. (2010) further confirmed these observations. The most part of soils

of Abruzzo and Lazio regions surveyed by these authors belonged to Calcaric or

Eutric Cambisols located in floodplains, colluvial areas, slope breaks or short slopes
characterized by small-sized creep processes. All of them were characterized by a

surface A horizon with granular or poorly developed subangular blocky aggregates,

Fig. 12.4 Cross-section of a typical hillslope on Pliocene marine coastal sands in Tuscany.

Tuber magnatum is found near profiles P2 and P5 (circles A and B). The soil sequence is

represented by Calcaric Regosols (profiles P1 and P3), Colluvic Calcaric Regosols (P2 and P5)

and Calcaric Cambisols (P4) (modified from Panini et al. 1991)
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whereas none of them displayed vertic characteristics, i.e. cracks in surface and

subsurface horizons due to the presence of expansible clay minerals.

Only the Miocene Schlier formation displayed specific characteristics that were

investigated by Lulli et al. (1993) in the surroundings of Acqualagna (Marche

region). Unlike hillslopes and floodplains of Tuscany, T. magnatum was wide-

spread all over Schlier outcrops. This finding was explained with the specific

properties of these marly calcareous sediments, in particular the high amount of

clay and CaCO3. Thanks to these characteristics, Schlier sediments originate

rounded, gently sloping landforms and soft, clay loam to clay Rendzic Phaeozems
and Calcaric Cambisols in forested and cultivated areas, respectively. In A horizon,

these soils specifically combined a very open subangular blocky structure with a

remarkable resilience to compaction that make them suitable for T. magnatum
whenever the shape of landforms attracts water by gravity.

12.5 White Truffle Landscapes and Landforms in Istria

and the Western Balkans

In fluvial landscapes of Central Italy, the T. magnatum areas were located in the

upper portions of the floodplain. No data came from the medial part of flood-

plains—often characterized by a meandering shape—probably because these areas

were interested by intensive cropping or underwent urbanization in the last decades.

This gap was filled thanks to investigations done in truffle-producing areas on

Eocene outcrops that characterize the Istria region in the northeastern part of the

Adriatic Sea.

The first research concerned a portion of the river Mirna valley (Croatia), famous

for T. magnatum production (Bragato et al. 2004). Marine sediments similar to

those of Central Italy feed the Mirna floodplain, but truffle grounds cover most part

of proximal and medial portions of the floodplain, the latter being also covered by

an ancient mixed oak forest. The investigation focused on the comparison of three

areas with different levels of truffle production: a productive one, an area where

production is lacking in some years and an unproductive area located at the junction

of the river with its main tributary.

Soils of the productive area were comparable to silty loam Calcaric Fluvisols
present in Tuscany, and the wider distribution of present-day alluvial sediments was

attributable to the higher energy of floods that sometimes submerged the entire

floodplain. In accordance with Ceruti (1968), soils of the less productive and the

unproductive area showed symptoms of more or less prolonged waterlogging

periods. Below the A horizon, they displayed reductimorphic and oximorphic

colour patches as signs of waterlogging. The percentage of these patches increased

from the occasionally productive soil to the unproductive one, indicating that

waterlogging does not favour truffle production. These soils can be classified as

Protostagnic Calcaric Fluvisols and Stagnic Calcaric Fluvisols, respectively.
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The data from the Mirna floodplain showed also a significant increase in clay

from the T. magnatum productive area to the unproductive one. The local change in

grain size distribution that determines soil conditions suitable for T. magnatum
seemed related to fluvial landforms. This hypothesis was tested in Polje Čepić, a

nearby reclaimed floodplain fed by the same Eocene sediments and wide enough

to include the most representative landforms usually originated by fluvial dynamics

(Bragato et al. 2010). The spatial distribution of clay content, in particular,

helped to delineate the fluvial landforms obliterated by reclamation and farming.

Clay distribution was useful in delineating the former distribution of natural levees

and backswamps. Furthermore, it allowed to explain the correspondence of

T. magnatum truffle grounds with natural levees as a result of flood turbulence

during sedimentation. In backswamps, on the contrary, the slow sedimentation of

fine particles and the resultant compactness achieved by soil are not favourable to

T. magnatum. Figure 12.5 sketches the three main landforms of the area and their

soil types confirming that T. magnatum grows in Calcaric Fluvisols and disappears
in Stagnic Calcaric Fluvisols. As already pointed out in Italy, it is absent in

Calcaric Cambisols of no more flooded areas located on the upper parts of the polje.

The relationship between T. magnatum and fluvial landforms can be a key to

search for T. magnatum colonization in fluvial plains still affected by floods that

deposit materials eroded from marine sedimentary formations. This is the case of

Western Balkans, where T. magnatum is usually found in remnants of mixed oak

and poplar forests that once covered the wide alluvial plains of the peri-Pannonian

regions of Serbia (Milenković and Marjanović 2001; Marjanović et al. 2010a).

These plains are connected to Pliocene-Pleistocene sedimentary formations of the

Fig. 12.5 Main landforms and related soil types in Polje Čepić : Calcaric Fluvisols (profile P1) in
natural levees, Stagnic Calcaric Fluvisols (P2) in backswamps and Fluvic Cambisols (P3) in

recent deposits. Tuber magnatum is found in natural levees
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ancient Pannonian Sea. Marjanović et al. (2010b) compared these truffle grounds

with those of Istria, chemical-physical characteristics of which were the same as

those recorded in the river Mirna area.

The differences between the two areas concerned both climate and soil charac-

teristics. Compared to the Mediterranean climate of Istria, Western Balkans has a

continental climate strongly influenced by the cold Kosava wind that blows from

Carpathian Mountains. The main characteristics of the region are a longer and

hotter dry season, and a much colder winter with frequent snowfalls in the

neighbouring Dinaric Alps. These differences also affect annual precipitations,

which reach 1000 mm in Istria and range between 800 and 1300 mm in Italy but

not exceed 600 mm in the fluvial plains of Serbia. The overall effect is a soil water

regime where the decrease of precipitations is compensated by snow melting that

recharges water tables and causes fluctuations of some metres in their height

(Marjanović et al. 2015).

Truffle grounds of Serbia presented also remarkable differences with Italy and

Croatia concerning soil characteristics. Serbia truffle grounds frequently lack

CaCO3, display pH values that range between 6.5 and 7.5 and have clay content

sometimes larger than 50%. Marjanović et al. (2010b) attributed these character-

istics to the distance of T. magnatum areas from calcareous hills, a lower frequency

of floods and a finer size of flooded particles. The result is that truffle grounds in

Serbia are located on more developed soils where base saturation is kept high

thanks to the renovation of Caex and Mgex pool from water table vertical move-

ments. These soils can be classified as Fluvic Eutric Cambisols that, despite their

clay loam to clay texture, do not show vertic properties. The prefix eutric stands for
high base saturation, a condition that we think is characteristic of truffle soils in

Western Balkans. It means that while the saturation of exchangeable soil surfaces is

required by T. magnatum, a high pH is likely not necessary for its fructification.

12.6 The Soil Environment of T. magnatum

All investigations conducted after 1990 indicated soil structure—the three-

dimensional organization of solids and voids—as one of the most important prop-

erties related to the presence of T. magnatum. The solid component of soil structure

is observed by recording shape, size and rupture resistance of aggregates.

T. magnatum soils are characterized by granular to subangular blocky aggregates,

the shape of which is determined by soil organic matter and grain size distribution.

The granular structure is typical of light-textured T. magnatum soils. Soil organic

matter binds coarse particles that otherwise tend to rearrange themselves, thus

making the soil more compact. The subangular blocky shape prevails over granular

structure when the clay content exceeds 10–15%. In this case, T. magnatum soils

differ from unproductive ones for a smaller size and a higher friability of their

aggregates. Bragato et al. (2010) found that the size of dry-sieved aggregates in the

unproductive area was twice as much those of T. magnatum productive soil. They
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explained this result with a change in clay content. When the amount is low, like in

truffle grounds, clay particles are diluted in the soil mass, and the distance between

active surfaces limits their interactions. In the unproductive area, on the contrary,

interparticle distances shorten, thus increasing adhesion between clay surfaces, size

and rupture resistance of aggregates. This observation is further confirmed by some

data of clay-rich truffle grounds of the Balkans, where the size of dry aggregates is

significantly larger than that recorded in Istria (Marjanović, pers. comm.).

The importance of soil structure becomes clearer when shifting the focus from

solids to voids. Bulk data on soil porosity obtained with the help of the pressure

plate apparatus are reported in Table 12.3. Soils hosting T. magnatum show a higher

porosity mainly attributable to pores larger than 50 μm (the macropores), which

represent about 30% and 20% of total porosity in productive and unproductive

areas, respectively. Since macropores are the main voids for the movement of fluids

in soil, they are fundamental for aerobic species like T. magnatum, because they

allow faster fluxes and higher oxygen tensions in soil. Table 12.3 also suggests

minimum threshold values for soils suitable for T. magnatum: 53% and 15% of soil

volume occupied by total porosity and macroporosity, respectively.

Porosity measurements are impractical for the delineation of soils suitable for

T. magnatum. However, total porosity can be determined in much larger sets of

locations by means of soil bulk density. Considering all the data, we obtained

confidence limits of 1.04 and 1.12 g kg�1 for n¼ 98 and p¼ 0.001. Such values of

bulk density correspond to a total porosity ranging between 59 and 62%, values in

line with those recorded by Montacchini and Caramiello (1968).

The bulk values of soil porosity do not fully explain the function of macropores,

which also depends on their shape and spatial pattern (Pagliai and Vignozzi 2006).

These characteristics were investigated with micromorphometric techniques based

on the analysis of macrophotographs of soil thin sections (Bragato et al. 1992a;

Lulli et al. 1993; Bragato et al. 2010). In Fig. 12.6, the productive location displays

Table 12.3 Pore size classes

determined with the pressure

plate apparatus

Pore size

>500 μm 50–500 μm <50 μm Total

Crete Senesi—sandy loam soila

Productive 3.4 13.6 36.9 53.9

Unproductive 1.8 7.7 34.5 43.9

Crete Senesi—silty loam soila

Productive 6.2 12.9 36.0 55.1

Unproductive 1.6 5.1 32.4 39.2

Slope on marine coastal sandsb

Productive 6.4 14.4 33.9 54.7

Unproductive 3.4 5.5 34.6 43.5

Pores larger than 50 μm (macropores) are involved in the move-

ment of soil fluids, whereas the 0.5–50 μm size class stores soil

water for plants (Greenland and Pereira 1977)
aBragato et al. (1992a)
bBragato et al. (1992b)
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Fig. 12.6 Soil thin sections of a productive (top) and an unproductive location (bottom). Bright
areas correspond to pores larger than 50 μm (Reproduced from Bragato et al. 2010)
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small-sized, loose aggregates and an evenly distributed macroporosity. The

unproductive location is instead characterized by larger and more compact aggre-

gates contoured by thin, scarcely connected macropores.

The visual analysis is supported by the data of Table 12.4, which reports the area

percentage of total macroporosity and elongated pores. In Table 12.4, the

macroporosity threshold of 15% separates productive from unproductive areas,

and many productive areas are well beyond that threshold. Micromorphometry

showed that the 50–500 μm size class prevails in macropores and that about

two-thirds of macropores in T. magnatum locations consist of elongated pores. It

is this shape class that originates the high degree of pore connectivity and continuity

in the productive location of Fig. 12.6.

Table 12.4 indicates two other interesting characteristics of T. magnatum envi-

ronments. Compared to the floodplains of Tuscany, the lower values of

macroporosity and elongated pores in Polje Čepić are likely related to the lower

frequency of floods after its reclamation. Starting from a new flood and the related

increase in macroporosity, mineral and organic particles reorganize themselves into

aggregates that fill the soil volume more evenly. As a consequence, macroporosity

decreases and the soil surface slightly lowers, resulting in a more compact soil. The

longer the time elapsed from the last flood, the lower the macroporosity in soil

(Bragato et al. 2010). The second characteristics to be underlined is the shift of

elongated pores from the 50–500 μm to the>500 μm size class in Acqualagna. This

pore shape is related to tillage and to the specific combination of high clay and

CaCO3 content in the Schlier formation: tillage produces very large pores that tend

to collapse in time, but the stability of soil structure makes soils on Schlier’s
calcareous marls resilient to compaction.

Table 12.4 Total and elongated macropores measured in thin soil sections collected in soils

producing or not T. magnatum ascomata

Macroporosity (%) Pore size 50–500 μm (%) Pore size> 500 μm (%)

Total Elongated Total Elongated Total Elongated

Crete Senesi—sandy loam soila

Productive 29.3 20.7 16.4 12.3 12.9 8.4

Unproductive 17.0 6.8 11.1 6.8 5.9 0.0

Crete Senesi—silt loam soila

Productive 31.9 21.1 16.9 10.9 15.0 10.2

Unproductive 13.2 1.8 6.6 1.8 6.6 0.0

Aqualagnab

Productive 30.1 22 8.2 6.6 21.9 15.4

Unproductive 15.3 13.2 4.2 2.7 11.1 10.5

Polje Čepić c

Productive 15.4 9.8 6.1 4.0 9.3 5.8

Unproductive 9.5 4.7 3.7 2.4 5.8 2.3
aBragato et al. (1992a)
bLulli et al. (1993)
cBragato et al. (2010)
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The data on macroporosity delineate a very draining soil that, however, must

retain enough water to sustain a dense tree canopy and to protect T. magnatum
mycelium from strong summer radiation. These opposing requirements are met in

specific morphological and microclimate conditions that explain both the high

selectivity of T. magnatum for its soil habitat and the problems in delineating

truffle-producing areas.

The morphology of the landscape defines the conditions that drain water from

neighbourhood areas to T. magnatum locations, thus determining the specific soil

moisture regime of truffle grounds. The most frequent presence of truffle locations

in floodplains is explained by their importance as water attractors. Even in very dry

summers, floodplains retain water in depth, thus allowing the host to access a

permanent water source. The water stored in depth does not directly affect the

soil moisture in surface strata colonized by T. magnatum but allows the growth of a

dense tree cover that keeps surface strata cool during the summer. In the dry season,

the phenomenon known as “nocturnal hydraulic lift” observed in oaks with deep

taproots (Querejeta et al. 2003, 2009) might help the mycorrhizae of T. magnatum
to survive as it drives water upwards to surface roots (Marjanović et al. 2015).

The volume of water retained increases with the size of the floodplain—and its

watershed as well—and it decreases with the reduction of precipitations. In the

former case, the reserve of water is large enough to sustain large fluvial forests that,

like in Serbia, resist prolonged periods of drought. In the latter, its decrease causes

the narrowing of the wooded strips along streams that, like in the narrow floodplains

of the Crete Senesi area, takes place in the truffle grounds of Central and Southern

Italy.

Truffle grounds on slopes in Central and Southern Italy are located on water

attractors represented by concavities or areas of sudden decrease of the slope angle.

The tree cover plays the same role observed in floodplains, by shading and cooling

the soil surface. However, the lower amount of water retained in perched water

tables allows the growth of symbiont tree species more resistant to dryness such as

white oak, turkey oak and hop hornbeam. The lack of a permanent water source

makes T. magnatum production on slopes strongly dependent on seasonal precip-

itation rates. This dependence on the precipitation regime explains the large

seasonal fluctuations of truffle production in Italian hillslopes and the lack of truffle

grounds on slopes of the Western Balkans reported by Marjanović et al. (2010b).

12.7 Conclusions

Tuber magnatum grows and produces ascomata in moist and drained environments

of tectonically active areas. Soils are continuously rejuvenated by solid materials

transported by floods in floodplains or by mass movement along slopes. The

accumulation of particles and aggregates creates very porous, highly aerated, soft

soils, with an interconnected macroporosity that allows this hypogeous fungus to

“breathe” and its ascomata to grow in size without physical constraints.
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Tuber magnatum also needs a microhabitat that must be neither too dry nor too

moist thanks to water supplied by the surrounding environment. Such requirement

is fulfilled in portions of the landscape that attract water and originate a specific soil

moisture regime. The most important landscapes hosting T. magnatum are flood-

plains that, thanks to their capacity to permanently store water in depth, sustain the

growth of a dense tree cover and, indirectly, the genesis of a cool environment in the

soil surface. The colonization of T. magnatum on slopes is instead related to

changes of the slope angle that locally originate areas of attraction for water and,

again, a cool microhabitat.

Less limiting are soil chemical characteristics. The pH must be neutral to

alkaline, but the presence of finely dispersed carbonates, present in the Mediterra-

nean truffle grounds but lacking in those of Western Balkans, is not compulsory.

Therefore, a strong prevalence of Ca and Mg cations in near-saturated to saturated

exchangeable surfaces might be a basic requirement for T. magnatum colonization

and fructification.

Soils suitable for T. magnatum colonization mostly belong to soil classes

Calcaric Fluvisols, Colluvic Calcaric Regosols, Calcaric Cambisols and Fluvic
Eutric Cambisols. Limited changes in adjacent soils influenced by the same soil-

forming processes drastically decrease the probability of finding T. magnatum
truffles, thus partially explaining their high market value.
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Marjanović Ž, Saljnikov E, Milenković M, Grebenc T (2010a) Ecological features of Tuber
magnatum Pico in the conditions of West Balkans – soil characterization. In: Donnini D

(ed) Proceedings of 3rd international congress on truffles, Spoleto, 25–28 Nov 2008. Comunit�a
Montana dei Monti Martani, Serano e Subasio, pp 190–195
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Chapter 13

Soil Characteristics for Tuber aestivum
(Syn. T. uncinatum)

Christophe Robin, Noémie Goutal-Pousse, and François Le Tacon

13.1 Introduction

Tuber aestivum Vittad. has for several years been considered to be synonymous

with Tuber uncinatum Chatin (Ceruti et al. 2003; Paolocci et al. 2004; Wedén 2004;

Wedén et al. 2004a, b, 2005). A recent multigene phylogenetic study confirmed

that T. aestivum and T. uncinatum are conspecific (Molinier et al. 2013b; see

Chap. 3).

Among Tuber species of culinary interest, T. aestivum, the Burgundy truffle,

displays the most extensive geographic range and is found in almost all European

countries. Harvests of fruiting bodies have been recorded from Ireland to

Azerbaijan and from North Africa to Sweden (see Chap. 3). Gotland Island at a

latitude of 57–58 �N is considered to be the northernmost outpost of T. aestivum
(Wedén and Danell 2001). It is a truffle with great economic value and mostly

occurs in natural habitats and habitats that have been previously cultivated and

recolonized. Its maturity period occurs in autumn, when soil temperatures remain

above 0 �C, protecting fruiting bodies from frost damage.

The aim of this chapter is to define the soil characteristics necessary throughout

the life cycle of the Burgundy truffle, including those essential for ascoma
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formation. The beginning of this chapter describes bedrock characteristics, followed

by the physical and chemical properties of soils suitable for the Burgundy truffle.

13.2 Methodology

Data presented in Table 13.1 and Figs. 13.2 to 13.10 have two origins. An initial soil

data set was the result of direct contact with truffle growers, technicians, and

scientists working on T. aestivum, both within and outside Europe. We requested

their data from sites known to have produced T. aestivum ascoma at least once. A

second data set was compiled from papers published in scientific journals and books

or included in proceedings of international truffle conferences. We refined our

search to consider only those papers which contained soil information clearly

indicating that T. aestivum ascoma had been collected in these soils. Papers

which posed any doubt were rejected.

We will present and discuss here the largest data set ever collected on soils

favorable to T. aestivum in such a large geographic area; a total of 129 soils from

10 countries were included in this review (Fig. 13.1). This data set cannot be

considered to be representative for all situations, yet it can help to form additional

hypotheses which should be verified in the future.

Methods of soil analysis were carefully evaluated prior to integrating a data set

in the study. We only considered those analyses which used the following standard

soil testing methods:

– Soil granulometry with organic matter destruction but without carbonate disso-

lution prior to analysis with the following size threshold: clay between 0 and

2 μm, silt between 2 and 50 μm, sand between 50 and 2000 μm.

– pH in water (1:5 in volume, ISO 10390).

– Soil organic matter and total nitrogen content determined by dry combustion

(ISO 10694 and ISO 13878, respectively).

– Total calcium carbonate content determined by volumetric method (ISO 10693).

– Available phosphorus according to Olsen (ISO 11263) or Joret-Hebert.

– Exchangeable cations (Ca, Mg, and K) and cationic exchange capacity (CEC)

were determined either at soil pH (e.g., cobaltihexamine) or at pH 7 (e.g.,

Metson); both extraction types were considered separately as CEC values are

highly dependent on soil pH (Ciesielski and Steckerman 1997).

As units differed from one method to another one, we recalculated several values

prior to data processing in order to homogenize the data. We discarded data when

soil analysis methods or units were not recorded in the file or the paper. R software

(R core team 2013) was used to establish the soil texture triangle and to transform

granulometry data with silt to sand thresholds of 63–50 μm (soil texture package:

Moeys and Shangguan 2014) and to draw figures (ggplot2 package: Wickham

2009).
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13.3 Nature of the Bedrock and Soil Types

Tuber aestivum fructifies naturally on a range of diverse geological substrates from

the Paleozoic era (540 Mya) to present day (Cenozoic), including the Mesozoic

(252–66 Mya) (Table 13.1). While bedrock which is sedimentary in origin is the

most common trait, T. aestivum ascoma can occur on alkaline volcanic substrates

and on quaternary formations (loess and glacial formations). Below are examples of

fructification situations in countries for which information has been found.

France In northeastern France, the parent rock dates from the Jurassic, the Creta-

ceous, and, to a lesser extent, to the Trias periods. In central France, around Paris

and Limagne (near Clermont-Ferrand), T. aestivum is found on limestone from the

Tertiary (Eocene and Oligocene) period. In some cases, the parent material is a

gravel formation dating from the glaciation period (Table 13.1; Le Tacon

et al. 1997). In most documented cases, T. aestivum has been found on Rendzic

Leptosol and Calcic to Calcaric Cambisol.

Fig. 13.1 Distribution of soil data set represented over the spatial predictions of soil pH in water

at 5 cm depth according to ISRIC—World Soil Information (www.soilgrids.org). Each soil data set

used in this study is represented by a cross. SoilGrids1km is a first approximation of soil property

predictions at 1 km resolution, using automated global soil mapping. The absolute values of

predictions available for download at www.soilgrids.org are presently of limited thematic and

spatial accuracy and contain artifacts and missing pixels. Yet the relative values of soil pH in water

can be useful to compare distribution of soils favorable to T. aestivum between regions
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Czech Republic (Gryndler et al. 2013) A productive area near Prague is Rendzic

Leptosol (Skeletic) formed on Silurian limestone.

Germany (South West, Baden-W€urttemberg, Stobbe et al. 2012, 2013) A

broad range of calcareous bedrocks have been associated with truffle sites

(T. aestivum was recorded on 116 of 121 sites where truffles have been found).

The Jurassic rock formations of the Swabian Jura and the Rhine valley slopes, as

well as Quaternary glacial deposits of the northern pre-Alps, are the most common

bedrocks, followed by molasses, loess, and volcanic tuff.

Hungary (Bratek and Halász 2005; Gogan et al. 2012) T. aestivum is uniformly

spread in the Carpathian basin. The bedrock has various origins: limestone, tertiary

loess, middle Miocene volcanic ashes covered with loess, etc. The most famous

T. aestivum habitat is located in the Jászság region. This area is situated in the

middle of Hungary, between the Danube and Tisza rivers. This flatland area is

basically covered by river alluviums leading to Chernozems, Fluvisols, Solonchaks,

and Arenosols formation.

Italy The most represented situations in Tuscany are the marly limestones

(“Alberese” and “Macigno di Londa” formations), the stratified limestones (Creta-

ceous and Jurassic), and the coarse sediments (sands mixed pebbles in sandy

matrix) (Gardin 2005). Around Parma, burgundy truffle grows on land derived

from sedimentary rock (limestone marl) Mesozoic (Cretaceous) and Cenozoic

(Paleocene, Eocene, Oligocene), called Flysch (Belloli et al. 1999; Gregori 2010).

Poland Parent soil material suitable for T. aestivum in Poland is from Cretaceous

marlstone, marly limestone, and gypsum (Hilszczánska et al. 2008) and from

Miocene clays and sand. Soil cover consists primarily of Cambisols and Cherno-

zems (Hilszczánska et al. 2013).

Slovakia (Miko et al. 2008) Ascoma are harvested in clayey soils rich in organic

matter. Soils are Rendzic Leptosols, Cambisols, or Luvisols.

Spain (Garcı́a-Montero et al. 2014; Menta et al. 2014) T. aestivum is mainly

present in central Spain (province of Guadalajara) on Jurassic and Cretaceous

limestones and dolomites. Soils are Lithic and Rendzic Leptosols.

Sweden (Wedén et al. 2004a) The bedrock belongs to five different groups (from

the youngest to the oldest): (1) bedrock belonging to the Hemse group, partly fine

oolitic limestone, reef-shaped limestone, reef limestone, marly limestone, and

marlstone (nine sites); (2) Mulde marlstone, marlstone and marly limestone (one

site); (3) Halla limestone, stratified, more or less marly limestone and reef lime-

stone (one site); (4) Slite group, stratified, crystalline limestone and reef limestone,

marlstone and marly limestone, sand limestone, and lime sandstone (six sites); and

(5) H€ogklint limestone, stratified, more or less marly limestone and marlstone and

reef limestone (one site) (Wedén et al. 2004a).

United Kingdom (Hall et al. 2007) Though rarely found, T. aestivum is mainly

present in southern England, Scotland, and Wales, in shallow, lime-rich soils over

Secondary and Tertiary limestones.
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Israel T. aestivum does not appear to occur naturally in this country. Ascoma have

been found in planted areas in Upper Galilee on bedrock from Cretaceous with

dolomitic soils (Turgeman et al. 2012).

Canada (Berch pers comm) T. aestivum does not occur naturally in Canada and

has only been found in one orchard planted following liming treatment on Van-

couver Island on Mesozoic-upper Cretaceous undivided sedimentary rocks.

According to Canadian System of Soil Classification, the soils are orthic dystric

brunisol, shallow lithic, glaciomarine deposits (Berch and Bonito 2014).

13.4 Physical Properties

13.4.1 Soil Texture

Tuber aestivum can be found in soils with a large variety of textures as shown in the

soil textural triangle (Fig. 13.2) established from 86 soil analyses of productive

sites: clay, silty clay, silty clay loam, clay loam, loam, sandy loam, sandy clay loam,

silt loam. The broad range in soil particle size distribution demonstrates that

T. aestivum has a wider soil texture tolerance than the Périgord black truffle (see

Chap. 11). Clearly, fruiting bodies can be harvested in soils that contain low to high

sand percentages (2.8–79.8%), low to high silt percentages (9.8–67.4%), and low

to medium clay percentages (5–55%). Only soils with extreme textures have been

excluded (sand, silt, and clay contents superior to 80%, 70%, and 60%, respec-

tively) (Fig. 13.2).

Fig. 13.2 Soil texture

(USDA texture triangle) of
the sites in which

T. aestivum ascoma have

been harvested (83 soils of

7 countries). Natural forest

sites are represented by a

square and implanted sites

by a round point. Each site

is represented by a colored

point specific for each

country
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13.4.2 Soil Water-Holding Capacity and Drainage

Many soils of T. aestivum truffle orchards are characterized by a high water-holding

capacity due to their silty clayey texture and/or their high organic matter content.

High soil water availability is favorable to fruiting body production by lowering

water stresses during drought periods. The topographic position at the base of

slopes is particularly favorable, as observed in temperate climates. Under Mediter-

ranean climate, ascoma production in summer months is often canceled due to

insufficient water availability.

The bedrock is often cracked, and the presence of stones, associated with the

granular and stable structure, ensures good drainage. Proper water infiltration pre-

vents erosion (on sloped terrain) or waterlogging (on flat terrain), the latter being

deleterious for mycorrhiza physiology. In Italy, the production sites are generally

located on shallow soils, with depths of roughly 50–60 cm and consistently well

drained (Gardin 2005).

13.4.3 Soil Structure

In sites where T. aestivum is harvested, the soil structure is generally good to

excellent, being highly loose and stable (with a granular structure). Organic matter

content together with the presence of CaCO3 provides the soils with good structure,

which can compensate for the clayey texture often found in eastern France. A loose

and stable structure ensures high porosity throughout the year, which in turn

increases soil water infiltration and aeration. Yet, soil structure and porosity also

depend on cultivation practices. Soil compaction due to heavy traffic and/or inten-

sive grazing in wet soils should be avoided.

13.5 Chemical Properties

13.5.1 pH

The meta-analysis indicates a relatively large range of soil pH variation (from

slightly acidic, neutral to basic). Thus, the range of soil pH in water where T.
aestivum fructifies (5.9–8.4) is quite similar to the pH of soils where Tuber
melanosporum Vittad. is harvested (5.5–8.4) (Jaillard et al. 2014; see Chap. 11).

Soil pH is more often basic, due to the presence of limestone in all soil horizons.

On limestone-derived soils, one of the factors explaining variations in pH levels is

the content and composition of the soil organic matter. For example, a negative

correlation between soil organic matter content and water pH (Spearman’s
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rho¼�0.72) can be observed in the implanted truffle grounds of France (solely

limestone-derived soils) (Fig. 13.3).

The distribution of soil pH in water is similar for both natural sites and orchards

(Fig. 13.4).

Fig. 13.3 Relationship between soil pH in water (pH_water) and organic matter content (in %,

organic matter: prc_OM) for the French truffle orchard considered in this study (among 129 soils

from 10 countries, we considered only limestone-derived soils that had been subject to the same

historical uses prior to implanting T. aestivum and which provided a sufficient number of samples

to assess the relationship between soil pH in water and organic matter content)

Fig. 13.4 Distribution of soil pH (in water) in sites where T. aestivum ascoma were harvested:

orchards (a) and natural forest sites (b)
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13.5.2 Carbonates

Soil carbonate content is highly variable, with values ranging between 0 and 69%.

Our data set shows differences of soil carbonate distribution between natural and

implanted truffle orchards (Fig. 13.5). No direct correlation between Figs. 13.4 and

13.5 can be made as several soils were analyzed only for pH in water and not for

carbonate content. Tuber aestivum orchards are implanted in soils that tend to be

more carbonated than soils in which T. aestivum occurs naturally. The soil calcium

carbonate content ranges from 0 to 55% in natural forest soils where T. aestivum is

harvested, but it is mainly harvested in soils with limited amounts of calcium

carbonate (0.1–1.5%) and most of the natural sites with a CaCO3 content lower

than 20%. These results reinforce findings that unlike truffles with higher commer-

cial value such as Tuber magnatum Pico and T. melanosporum, T. aestivum is able

to live and form fruiting bodies in soils poor in carbonates. In productive orchards,

the soil calcium carbonate content ranges from 3 to 80%.

Although that most of the times T. aestivum orchards are implanted on carbon-

ated soils, the contents of total or active calcium carbonate are not relevant

descriptors as assumed by several authors (Callot 1999; Garcı́a-Montero et al.

2007; Jaillard et al. 2008). Indeed, in natural habitats T. aestivum ascoma can be

found up to pH 5.9 in the upper part of the soils (according to this data set which

may be not representative of all situations).

Fig. 13.5 Distribution of soil carbonates content in soils of orchards (a) and in soils of natural or

secondary forest sites (b)
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13.5.3 Organic Matter

The range of organic matter is considerable (0.7–21.2%). In noncultivated car-

bonated soils, CaCO3 coats the organic matter and prevents mineralization despite

the high levels of biological activity. The organic matter combined with CaCO3 is

partly responsible for the exemplary structure of Burgundy truffle soils found in

eastern France (Le Tacon et al. 1997). The data collected show that most of the

truffle orchards display relatively low organic matter content, which is most likely

related to the land’s agricultural history (i.e., it is difficult to implant truffles in soils

of a former forest), whereas natural truffle grounds display the highest organic

matter content (Fig. 13.6).

The cationic exchange capacity (CEC) ranges from 5 to 30 cmolþ kg�1 in

orchards and from 15 to 45 cmolþ kg�1 in natural or secondary forest sites where

the content of organic matter is often higher than in truffle orchards. CEC of calcic

and calcaric soils [Rendzic Leptosols, Epileptic Cambisols (calcaric), Cambisols

(calcaric), Cambisols (hypereutric)] is higher than CEC of acidic soils although

values vary considerably (Badeau et al. 1999). At neutral or basic pH levels, the

CEC increases in proportion to the organic matter content (Badeau et al. 1999). The

data collected show that, despite higher pH in soils with implanted truffles (mostly

former agricultural soils), the proportion of high CEC soils is relatively low due to

their lower organic matter content (Fig. 13.7).

Most of the time, the C/N ratio of the T. aestivum soils is quite low, at around

10–12, which is characteristic of fertile soils rich in stabilized organic matter. Only

a few soils showed a C/N ratio higher than 20 (Fig. 13.8). A low C/N ratio confers to

Fig. 13.6 Distribution of soils according to their organic matter content. Orchards (a) and natural

forest sites (b)
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the microorganisms in soils the capacity to decompose the organic matter and, thus,

to supply mineral nitrogen to the ecosystem. It is interesting to note that 90% of

agricultural soils have a C/N ratio less than 11 when compared to 8% of forest

soils. Nearly 50% of agricultural soils have a C/N ratio ranging between 9 and

Fig. 13.8 Distribution of soils according to their C/N ratio. Orchards (a) and natural sites (b).

Tuber aestivum ascoma have been harvested on each of the sites included in the graph

Fig. 13.7 Distribution of soils according to their CEC at pH 7. Orchards (a) and natural or

secondary forest sites (b)
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10 (Badeau et al. 1999). Thus, for this parameter, the collected data once again

underlines that the main differences in soil properties between implanted and

natural T. aestivum production sites relate directly to their original use (agricultural

or forest land).

13.5.4 Nutrients

The available phosphorus content in soils (Joret-Hebert or Olsen methods) is

comprised between 0.0035 and 0.51 g P kg�1. Most of the soils show low concen-

trations of available P (between 0.0035 and 0.1 g P kg�1) (Fig. 13.9) which is

characteristic of the majority of limestone soils. Le Tacon et al. (1997) analyzed

25 sites in France which indicated a general range of available P values from 0.009

to 0.044 g P kg�1.

Soils suitable for T. aestivum are saturated in exchangeable Ca (66–97%), and

the ratio of exchangeable K and Mg over the CEC is relatively low (1.3–15% and

1.4–19%, respectively). A K:Mg ratio over 2 has a negative effect on plants’ uptake
of Mg (Ericksson et al. 1997 cited in Hilszczánska et al. 2013) ; Mg availability

problems may occur more often or may be more pronounced when soil available

K content is twice as high as the Mg content. The exchangeable K to Mg ratio is

never >2 in implanted T. aestivum orchards, whereas it is higher than 2 in a few

naturally productive areas (Fig. 13.10). It should be noted that Mg deficiencies due

to excess K content have to date not been documented for truffle production, and it

Fig. 13.9 Distribution of soils according to their phosphorus content. Orchards (a) and natural or

secondary forest sites (b)
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remains difficult to draw conclusions for cases of higher than 2 K:Mg ratios in

natural truffle orchards.

13.6 Conclusions

In natural or seminatural conditions, T. aestivum ascoma are found in soils

exhibiting a wide range of pH levels, from slightly acidic to neutral and basic,

when limestone is present. In plantations, the soil pH is more often basic. Many

soils in which T. aestivum are found are characterized by a high water-holding

capacity due to their silty clayey texture and/or their high organic matter content.

Moreover, these sites are often well supplied with water due to their topographic

positioning at the base of slopes. This high soil water availability is favorable to

fruiting body production by decreasing water stress during drought periods. Tuber
aestivum can be cultivated in almost all neutral to alkaline soils showing small to

medium compactness (Bragato et al. 2009). The ecological and pedo-climatic

requirements of the Burgundy truffle confer to this species an increased capacity

to adapt to many environments. Anthropogenic areas such as road and rail

embankments are emblematic and also favorable to the development of this truffle

(Gardin 2005). The large diversity of host trees should also be emphasized

(Table 13.1). This high flexibility explains why T. aestivum can be found spread

Fig. 13.10 Distribution of soils according to their K:Mg ratio measured at pH 7. Orchards (a) and

natural sites (b). Tuber aestivum ascoma have been harvested on each of the sites included in the

graph
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across Europe. In many cases, in natural habitats or planted areas, T. aestivum is

found together with other truffles species, including T. melanosporum.
The main challenges for future research related to T. aestivum soils will be to

precisely identify optimal soil conditions for the initiation and growth of ascoma

and to characterize conditions which facilitate the colonization and persistence of

T. aestivum mycorrhizas in root systems. This knowledge should help to establish

future best management practices for ascoma production and to optimize the

current ones (irrigation, soil tillage, mulching, supplies of organic matter,

micronutrients, etc.).

In order to extend the study to more sites, we invite the readers to send additional

soil data sets of sites known to produce T. aestivum; please contact the

corresponding author for guidelines.
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Chapter 14

Soils and Vegetation in Natural Habitats

of Tuber indicum in China

François Le Tacon, Yongjin Wang, and Noémie Goutal-Pousse

14.1 Introduction

Tuber indicum Cooke and Massee is an Asian black truffle species. Tuber sinense
K. Tao and B. Liu, Tuber himalayense B. C. Zhang and Minter, Tuber
pseudohimalayense G. Moreno, Manj�on, J. Dı́ez and Garcı́a-Mont. and Tuber
formosanum H. T. Hu and Y. Wang are additional names for the same species.

These five taxa form a species complex, T. indicum consisting of different

populations, groups or cryptic species (Zhang et al. 2005; Wang et al. 2006; Chen

et al. 2011; Kinoshita et al. 2011; Belfiori et al. 2013). Tuber indicum has a broad

geographic distribution in Asia and can be found from the 75� E meridian (India) to

140� E (Japan) and from 23� to 40� N. In China, T. indicum is found mainly in the

Yunnan and Sichuan provinces and is less common in Tibet and Taiwan, and is

found at N latitude of between 23� and 30� and at altitudes between 1000 and

3000 m AMSL, mainly at 1500–2500 m (Wang 1988, 1990).

The aim of this chapter is to define the vegetation and soil characteristics of the

sites in which T. indicum is harvested in Yunnan, Sichuan and Tibet.
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14.2 Habitats, Vegetation Associated with T. indicum
Complex and Host Trees in Sichuan and Yunnan

14.2.1 Habitats

The types of habitats in which T. indicum is found are complex environments.

The subtropical evergreen oak forest is one of the original habitats of T. indicum.
In these forests, evergreen oak species are associated with Castanopsis spp.,

Cyclobalanopsis spp., Lithocarpus spp. and numerous other species. A second

natural habitat of T. indicum is constituted by the deciduous broad-leaved forests

including, among other species, Quercus spp., Populus yunnanensis Dode,

Castanea mollissima Blume, Platycarya strobilacea Siebold and Zuccarini and

Betula spp. Most of these forests have been replaced by pine plantations. The

pine plantations are now major habitats for T. indicum. Pinus yunnanensis Franch
is the most important host species in the Pinaceae family for T. indicum. Pinus
yunnanensis forms large areas of pure and mixed forests with Keteleeria evelyniana
Mast. at elevations below 2500 m. Pinus armandii Franch is another important host

species and comprises pure forests at higher elevations of 2300–2800 m or planta-

tions (found at both higher and lower elevations). In Huidong county, P. armandii is
mainly planted at lower elevations (1500–2300 m). In Yunnan, P. armandii forests
grow naturally above 2300 m (Wang and Liu 2011).

To simplify, the habitats where T. indicum occurs in Sichuan ad Yunnan can

be divided into two kinds of ecosystems: the hot-dry river valleys with mainly

K. evelyniana forests and relatively cooler and wetter plateaus with P. yunnanensis
or P. armandii forests or plantations (Fig. 14.1 and Fig. 14.2). Pine plantations are

grazed by goats and ruminants. Shepherds working in these areas help to maintain a

low density of young trees to favour grasslands. Open forests provide highly

favourable conditions for truffle production. Nevertheless, overgrazing can lead

to forest degradation, to the disappearance of the herbaceous vegetation and to soil

erosion.

14.2.2 Associated Vegetation

To date, few phytosociological studies have been performed in the T. indicum
natural habitats. In Huidong county, at an elevation of 2800 m, Coriaria nepalensis
Wall., Pyrus xerophila Yu., Pyracantha fortuneana (Maxim.) Li., Vaccinium
fragile Franch., Dichotomanthus tristaniaecarpa Kurz., Rosa laevigata Michx.

and Dendrobenthamia capitata (Wall.) Hutch. (¼Cornus capitata Wall.) have

been identified as the indicative plants for T. indicum habitats (Zhang and Wang

2002). These species can also be found between 1700 and 2000 m associated with
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K. evelyniana and, surprisingly, with Miscanthus floridulus (Zhang Dacheng, pers

comm).

14.2.3 Host Trees

Apart from P. yunnanensis, P. armandii and K. evelyniana, currently the most

common hosts (Zhang and Wang 2002), T. indicum is also associated with species

of the genus Quercus: Quercus spinosa David ex Franchet, Quercus spinosa David
ex Franchet var. monimotricha Handel-Mazzetti (Ren 2003), Quercus pannosa
Hand.-Mazz., Quercus pseudosemicarpifolia A. Camus, Quercus rehderiana
Hand.-Mazz., Quercus acutissima Carr. (Zhang Dacheng, pers comm), Quercus
aliena Blume (Zhang Dacheng, pers comm). They can also be associated with

species of the genera Betula and Picea (Ren 2003). In small valleys with strong

water supplies, T. indicum ascoma are found under Alnus cremastogyne Burk.

(Zhang and Wang 2002).

Fig. 14.1 Open forest of P. yunnanensis (Sichuan, Huidong county, altitude 2500 m)
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14.3 Nature of the Parent Rocks

In the Yunnan and Sichuan provinces, the majority of the parent rocks are either

igneous crystal rocks or metamorphic rocks which occurred as a result of the

transformation of sediments during the Hercynian orogenesis. During the Tertiary

era, these rocks were strongly affected by the formation of the Himalaya mountains.

The Yunnan and Sichuan provinces form a transitional zone between Tibet, the late

Cretaceous Guilin karst in the Guangxi Zhuang Autonomous region and the Eastern

coastal plain. The Longmen Mountains located in the centre of Sichuan represent

the furthest northeastern limit of the Tibetan Plateau between the metamorphosed

rocks of the Songpan-Ganze Fold Belt and the Proterozoic Sichuan basin (Dirks

et al. 1994). The most common parent rocks are granites, diorites, peridotites,

gabbros, high-grade metamorphic rocks, schales and sandstones. Carbonate rocks

Fig. 14.2 Tuber indicum
site of P. armandii trees
associated with

A. cremastogyne (Sichuan,
Huidong county, altitude

2800 m, small valley)
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are relatively rare with the exception of the Guilin region. Substantial quantities of

quaternary calcareous loess were deposited in Northern China. This loess is

subjected to wind erosion, and today, regions across China including Sichuan,

Yunnan and Tibet are subjected to dust fall which is often rich in calcium carbonate

and which affects the chemical characteristics of the upper part of the soils

(Derbyshire et al. 1998).

14.4 Soils

In 11 sites in Yunnan province, 10 in Sichuan and one in Tibet, truffle ascoma were

located by examining cracks at the surface of the soil or through random digging.

The collected ascoma were identified using morphological and molecular analysis

which was performed by sequencing the internal transcribed spacer (ITS) regions.

Soil samples (0–10; 10–20; 20–30; 100–120 cm) (Table 14.1) were gathered

under trees where T. indicum ascoma were found and were analysed as followed:

Table 14.1 List of soils of Sichuan, Yunnan and Tibet in which T. indicum ascoma have been

harvested and which have been sampled for analysis

Place Altitude (m) Longitude Latitude Sampling depth (cm)

Huidong, Sichuan 1 2800 102�320 E 26�390 N 0–5, 10–40, 100–120

Huidong, Sichuan 2 3000 102�320 E 26�390 N 0–10, 10–20

Shalahe, Huidong, Sichuan 1 1700 102�320 E 26�390 N 0–10, 20–30

Shalahe, Huidong, Sichuan 2 1780 102�320 E 26�390 N 0–10, 20–30

Mindge, Huidong, Sichuan 2000 102�320 E 26�390 N 0–10, 20–30

Pingdi, Panzhihua, Sichuan 1 1717 101�510 E 26�120 N 0–10, 10–20

Pingdi, Panzhihua, Sichuan 2 1500 101�510 E 26�120 N 0–10

Pingdi, Panzhihua, Sichuan 3 1686 101�510 E 26�120 N 0–10, 10–20

Yakou, Miyi, Sichuan 1 1127 101�570 E 26�470 N 0–10, 10–20

Yakou, Miyi, Sichuan 2 1311 101�570 E 26�470 N 0–10, 10–20

Gongshan, Yunnan 1 1500 98�130 E 27�900 N 0–10, 20–30

Gongshan, Yunnan 2 1400 98�130 E 27�900 N 0–10, 20–30

Gongshan, Yunnan 3 1600 98�130 E 27�900 N 0–10, 20–30

Gongshan, Yunnan 4 1600 98�130 E 27�900 N 0–10

Gongshan, Yunnan 5 1500 98�130 E 27�900 N 0–10, 20–30

Gongshan, Yunnan 6 1500 98�130 E 27�900 N 0–10, 20–30

Gongshan, Yunnan 7 1400 98�130 E 27�900 N 0–10, 20–30

Gongshan, Yunnan 8 1500 98�130 E 27�900 N 0–10, 20–30

Gongshan, Yunnan 9 1500 98�130 E 27�900 N 0–10, 20–30

Gongshan, Yunnan 10 1500 98�130 E 27�900 N 0–10

Kunming, Yunnan 2000 102�410 E 25�010 N 0–10, 20–30

Bomi, Tibet 3000 97�160 E 31�120 N 0–10, 20–30
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– Soil granulometry with organic matter destruction, while maintaining calcium

carbonate, prior to analysis with the following size threshold: clay between 0 and

2 μm, silt between 2 and 50 μm and sand between 50 and 2000 μm.

– pH in water (1:5 in volume, ISO 10390).

– Soil organic matter and total nitrogen content determined by dry combustion

(ISO 10694 and ISO 13878, respectively).

– Total calcium carbonate content determined by volumetric method (ISO 10693).

– Exchangeable cations (Ca, Mg and K) and cationic exchange capacity (CEC) at

pH 7 (Metson method).

– Available phosphorus according to Duchaufour and Bonneau (1959) (double

extraction with H2SO4 0.002 mol l�1 and NaOH 0.1 mol l�1).

14.4.1 Soil Types

In the Sichuan and Yunnan provinces, the soils are influenced more by current and

past climatic conditions than by the nature of the parent rocks. All of these soils are

characterized by a deep paleo-alteration displaying long-lasting and intense

weathering inherited from past tropical quaternary climates. They belong to the

Ferralsols (WRB—World Reference Base for soil resources 2014) and are charac-

terized by a deep ferralic horizon, often several metres deep (Fig. 14.3). The ferralic

character is attenuated by conditions at altitude, inducing the formation of a cambic

horizon. Above altitudes of 2800 m, the soils become Ferralic Cambisols. Higher

than 3000 m, the ferralic characteristics disappear, and these soils can be considered

as Cambisols. Despite their ferralic character and the acidity of many of the parent

rocks, these soils generally display high base saturation, due to continuous exposure

to airborne calcaric dust, as previously mentioned (Fig. 14.7).

14.4.2 Soil Physical Properties

The texture of the soils (Fig. 14.4) where T. indicum was harvested is relatively

homogeneous: mainly loam, silty loam and clay loam. Only two soils exhibit a

sandy loam texture. The percentage of clay never exceeds 40% (Fig. 14.4).

Almost all the soils of T. indicum natural habitats are characterized by a high

water-holding capacity due to the deep past soil weathering and to their loam

texture. Moreover, they are often well supplied in water due to their topographic

position located at the base of slopes or in small valleys. The majority of these soils

are well drained despite their loam texture. Drainage is facilitated by these slopes,

which are more often found high up in these mountainous regions. The structure of

the upper horizons is generally granular and stable. It becomes blocky or prismatic

in the ferralic horizons.
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Fig. 14.4 Soil texture

(USDA texture triangle) of
the soils of Sichuan,

Yunnan and Tibet in which

T. indicum ascoma have

been harvested

Fig. 14.3 A deep Ferralsol

under P. yunnanensis
(Sichuan Huidong county,

altitude 2500 m)
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14.4.3 Soil Chemical Properties

14.4.3.1 Carbonates, pH, CEC, Saturation Rate and Exchangeable

Cations (Figs. 14.5, 14.6 and 14.7)

Of all observed soils, only one was found to have developed on limestone. How-

ever, while the larger number of soils originally developed on acid rocks, six

displayed small or negligible amounts of calcium carbonates in their upper horizons

with a maximum of 0.28%. For most cases, there is no carbonate under 20 or 30 cm.

As previously mentioned, this carbonate occurrence originates from dust fall.
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These dust fall events contribute to maintaining a high base saturation rate of

the cationic exchange capacity in the upper horizons and, consequently, help to

maintain their pH around the neutrality point. For example, a soil described in

Huidong region at an elevation of 2800 m displays a pH of between 7.9 and 7.6 in

the first 40 cm, while it is 5.2 for depths of between 100 and 120 cm. The same

phenomenon is observed in several other soils such as those in the Miyi region,

where one soil exhibits a pH of 7.37 in the first 10 cm and a pH of 5.52 between

10 and 20 cm.

For the 22 soils sampled, the pH of the upper horizon (0–10 cm) is in average of

6.68. Seven upper horizons displayed a pH higher than 7, six displayed a pH from

7 to 6.5, five from 6.5 to 6, three from 6 to 5 and only one displayed a pH lower than

5. These relatively acidic soils are found in the Gongshan region, which is likely

less subjected to dust fall.

The average saturation rate is 83.8% for the ten first cm. In the non-carbonated

soils, this ranges from 53.4 to 100%, with the exception of the acidic soil in

Gongshan (14.3%).

All of these soils displayed high levels of exchangeable cations, calcium potas-

sium and magnesium, except for the more acidic soils found in Miyi.

14.4.3.2 Soil Organic Carbon and C/N Ratio (Figs. 14.8 and 14.9)

The percentage of soil organic carbon in the upper horizons ranges from 0.6 to

8.19%. There is no correlation with altitude. It appears that the content of organic

matter is determined by the rate of overgrazing.

The C/N ratio is relatively high ranging from 12.7 to 23.3 in the upper

horizons. Nevertheless, these values, which rarely exceed 20, allow for sufficient
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mineralization of organic matter and provide a good supply of mineral nitrogen and

other mineral elements.

14.4.3.3 Available Phosphorus (Fig. 14.10)

The available phosphorus content of the upper horizons expressed in P205
(Duchaufour and Bonneau method) is comprised between 0.055 and 0.41 with an

average of 0.18 g kg�1, which is high. According to Duchaufour and Bonneau

(1959), a value of 0.15 g kg�1 is considered as high with this method.
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14.5 Conclusions

Ferralsols often display low water-holding capacity and low mineral fertility due to

their sandy texture. They are frequently acidic and deficient in all essential nutri-

ents, especially N, P, K, Ca and Mg. The Ferralsols of the Sichuan and Yunnan

provinces, characterized by a deep paleo-alteration and a loamy texture, are the

exception to this rule, mainly due to continuous exposure to airborne soil dust

containing calcium carbonates and other mineral elements. This process contributes

to maintaining a high base saturation rate of CEC in the upper horizons and,

consequently, to maintaining a relatively neutral soil pH. The Ferralsols of Yunnan

province are a little more acidic than those of Sichuan province which is probably

due to lower levels of airborne soil dust. Contrary to common Ferralsols, the soils of

Sichuan and Yunnan provinces are well provided with available phosphorus and

other mineral elements. Ferralic characteristics of soil horizons are less pronounced

at higher altitudes. Due to lower temperatures associated with altitude, soils found

at elevations higher than 2800 m are Ferralic Cambisols, which become Cambisols

above 3000 m. Rainfall is considerably high for the region, reaching as much as

1000 mm or more per year, and is particularly heavy in the summer months.

Drought stress does not occur during the development of the young ascoma, and

freezing very rarely occurs during truffle production. Consequently, the edaphic

and climatic conditions in the Yunnan and Sichuan provinces and in the lower parts

of the Tibetan plateau are highly favourable to the production of T. indicum ascoma.

Accidently introduced in Europe, T. indicum is generally considered to be an

invasive species (Murat et al. 2008; see Chap. 2). However, despite the fact that

T. indicum and Tuber melanosporum Vittad. are phylogenetically closely related,

they differ in their ecological requirements. Tuber indicum grows between 1000

and 3000 m, while T. melanosporum is found below 1300 m. In the Sichuan and

Yunnan provinces, tropical conditions are replaced by more temperate climates at
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higher elevations. Tuber melanosporum is mainly found in Mediterranean climates

characterized by high summer drought stress, whereas T. indicum is less adapted to

this type of stress. The soils of the natural habitats of the two species are also

considerably different (Ferralsols, Ferralic Cambisols and Cambisols for

T. indicum; Rendzic Leptosols and Calcaric Cambisols for T. melanosporum).
Calcium carbonate is commonly found in T. melanosporum soils and rarely occurs

in T. indicum soils. Nevertheless, differences in soil pH for the two species proved

to be negligible, ranging from between 4.78 and 7.6 for T. indicum to between 5.5

and 8.2 for T. melanosporum. The texture of the soils where T. indicum are found is

mainly loamy, while that of T. melanosporum soils varies. Differences in climatic

and edaphic conditions of natural habitats of the Asiatic and European black truffles

are significant. The adaptive capacities of T. indicum including its possible invasive

behaviour in Europe are insufficiently understood and merit further investigations.
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Part III

The Biotic Environment



Chapter 15

Tools to Trace Truffles in Soil

Javier Parladé, Herminia De la Varga, and Joan Pera

15.1 Introduction

Truffles are hypogeous ectomycorrhizal (ECM) fungi belonging to ascomycetes

and producing fruiting bodies with high economic and social value (Boa 2004;

Mello et al. 2006; Reyna and Garcı́a-Barreda 2014). Bonito et al. (2010) reported at

least 180 species of Tuber around the world, although only about a dozen species

are considered to have commercial interest. The black truffle, Tuber melanosporum
Vittad., is the most appreciated of the commercialized species (Reyna 2000; Reyna

and Garcı́a-Barreda 2014; Le Tacon et al. 2014; Murat 2015). This species is

naturally distributed in Mediterranean calcareous soils in Spain, France, and Italy

and has been successfully introduced in a range of countries by the establishment of

orchards with inoculated seedlings (Yun and Hall 2004; Reyna and Garcı́a-Barreda

2014; see Chap. 2). The culture of truffles provides economic returns in a sustain-

able way, considering both the conservation of natural areas and the social benefits

derived from maintaining rural populations in marginal areas for agriculture (Reyna

2007). It is estimated that most of the commercialized European truffles already

come from plantations (Olivier et al. 2012). Recent estimates establish between

80 and 90 % of the French production of T. melanosporum from truffle orchards
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(Reyna and Garcı́a-Barreda 2014; Olivier et al. 2012), whereas this percentage

lowers to around 50–60 % in Spain and Italy (Reyna and Garcı́a-Barreda 2014).

In the 1960s and 1970s, the synthesis of Tuber mycorrhizas in controlled

conditions started in Italy and France (Murat 2015). Different techniques were

developed to improve the quality of the inoculated plants in collaboration with

commercial nurseries (Reyna and Garcı́a-Barreda 2014; Murat 2015). It is esti-

mated that around 600,000 seedlings inoculated with truffles (mainly

T. melanosporum and Tuber aestivum Vittad.) are produced yearly around the

world. Truffle orchards occupy over 40,000 ha in France, Italy, and Spain, with a

rate of plantation between 500 and 1000 ha per year (Reyna and Garcı́a-Barreda

2014).

Ecological and agronomic requirements for the establishment of truffle orchards

are well reported (Verlhac 1990; Chevalier and Pargney 2014; Ponce et al. 2014).

Long-term studies on cultural factors influencing inoculated seedlings and ECMs as

irrigation, fertilization, and weed control have been carried out by several authors

(Bonet et al. 2006; Mamoun and Olivier 1997; Olivera et al. 2011; Ricard

et al. 2003). However, to our knowledge only one study reported the effect of

watering on fruiting body production (Le Tacon et al. 1982).

Given the long delay (around 10 years) between the establishment of the

plantation and the formation of fruiting bodies (Shaw et al. 1996), short- and

medium-term control of the survival and persistence of the fungal symbiont in

plantations have to be evaluated.

Different methodological tools have been developed to trace truffles in soil, from

fruiting body collections and mycorrhiza morphotyping to recent molecular tech-

niques able to detect specific truffle DNA markers in the soil. The purpose of this

chapter is to review these techniques and to discuss their implementation in a more

rational and efficient truffle culture.

15.2 Tracing Truffles in the Soil

15.2.1 Fruiting Body Surveys

Truffles produce hypogeous fruiting bodies which are difficult to find without a

trained dog. Moreover, the onset of fruiting starts between 5 and 10 years after

seedling establishment in truffle orchards, depending on the tree species (Verlhac

1990), making the traceability of the fungal persistence a difficult task during the

first stages of the plantation. Moreover, fruiting body surveys are limited to the

fruiting season (from December to March for T. melanosporum in Europe, with a

peak in mid-January) (Reyna and Colinas 2007).

Truffle productivity is highly dependent on annual variability of the climatic

conditions. Le Tacon et al. (2014) showed strong annual fluctuations in black truffle

production in France in the last 25 years. They identified factors as the cumulative
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hydric balance from May to August, the cumulative rainfall in November, and the

number of freezing days with a minimum temperature equal to or less than�5 �C in

the year “n” to explain most of the variation of truffle sales in three main markets in

southeastern France. Estimates for T. melanosporum production in the last 23 years

in France, Italy, and Spain were reported by Reyna and Garcı́a-Barreda (2014)

showing similar annual variability. Other long-term series of data showed also a

high inter-annual variability of Lactarius deliciosus (L.) Gray and Boletus edulis
Bull. fruiting in Pinus sylvestris L. forests (Martı́nez-Pe~na et al. 2012) and when

considering ECM fungi altogether (Egli 2011).

15.2.2 The Brûlé

The zones with scanty vegetation around host plants colonized by some ECM fungi

have been referred as brûlé (in French) or burn. This effect is based mainly on

phytotoxic effects of metabolites emitted by some Tuber species, typically T.
melanosporum, T. aestivum, and Tuber indicum Cooke & Massee, which affect

the herbaceous cover and roots of host plants in this particular ecosystem

(Streiblová et al. 2012). The brûlé is used for experts as an indicator to assess the

presence of Tuber in the truffle orchards (Garcı́a-Barreda et al. 2007). The intensity
of the brûlé may be variable between the different Tuber species (Verlhac 1990).

Also, there are sterile, unproductive brûlés and other fungal species different than

truffles able to produce this effect. Some fungal species as the cosmopolitan genus

Astraeus have a similar herbicidal-like action and can contribute to form a brûlé

similar to that produced by the truffle mycelium (De Miguel et al. 2014).

Garcı́a-Montero et al. (2007a) showed a correlation between T. melanosporum
production and the size of 41 Cistus laurifolius L. burns, with burn size explaining

26 % of the variability in fruiting body production. In a study performed with

208 burns associated with Quercus ilex L. ssp. ballota, Quercus faginea Lam.,

Corylus avellana L., and Tilia platyphyllos Scop. in the center of the Iberian

peninsula, it was found that burn size was a very significant factor and accounted

for 38 % of the variance in fruiting body production (Garcia-Montero et al. 2007b).

A later study showed evidence that the area of T. aestivum brûlés differs among

hosts (Garcia-Montero et al. 2014). In this study, the effect of both host and brûlé

size on truffle production was significant, so truffle production depends on host and

increases with the area of the brûlé.

15.2.3 Ectomycorrhizas

Gardes and Bruns (1996) surveyed the ECM community of a Pinus muricataD.Don
forest by molecular techniques and found that the correspondence between above-

(fruiting bodies) and belowground (mycorrhizas) was imprecise. More than half of
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the species forming mycorrhizas were poorly or not represented at all in the

aboveground fruiting record. Among other possible causes, they indicated that

differences exist among species in the phenology of mycorrhizas production.

Thus, the information obtained from mycorrhizas can be dependent on the sampling

date but may give more insights than fruiting body surveys only in the assessment

of fungal persistence in soil. Other factors can influence the overlapping between

below- and aboveground community: methodological differences in sampling

(Smith et al. 2007) or nutritional strategies (Lalli et al. 2015).

Different approaches have been adopted for determining mycorrhizal persis-

tence in both natural producing areas and truffle orchards (Kagan-Zur et al. 2001;

Olivera et al. 2011; Reyna and De Miguel 2012). Sampling of truffle ECMs

provides good information on the symbiotic activity of the fungus, but they may

be a difficult task if the tree host roots are present in the deep layers of the soil, as in

the case of Quercus species. Also, visual identification requires trained analysts,

especially for discrimination among Tuber species. De Miguel et al. (2014)

reviewed the ECM fungus diversity in both truffle orchards and natural forests.

Among the 85 reviewed papers, 64 identify the ECMs of truffle plantations only

according to morphological aspects (morphotypes), emphasizing the difficulties in

identifying the ECMs to species level. Molecular techniques based on the amplifi-

cation of the ITS rDNA region allowed for the accurate identification of ECMs

belonging to species phylogenetically close to Tuber (Henrion et al. 1994; Mello

et al. 1996; Paolocci et al. 1996, 1997, 1999). Zambonelli et al. (2000) were the first

to combine morphological and molecular tools in truffle research. Studies combin-

ing both methodologies have increased significantly since then, with 18 articles

published to date (De Miguel et al. 2014). The ECM fungi identified in truffle

plantations worldwide reveal more than 100 species corresponding to 31 fungal

genera. Studies by Chevalier (1994), Iotti et al. (2010), and Di Massimo

et al. (2010) indicate that different Tuber species are the most important compet-

itors in T. melanosporum, Tuber magnatum Pico, and T. aestivum stands.

Seasonal variability of T. melanosporum mycorrhizas is unknown. Studies

carried out with other ECM fungi reveal differences in ECM abundance related

to the sampling date. De la Varga et al. (2012) showed significant differences

between the number of mycorrhizas of B. edulis sampled in September vs October
and November. However, most of the studies involving ECMs of T. melanosporum
have performed root sampling in spring (De Miguel et al. 2014).

Sánchez et al. (2014) compared two methods for ECM sampling in

T. melanosporum plantations: direct root sampling and soil core collection. Both

methodologies were equally effective in detecting this species, although soil core

collection proved a better method to evaluate also ECM fungal diversity. According

to these authors, detecting the presence of T. melanosporum ECMs in a homoge-

neous plantation is simple, as only a maximum of three trees and a single soil core

per tree are needed. Similarly, one tree can be diagnosed with a maximum of three

soil samples.
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15.2.4 Extraradical Mycelium

The detection of extraradical mycelium of the target fungal species in the soil is a

sound complement to fruiting body production and ECM sampling for tracking the

fungal persistence along the whole biological cycle. Extraradical mycorrhizal

mycelium has a key role in soil nutrient uptake and reciprocal transfer of carbon

and nutrients between plants (Simard et al. 2002; Guidot et al. 2003; Landeweert

et al. 2003a, b). However, because of the methodological difficulties for mycelium

detection in soil, this is the most poorly understood phase of the symbiosis (Read

1992; Horton and Bruns 2001; Leake et al. 2004). The different methods to study

structure, function, and turnover of extraradical mycorrhizal mycelium in soil such

as direct measurements, biochemical and DNA-based markers, and root-free hyphal

compartmentalization have been reviewed in Leake et al. (2004) and Wallander

et al. (2013).

Selective primers for conventional PCR amplification have been designed for

different Tuber species (Table 15.1). Moreover, specific amplification of soil DNA

by conventional PCR has been applied to detect extraradical mycelium of

T. aestivum (Gryndler et al. 2011), T. melanosporum (Suz et al. 2006), and

T. magnatum (Zampieri et al. 2010).

Molecular methods have also been used for quantification of specific ECM fungi

in soil to evaluate the ecological and functional impact of a given species in its

natural environment. Guidot et al. (2002, 2003) quantified mycelium of Hebeloma
cylindrosporum Romagn. in complex DNA mixtures extracted from forest soils by

competitive PCR. Most of the recent fungal DNA quantification studies applied the

real-time PCR technique (Heid et al. 1996; Schild 1996; Schena et al. 2004). This

technique is based on the detection and quantification of a fluorescent signal

generated by a fluorescently labeled sequence-specific probe or a intercalate dye

(Higuchi et al. 1992; Lee et al. 1993; Livak et al. 1995). This signal increases in

direct proportion to the amount of PCR product in a reaction. Thus, by recording the

amount of fluorescence emission at each cycle, it is possible to monitor the PCR

reaction during the exponential phase, where the first significant increase in the

amount of PCR product correlates to the initial amount of target DNA template.

The higher the starting copy number of the nucleic acid target, the sooner a

significant increase in fluorescence is observed. Landeweert et al. (2003b) com-

pared real-time PCR to conventional quantification techniques (total hyphal length,

biochemical markers) for mycelial biomass estimates. They found that soil DNA

extracts gave fluctuating results in the real-time quantitative PCR, whereas the

standard samples with purified ITS plasmid inserts produced highly repetitive

standard curves.

Schubert et al. (2003) used real-time PCR with specific primers and a TaqMan®
probe for absolute quantification of extraradical hyphal biomass of Piloderma
croceum Erikss. & Hjortst. in pure cultures and rhizotron samples. Raidl

et al. (2005) calibrated the method to obtain a correlation between mycelial biomass

of P. croceum and isolated rDNA ITS copies for absolute quantification. They
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Table 15.1 Selective primers for conventional PCR amplification of different Tuber species

Tuber species Sequence (50-30) Primer name Reference

T. borchii TGTATGGGATGCCCTATCGGACT TboI (fwd) Amicucci

et al. (1998)
00 CTATTACCACGGTCAACTTC TboII (rev)
00 GAAGTTGACCGTGGTAATAG rTboII (fwd) Amicucci

et al. (2000)
00 TCCTCCGCTTATTGATATGC ITS4 (rev)

T. brumale CAATGTCAGAGCCAATCTAATGC ITSB (fwd) Paolocci

et al. (1999)
00 TGATATGCTTAAGTTCAGCGGG ITS4LNG

(rvs)
00 TCGTCAGTGGTACACAATGT SYLV1 Douet

et al. (2004)
00 ATGACAGAACAAATAGAATGTAA SYLV2

T. dryophilum ATCGGGCTCCCAAGCAAAACA TdryI (fwd) Amicucci

et al. (1998)
00 TCTACTACCATGGTTCACTTT TdryII (rvs)

T. indicum AACAACAGACTTTGTAAAGGGTTG ITSCHCH

(fwd)

Paolocci

et al. (1999)
00 TGATATGCTTAAGTTCAGCGGG ITS4LNG

(rvs)
00 ACCTGTGGGAGATCTCCAC IndF1 (fwd) Mabru

et al. (2001)
00 GGCCATGTGTCAGATTTACTG IndF2 (fwd)
00 CATAGACTAGCAATTCACTCCTG IndR (rvs)

T. macrosporum CGTCGCTCATCAAAGCAGTC Tmacr For Benucci

et al. (2011)
00 CCGCCAGTACCACCAGGAG TmacrRev

T. maculatum GACACAGGCTCCCGATAAAACAC TmacI (fwd) Amicucci

et al. (1998)
00 CAGCAGCACTGATAGCCCCG TmacII (rev)
00 CGGGGCTATCAGTGCTGCTG rTmacII

(fwd)

Amicucci

et al. (2000)
00 TCCTCCGCTTATTGATATGC ITS4 (rvs)

T. magnatum GGATGCGTCTCCGAATCCTGAAT TmagI (fwd) Amicucci

et al. (1998)
00 CGGGCCCTTTCTCAGACTGCTG TmagII (rev)
00 TCCTCCGCTTATTGATATGC ITS4 (rev) Amicucci

et al. (2000)
00 CCTCCCAATTTGCAATACAC tubmagnf

(fwd)

Zampieri

et al. (2010)
00 AAAGACGAAGTTATCTGGCCTGA elytubr (rvs)

T. melanosporum TGGCCATGTGTCAGATTTAGTA ITSML

(fwd)

Paolocci

et al. (1999)

(continued)
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pointed out that the application of the technique in environmental samples strongly

depends on the availability of fungal DNA extraction protocols for different types

of soil.

Quantitative detection of T. melanosporum DNA in soil was carried out by Suz

et al. (2008) and Zampieri et al. (2012) using real-time PCR with SYBR® Green

dye for nucleic acid stain to compare the quantity of soil mycelium in productive

versus nonproductive truffle orchards. More specific real-time PCR detection can

be obtained using TaqMan® probes, which are theoretically able to discriminate a

single nucleotide mismatch. Parladé et al. (2007) and Hortal et al. (2008, 2009)

adapted the TaqMan® real-time PCR technique to quantify the mycelium of L.
deliciosus in the soil. Further studies showed seasonal patterns in the distribution of
extraradical mycelium of B. edulis in a forest soil (De la Varga et al. 2012, 2013)

and the correlation between extraradical mycelium and mycorrhizas of L. deliciosus
in pot experiments (Hortal et al. 2008). Similar correlations were found in B. edulis
in natural Scots pine forests (De la Varga et al. 2012).

Parladé et al. 2013 designed specific primers and a TaqMan® probe for

T. melanosporum and found significant differences between the mycelium found

Table 15.1 (continued)

Tuber species Sequence (50-30) Primer name Reference
00 TGATATGCTTAAGTTCAGCGGG ITS4LNG

(rvs)
00 GTATTCCCGAACACAAACCT ITS1TM Suz et al. (2006)
00 AGACTTGTGACTGATCCAGG ITS2TM
00 CACCTGTGGGAGATCTCTAT MELF Douet

et al. (2004)
00 TGTGACTGATCCAGGTCTTAT MELR

T. oligospermum CTCCTGAGCTGAGGTGTC Tolf (fwd) Boutahir

et al. (2013)
00 TCCTCCGCTTATTGATATGC ITS4 (rev)

T. puberulum TCTGTTACCAGGGTCCACATT TpuI (fwd) Amicucci

et al. (1998)
00 GGCTTCTGGGTTGAGGTGTTT TpuII (rvs)

T. rufum TGCTTTCCCAGGTGGTTGG Ru1f (fwd) Iotti

et al. (2007)
00 TTGCTTTCCCAGGGAATTGG Ru2f (fwd)
00 TCCTCCGCTTATTGATATGC ITS4 (rvs)

T. uncinatum TGGGCCGCCGAAAA TTG UncI Mello

et al. (2002)
00 CTGACGAGATGCCCCGGA UncII
00 AGAGCACCAAACCACAG Tu1sekvF Gryndler

et al. (2011)
00 ACCACAGCGTCTACCAA Tu1sekvR
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in truffle orchards subjected to different managements and in a natural truffle

ground. Seasonal variability in extraradical fungal mycelium in truffle stands has

been reported in Morcillo et al. (2015) showing the temporal dynamics of

extraradical mycelium along 10 months (Fig. 15.1). These results indicate a pattern

with a peak in spring and autumn and a lower average mycelium biomass detected

under nonproductive trees as compared to productive ones. These results have been

also obtained for T. magnatum (Iotti et al. 2014). The detection of fungal mycelium

of this species is the only way to establish the presence of T. magnatum in soil in

absence of fructifications since mycorrhizas are extremely rare or absent even in

productive patches. Although these results are challenging to elucidate the rela-

tionship among temporal mycelium dynamics, plantation management, and fruiting

body formation, more data are necessary to interpret the high variability found

between sites and in different years.

Real-time PCR can be used for absolute quantification of DNA and for quanti-

tation of gene products (gene expression) by isolating mRNA, converting it to DNA

by reverse transcription and then quantifying the cDNA. The studies on application

of the real-time methodology for either absolute DNA quantification or to study

gene expression in ECM fungi are summarized in Table 15.2. Specific primers and

probes have been reported for T. aestivum, T. magnatum, and T. melanosporum,
mainly using TaqMan® chemistry, whereas all of the studies carried out with Tuber
borchii Vittad. have been addressed to quantify gene expression using SYBR®
Green chemistry. Gryndler et al. (2013) reported some limitations in using real-time

Fig. 15.1 Temporal dynamics of extraradical mycelium biomass of T. melanosporum under

productive and nonproductive trees in a 12-year-old plantation. Data correspond to the mean of

4 productive trees and 8 nonproductive trees. Bars represent the standard errors
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PCR for soil mycelium quantification of T. aestivum based on the presence of

steady extracellular fungal DNA in the soil. This DNA pool reaches a steady

concentration, irrespective of the soil treatment, which should be known to deter-

mine the detection limit of the real-time PCR quantification. After autoclaving, the

soil is recolonized by saprotrophic microorganisms and this conserved DNA pool

can be eliminated.

15.2.5 Mating Types

The advances in the knowledge of the life cycle and reproductive biology of the two

most economically important truffle species worldwide, T. magnatum and

T. melanosporum (Rubini et al. 2005; Paolocci et al. 2006; Riccioni et al. 2008),

as well as the recent sequencing of the T. melanosporum genome (Martin

Table 15.2 Application of real-time PCR (qPCR) methodology (TaqMan® and SYBR®Green
chemistries) for the quantification and gene expression (references in bold italics) of different

ECM fungi

Fungus

qPCR

chemistry References

Amanita
phalloides

SYBR®Green Wolfe et al. (2010)

Boletus edulis TaqMan® De la Varga et al. (2012, 2013)

Hydnangium sp. SYBR®Green Da Silva Coelho et al. (2010)

Lactarius
deliciosus

TaqMan® Parladé et al. (2007), Hortal et al. (2008, 2009)

Paxillus
involutus

TaqMan® Landeweert et al. (2003b)

Piloderma
croceum

TaqMan® Schubert et al. (2003), Raidl et al. (2005)

Pisolithus albus SYBR®Green Majorel et al. (2012)

P. microcarpus SYBR®Green Drigo et al. (2012)

P. tinctorius SYBR®Green Zhou et al. (2014)

Rhizopogon spp. TaqMan® Hortal et al. (2008)

Stipitate hydnoid

fungi

SYBR®Green Van der Linde et al. (2009)

Suillus bovinus TaqMan® Landeweert et al. (2003b)

Tuber borchii SYBR®Green Guescini et al. (2003, 2007, 2009), Guidi et al. (2006),
Abba et al. (2007), Amicucci et al. (2010), Zeppa
et al. (2010)

T. aestivum TaqMan® Gryndler et al. (2013)

T. magnatum TaqMan® Iotti et al. (2012, 2014)

T. melanosporum TaqMan®
SYBR®Green

Suz et al. (2008), Zarivi et al. (2011, 2013), Balestrini
et al. (2012), Zampieri et al. (2012), Parladé et al. (2013),

Taschen et al. (2015)
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et al. 2010) have displayed new horizons in truffle research. From this information,

it has been demonstrated that T. melanosporum is a heterothallic species and the

genes involved in the sexual compatibility processes, with two mating-type (MAT)

idiomorphs (MAT1-1 and MAT1-2), have been characterized (Martin et al. 2010;

Rubini et al. 2011), allowing a greater understanding of the reproductive mecha-

nisms of the black truffle. Also, this research is crucial to improving the manage-

ment strategies of plantations aimed at increasing the controlled production of this

edible fungus.

In truffle orchards, the production of fruiting bodies faces two crucial stages: the

initiation of the sexual reproduction, which requires the meeting of the two com-

patible mycelium strains, and the growth of the fruiting bodies during several

months. In order to better understand how sexual reproduction occurs, Murat

et al. (2013) characterized the T. melanosporum small-scale genetic structure in

two 20-year-old truffle plantations located in France and Italy. They highlighted

that T. melanosporum truffle orchards are dynamic ecosystems which can contain

several small black truffle genets in an area of 30 m2. Moreover, an evidence of

nonrandom distribution pattern of T. melanosporum was observed, resulting in a

spatial separation between large soil patches exclusively colonized by fungal strains

of the same mating types. In two recent reviews, Rubini et al. (2014) and Le Tacon

et al. (2015) showed the practical implications of the competition existing between

strains of opposite mating types in the root system of host plants, suggesting that a

vegetative incompatibility occurs at ECM level. However, there are only a few

works reporting the distribution of black truffle mating types in soil (Rubini

et al. 2011; Zampieri et al. 2012; Murat et al. 2013). On those studies the authors

detected one or both mating types by conventional PCR in soil samples, but they

revealed that the detection is difficult by this technique and probably the results

were not explaining the real distribution of both idiomorphs in soil. This could be

due to the low amount of the target genes obtained from soil DNA extractions

(MATs are single-copy genes), problem that might be solved by using more

sensitive techniques than conventional PCR as the real-time PCR or the digital

PCR. These techniques would allow to detect and quantify MAT1-1 and MAT1-2

idiomorphs in soil samples as well as to evaluate their temporal distribution

changes, especially in spring when fertilization is supposed to occur. Recently, in

2015, a protocol was developed together between French research center (INRA)

and ALCINA Fôrets, a start-up, to detect and quantify both T. melanosporum
mating-type idiomorphs in soil samples using the real-time PCR.

15.3 Sampling Protocols

A considerable amount of variation is inherent in data collected from any soil

sampling study and the utility of the resulting data is often dependent on the

sampling design used. Variation of ECM fungal mycelium in the soil is likely to

occur at a wide range of spatial scales. Pickles et al. (2010) used geostatistical tools
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to establish a core distance to avoid autocorrelations when sampling Scots pine

ECMs. This requires an initial high investment in sampling units but can reap

benefits later once optimum sampling distances are identified (Wallander

et al. 2013). Most soil samples in studies on mycorrhizas and/or mycelium analysis

of different truffle orchards and natural grounds have frequently been collected

close to the base of the productive and nonproductive trees or in productive spots.

Only one study considered small-scale sampling in a 1x1 m grid to evaluate the

spatial genetic structure of T. melanosporum genets (Murat et al. 2013). Soil cores

had variable diameter and ranged from 5 cm (Gryndler et al. 2013) to 30 cm depth

(Iotti et al. 2014), although most of the studies used soil samples taken to a depth of

10–15 cm. Pooled samples were used in some studies to minimize soil variability

(Suz et al. 2008; Antony-Babu et al. 2013; Parladé et al. 2013; Iotti et al. 2012,

2014). The limited number of samplings in many of the studies is due to restrictions

by the owners of the truffle orchards and/or to the risk of breaking down the fungal

web digging the soil of the productive truffle ground (Murat et al. 2005). DNA

extractions were generally performed using commercial soil DNA isolation kits

following the manufacturer’s instructions, but, in some cases, the samples were

previously submitted to an extraction phase using 2 % CTAB and then purified with

a commercial kit (Iotti et al. 2012, 2014). Soil treatments before extraction included

no treatment (from fresh soil) (Gryndler et al. 2013), freeze drying (Iotti et al. 2012,

2014), and low- or room-temperature drying (Parladé et al. 2013; Taschen

et al. 2015).

Soil samples for Tuber spp. studies have been taken in a range of months from

January to December. Tuber magnatum DNA was detected in most of the soil

samples taken in a truffle ground in the Piedmont (Italy) collected in winter, while

in spring the positive soils were fewer (Zampieri et al. 2010). On the other hand,

Iotti et al. (2014) found T. magnatum mycelium all around the year in four sites

along the Italian peninsula and it was more abundant in spring. Since the soil

mycelium biomass might vary greatly along the year (Fig. 15.1), further studies

on Tuber spp. mycelium dynamics are necessary to establish the relationships

between spatial and temporal mycelium biomass allocation and fruiting body

formation under different climatic-edaphic conditions.

15.4 Conclusions

Recent findings in disclosing the biological cycle of truffles based on molecular

research have represented a great step forward toward rational truffle cultivation.

The detection and quantification of truffle mycelium in the soil along the truffle

development might be the key to understand the processes leading to fertilization

and fruiting body formation. The real-time PCR methodology developed for soil

mycelium traceability can also be used to control the quality of the plants produced

by the nurseries and to detect the possible presence of other species in the inoculum

used (especially T. indicum and Tuber brumale Vittad.). In 2014–2015 the research
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center INRA in Nancy (France) developed a quality protocol to control the inocu-

lum of T. melanosporum and the quality of T. magnatum plants by real-time PCR in

French nurseries.

On the other hand, the relationships between the different phases of the symbi-

osis, mycorrhizas, extraradical mycelium, and fruiting body formation, remain

unsolved. High-sensitive techniques such as real-time PCR and the recent digital

PCR could help to detect the single-copy MAT genes in the soil and might disclose

the origin of the “male factor” in the biological cycle. Spatial segregation between

mating types in adult trees is particularly interesting and seems to be linked with

vegetative incompatibility. This indeed decreases the probability that compatible

cells meet and therefore lowers the odds of mating. Therefore, this would be

negative for truffle production, as indicated by Selosse et al. (2013). The perspec-

tives for truffle cultivation are challenging to face this biological process which

limits sexual encounters, by studying the spatial and temporal dynamics of the

compatible genotypes. Hopefully, new technologies for tracing truffles in soil will

contribute to unravel these uncertainties in the near future.
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Chapter 16

True Truffle Host Diversity

Milan Gryndler

16.1 Introduction

Mycorrhizal symbiosis represents a type of coexistence of the host plant root with a

specialized fungus. In general, the mycorrhizal fungus colonizes rhizodermis and

primary root cortex of the finest roots, forming specific communication structures:

mycorrhizas. In typical ectomycorrhizal (ECM) symbiosis, unlike the

endomycorrhizal one, the fungus does not penetrate the host cell wall and stays in

the intercellular spaces of the root cortex, forming a hyphal network called Hartig

net. The root surface is covered by compact hyphal mantle. The mycorrhizas

formed in ECM symbiosis are called ectomycorrhizas (ECMs) and are morpholog-

ically distinct from roots not colonized by the fungus (Smith and Read 2008).

In common view, the host plant in ECM symbiosis represents a partner respon-

sible for energy supply, the saprotrophic nutrition being of marginal importance

(Baldrian 2009). The solar energy is captured in the process of photosynthesis and

is delivered to the mycorrhizal fungus in the form of energy-rich organic com-

pounds, mostly carbohydrates, via ECMs. Ectomycorrhizal symbiosis involves

complex physiological and ecological adaptations in both partners, which results

in physiological and ecological specificity of the interaction (Smith and Read

2008). This means that, under field conditions, not all combinations of potential

hosts with ECM fungi are possible. Instead, each fungal species can live in

symbiosis with a specific range of hosts only. This is true also for true truffles as

representatives of ECM fungi. Because the truffles are economically important

fungal group, knowledge of the diversity of their host plant species is of a crucial

importance.
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16.2 Concept of the Host in ECM Symbiosis with True

Truffles

The concept of the ECM nutrition of true truffles (members of the genus Tuber,
Pezizales, Ascomycota) and their close relation to the host has not been always fully

accepted as valid (Barry et al. 1994; Callot 1999). Tuber fruiting bodies are formed

on soil mycelium undoubtedly connected to a tree root via ECMs. In the course of

their development, they become large carbon sink that may be localized far from

active ECMs, apparently without sufficient physiological connection with them. It

is not completely known whether they are always fed via direct transfer of carbo-

hydrates from the host tree through the ECM and mycelial network or whether they

become saprotrophic, independent on the symbiotic nutrition at some time after

their formation. The existence of hypothetical saprotrophic nutrition of true truffles

is suggested by the formation of extensive external mycelium clumps emerging

from the ascoma peridium surface as well as by in vitro utilization of starch,

cellobiose, and, probably in some extent, also cellulose as carbon sources (Mamoun

and Olivier 1991). Saprotrophic capacity of Tuber melanosporum Vittad. pure

cultures was also indicated by production of hydrolytic enzymes (unpublished

results).

In the light of the newly gained information, however, the hypothesis of

saprotrophic nature of the true truffle mycelia producing ascomata seems to be

surpassed. It seems now that at least the mycelium of T. melanosporum at fructi-

fication stage gains its nutrition mainly from the host. The concept of colonized tree

as exclusive energy supplier for ECM fungus was first experimentally supported by

Zeller et al. (2008) who suggested, on the basis of the analysis of stable isotopes 15N

and 13C, that nutrition of growing ascomata of four Tuber spp. is not saprotrophic.
Similarly, the data obtained by Le Tacon et al. (2013, 2015) from a labeling

experiment using the same stable isotopes indicates that almost all carbon allocated

to the truffles (T. melanosporum ascomata) came from the tree-bearing ECMs.

Further, the sequencing of the T. melanosporum genome shows rather limited

range of genes coding for hydrolytic enzymes involved in saprotrophic exploitation

of complex forms of organic matter (Martin et al. 2010). This may be taken as other

information supporting the idea of predominantly biotrophic nature of

T. melanosporum. Evolution of ECM fungi has led to a loss of some enzymes

involved in degradation of the plant cell wall. Most ECM fungi, including

T. melanosporum, lack genes coding for cellobiohydrolases GH6 and GH7 but

can maintain others, such as polysaccharide monooxygenases (Kohler et al. 2015).

On the other hand, Martin et al. (2010) mentioned very high upregulation of

endoglucanase and laccase genes in symbiotically living mycelium, in comparison

to free-living mycelium of T. melanosporum. The same was not observed for

another ECM fungus, Laccaria bicolor (Maire) P.D. Orton (Martin et al. 2008,

2010). Upregulation of the laccase gene transcription in ECM of T. melanosporum
relative to free-living mycelium and non-colonized roots was independently con-

firmed by Zarivi et al. (2013) using quantitative PCR. As the laccase is involved in
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degradation of lignin components, its upregulation in fungus suggests the active

utilization of the material of lignified host cell walls.

These findings indicate a potential of T. melanosporum ECM to hydrolyze

particular macromolecules which can be met in proximity of the root and exploited

for nutrition. At the same time, they reveal a difference between the physiology of

T. melanosporum symbiosis and physiology of symbiosis of L. bicolor as represen-
tative of a “model” ECM fungus.

The above text might invoke the feeling that the mode of the fungal life is either

(most likely) symbiotic/biotrophic or (less probably) saprotrophic. However, the

reality might be much more complex. It seems that true truffles might use different

life strategies involving, besides the mycorrhizal symbiosis, also commensalism,

parasitism, or necrotrophy. If so, the Tubermycelium utilizes soil organic matter as

a source of nutrition auxiliary to the symbiotic one. The hypothesis of auxiliary

saprotrophic nutrition of Tuber mycelium is supported, for example, by the exis-

tence of eccentric mycelial colonies (manifested as brûlé areas in some Tuber
species) which may be very distant from host trees (Callot 1999, see Fig. 3–18B

on p. 110; Sourzat 2002, see Fig. on p. 39). In these distant areas, the host root

density may be very low which may result in symbiotic nutrition shortage and

consecutive need for exploitation of other organic nutrients than those provided

by ECMs.

The hyphae of T. melanosporum were observed to heavily colonize roots of

Thymus sp. (Callot 1999, see Fig. on p. 109), whose tissues obviously undergo a

kind of degradation, perhaps releasing mineral and organic nutrients that might be

utilized by the mycelium. Formation of necroses probably induced by the same

fungus has been observed in roots of plants traditionally not considered as hosts

(Plattner and Hall 1995). These effects of Tuber mycelium on herbaceous plants

may be due to the production of allelopathic compounds by the Tuber hyphae

(Streiblová et al. 2012). A question appears whether these infected plants can be

considered as symbiotic hosts of the invading fungus. It seems that, at least in the

case of herbaceous plants that do not form ECM, the fungus may behave as a

necrotroph exploiting mineral and/or organic nutrients released from moribund root

tissues. This hypothesis has not been exhaustively tested till recent days but

deserves attention because the fungus has the potential to induce the host cell

death. This is documented by the formation of necroses induced by the interaction

between the host and Tuber mycelia during the morphogenesis of ECM (Ragnelli

et al. 2014).

The mycelium of Tuber aestivum Vittad. was detected in the microbial film

attached to the surface of decaying layers of suberinized cells of host roots other

than ECM (Gryndler et al. 2013) as well as in the roots of many herbaceous plant

species present at the natural locality of T. aestivum (Gryndler et al. 2014) without

signs of penetration of fungal hyphae into the tissue volume (Fig. 16.1).

This superficial contact may be either ineffective to induce plant defense reac-

tion or the plant defense is induced but is not manifested in any visible change in

root morphology. Again, it is unclear whether the plant, whose roots are superfi-

cially colonized, may be taken as a symbiotic host but it would be reasonable if a
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kind of signalization exists between such a “nonhost” root and the fungus. For

example, bioactive compounds produced by the root tissues during secondary

growth might serve as hypothetical signal mediators.

Similar, non-ECM association has been observed in T. melanosporum, which
forms stromatic structures attached to the root bark surface (Pargney and Jalade

1995). These structures may represent an important, long-living contact surface

between the mycelium and decaying root bark, distinct from ECMs. It is very

interesting in this regard that the development of the Tuber soil mycelial colony

seems to be stimulated by the presence of dead wood pieces, such as wooden fence

pillar (Sourzat 2004), which may simulate the decaying root tissues. If this obser-

vation will be confirmed experimentally, it may indicate an association of the truffle

mycelium with degradation of wooden root tissues.

It is also possible that the saprotrophic abilities vary among different Tuber
species. In genomic data, different sets of genes coding for cazymes (carbohydrate

active enzymes) involved in cellulose degradation were identified in different Tuber
species (Claude Murat, pers comm; see also Chap. 9). This may be reflected in

varying abundance of mycelia and ECMs in the soil. As the ECMs formed by

T. aestivum (Pruett et al. 2009; Gryndler et al. 2013) or T. melanosporum (Rubini

et al. 2011) are very abundant and can be easily extracted from the soil, the ECMs

of other species, such as Tuber magnatum Pico, seem to be scarce or are even

almost absent from soils in productive areas (Murat et al. 2005; Bertini et al. 2006;

Leonardi et al. 2013; see Chap. 6). There may be no direct linkage among soil space

Fig. 16.1 Mycelium on the root surface of nonhost plants: Silene vulgaris (Moench) Garcke (a),

Carex muricata L. (b), and Achillea millefolium L. (c) collected within the soil mycelial colony of

T. aestivum. The root surface is covered by microbial film containing hyphae of various fungi.

Highly dense mycelia of T. aestivum were detected there using quantitative real-time PCR

(Gryndler et al. 2014). Bar: 1 mm
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occupied by T. magnatummycelium and spatial distribution of mycorrhizas (Murat

et al. 2005; Zampieri et al. 2010; Iotti et al. 2014).

The above text is dealing with only one aspect of mycorrhizal symbiosis: the

nutrition. However, another important aspect should be taken into account when the

host concept in mycorrhizal symbiosis is mentioned: the recognition of both

partners. The partners must interchange the information on their identity, which

results in specific modification of physiology at the level of cell, hyphae, or root

tissues. The root may be colonized by either vegetative mycelium already

established in soil or by the mycelium originating from germinating spores (asco-

spores, basidiospores). It was reported that the germination of spores of ECM fungi

often requires the presence of a specific signal produced by a potential host root

(Fries et al. 1987). Moreover, the germination may be enhanced in the presence of

soil saprotrophic microflora (Birraux and Fries 1981). A cascade of events follows,

which leads to the formation of ECMs and beginning of the nutrient exchange. This

represents an important attribute of mycorrhizal symbiosis: the partners are tuned to

each other, can accept a signal from each other, and produce an adequate response

to the signal (Plett et al. 2011, 2014).

What we know about initial pre-colonization events occurring between Tuber
spp. and their plant partners? The germination of Tuber ascospores under defined
conditions is an extremely difficult task, which demands the prolonged storage at

5 �C (Grente et al. 1972), but is possible in the absence of any plant tissues, as it was

proved also in our laboratory (Fig. 16.2). This fact indicates that Tuber ascospore
germination is not induced by the root (does not depend on the presence of a

potential host), though the germination may be enhanced by the root products

(Guiochon 1959).

Similarly to the ascospore germination, the growth of vegetative mycelium is not

dependent on the presence of host roots under axenic conditions. Tubermycelia can

be transferred to pure culture as it was demonstrated mainly for T. aestivum (e.g., by

the author of this text and by Iotti et al. 2002), T. melanosporum (Fontana 1971;

Iotti et al. 2002), Tuber brumale Vittad. (Chevalier 1972, 1973; Iotti et al. 2002),

and Tuber maculatum Vittad., Tuber macrosporum Vittad., and Tuber rufum Pico

(Iotti et al. 2002). Some strains can be maintained in pure culture infinitely, which is

the proof of their saprotrophic capacity.

However, the above facts do not indicate the ability of free-living Tubermycelia

to compete with other soil microorganisms and a signal produced by the host may

be necessary in this respect. The woody plant species traditionally accepted as hosts

of true truffles may provide such a signal activating the growth of mycelial biomass

which is nourished both saprotrophically and symbiotically. The role of other plants

present at the locality, which are conventionally classified as “nonhost” species, is

not known and is mostly neglected by scientific community.
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Fig. 16.2 Germination of

ascospores, explanted from

ripe ascoma of

T. melanosporum, on water

agar in the absence of the

root. Ascospores were

stored at 4 �C for 2 months

and incubated at room

temperature for 4 weeks.

The uppermost photograph

shows formation of multiple

germ tubes per one

ascospore. The germ tubes

appear aseptate, in

contradiction to figures

presented in Granetti

et al. (2005), p. 34, and in

Delmas (1976), p. 15. The

growth of these mycelia was

limited and attempts to

subculture them failed.

Photographed by

E. Streiblová and

M. Gryndler, using

Nomarski interference

contrast optics. Bar: 50 μm
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16.3 Hosts of True Truffles in Natural and Man-Made

Environments

True truffles are inhabitants of various environments occupied by different known

host plants (Table 16.1) as well as other plant species forming plant communities.

These communities constitute a complex biological environment which, as a whole,

support the existence and development of the Tuber mycelia. The communities

associated with particular Tuber species were frequently studied, but the obtained

data have been mostly published at national or even regional level and are thus

hardly accessible to the majority of international scientific community.

One of the best accessible analysis of plant communities associated with T.
aestivum, Tuber mesentericum Vittad., and T. melanosporum in Burgundy is

presented by Chevalier and Frochot (1997, pp. 117–128) with conclusion that

T. aestivum (syn. Tuber uncinatum Chatin) is typically – but not exclusively –

found in the alliance Carpinion betuli, in particular in the association Scillo-
bifoliae-Carpinetum, where Carpinus betulus, a European hornbeam, dominates

as a host.

Voluminous list of plant species found in six T. aestivum localities in Poland is

given by Hilszczanska et al. (2014). The authors registered the occurrence of five

Tuber species on their localities but did not provide the details on possible host-

fungus relationships.

Tuber spp. are also reported as associates or symbionts of orchids and some

ericoid plants and are supposed to form typical orchideoid mycorrhizas (Selosse

et al. 2004) and arbutoid mycorrhizas (Lancellotti et al. 2014; Taschen et al. 2015).

This indicates that true truffles are able to produce at least three types of morpho-

logically and functionally very different associations.

Among the orchid hosts, the presence of T. aestivum and Tuber excavatum
Vittad. has been documented in roots of Epipactis microphylla (Ehrh.) Sw.

(Selosse et al. 2004; Ouanphanivanh et al. 2008). Fungi similar to T. rufum and

Tuber maculatum Vittad. have been detected in Epipactis helleborine (L.) Crantz

using molecular identification (Ogura-Tsujita and Yukawa 2008). Tuber
maculatum was confirmed in the root system of E. helleborine and Cephalanthera
damasonium (Mill.) Druce by Ouanphanivanh et al. (2008).

It is obvious from the above reports and from the literature data sample sum-

marized in Table 16.1 that true truffles are not strictly specialized on a particular

host tree species and that the real range of hosts in the nature is relatively wide.

However, the presence of Tuber species in the root system is not always accompa-

nied by the production of fruiting bodies (Parádi and Baar 2006; Bonito et al. 2011).

Such a wide range of hosts of many Tuber species represents a factor which

probably enhanced domestication of T. melanosporum and T. aestivum. Efficient
hosts have been recruited during the decades of the field experimentation and this

effort led to utilization of several woody species that could be easily managed in

semiculture. Quercus pubescens Willd., Quercus ilex L., and Corylus avellana
L. can be taken as examples of such suitable hosts. Even at the intraspecific level,
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Table 16.1 Examples of ECM hosts reported for frequently studied Tuber species

Tuber sp. Hosts

T. aestivum
(syn. uncinatum)

Abies albaDG, Alnus cordataD, Betula pendulaG, B. verrucosaBD, Carpinus

betulusBCDGH, Carya illinoinensisA, Castanea sativaBDG, Cedrus atlantica
BD, C. deodaraD, Cistus spp.D, Corylus avellanaBCDEGHI, C. colurnaD,

Fagus sylvaticaBCDGH, Fumana procumbensD, Ostrya carpinifolia BCDH,

Picea abiesG, P. excelsaD, Pinus brutiaD, P. halepensisCD, P. nigraBCD,

P. pinasterD, P. pineaCD, P. strobusD, P. sylvestrisBDG, Populus spp.G,

P. nigraD, Quercus boissieriI, Q. calliprinosI, Q. cerrisBCDHI, Q. ilexCDI,

Q. ithaburensisI, Q. libaniI, Q. petraeaBDGH, Q. pubescensBCDHI, Q. robur
BCDGHI, Tilia spp.BDGH, Ulmus spp.G

T. borchii Alnus cordataD, Castanea sativaD, Carya illinoinensisA, Cedrus spp.C,

C. atlanticaBD, C. deodaraD, Corylus avellanaDJ, Fagus sylvaticaCD, Cistus

spp.D, C. incanusC, Larix sp.D, Ostrya carpinifoliaD, Picea excelsaD, Pinus

brutiaD, P. pineaCDJ, P. nigraCD, P. pinasterD, P. strobusD, P. sylvestrisCD,

P. halepensisCD, Populus spp.C, P. albaD, P. nigraD, Quercus cerrisCD,

Q. ilexD, Q. petraeaD, Q. pubescensCD, Q. roburDJ, Salix albaD, S. capreaD,

Tilia americanaD, T. cordataD, Tilia x europaeaD, T. platyphyllosD

T. brumale Abies albaG, Corylus avellanaACEG, Ostrya carpinifoliaBC, Fagus sylvatica
CG, Quercus cerrisBC, Q. ilexC, Q. pubescensC

T. excavatum Abies albaG, Carpinus spp.C, Corylus avellanaG, Fagus sylvaticaG, Picea

abiesG, Pinus sylvestrisG, Populus spp.C, Quercus spp.C, Q. roburG, Tilia

spp.G

T. fulgens Corylus avellanaG, Fagus sylvaticaG, Picea abiesG, Pinus sylvestrisG,

Quercus roburG

T. indicum Pinus armandiiC, P. yunnanensisC, Quercus incanaC

T. macrosporum Betula verrucosaD, Cedrus atlanticaD, C. deodaraD, Corylus avellanaDG,

Ostrya carpinifoliaCD, Pinus pinasterD, P. pineaD, P. strobusD, P. sylvestris
D, Populus spp.C, P. albaD, P. nigraD, Quercus cerrisCD, Q. petraeaD,

Q. pubescensCD, Q. roburD, Salix albaCD, S. capreaCD, Tilia x europaeaD,

T. platyphyllosD

T. maculatum Pinus strobusC

T. magnatum Abies albaD, Alnus cordataD, Cedrus atlanticaD, C. deodaraD, Corylus

avellanaD, Ostrya carpinifoliaBD, Pinus pineaD, Populus spp.C, P. albaD,

P. nigraD, P. tremulaD, Quercus cerrisD, Q. ilexD, Q. petraeaD,

Q. pubescensBCD, Q. roburCD, Salix albaCD, S. capreaCD, Tilia spp.B,

T. cordataD, Tilia x europaeaD, T. platyphyllosD

T. melanosporum Abies albaD, Alnus cordataD, Betula spp.F, Carpinus betulusDF, C. orientalis
C, Castanea sativaBCF, Cedrus spp.F, C. atlanticaD, C. deodaraD, Cistus spp.
D, C. incanusCF, Corylus avellanaABCDEFJ, C. colurnaBF, C. heterophyllaD,

Pinus nigraC, P. pinasterD, P. pineaCD, P. strobusD, P. sylvestrisD, Ostrya

carpinifoliaBCDF, Populus spp.C, P. albaD, Quercus cerrisBCD, Q. coccifera
D, Q. fagineaD, Q. ilexCDJ, Q. petraeaCD, Q. pubescensBCDF, Q. roburBCDFJ,

Q. sessilifloraF, Q. suberJ, Salix capreaD, Tilia spp.CF, T. cordataD, Tilia x

europaeaD, T. platyphyllosD

(continued)
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the selection of efficient hosts was successful as documented for first time on C.
avellana clone H219 with increased receptiveness toward T. melanosporum and

enhanced resistance to colonization by competing ECM fungi (Mamoun and

Olivier 1996).

The process of the host recruitment continues till present days as the new host

species are tested and experimentally introduced to truffle grounds (Benucci

et al. 2012; Turgeman et al. 2012). This effort is reasonable when the cultivation

of truffles radiates to regions where traditionally used hosts do not perform well.

16.4 Colonization of Host Roots in vitro

Though the identity of the fungi present in ECM can be evaluated using efficient

and reliable molecular methods (see Chap. 15), the experimental synthesis of ECM

symbiosis should be performed under axenic conditions to prove the ECM status of

the fungus. This will exclude the possibility that Tuber mycelium is present in the

ECMs as an opportunist accompanying other ECM fungi (Murat et al. 2005).

Generally, the mycorrhizal synthesis under fully controlled conditions is difficult

and the failure to obtain ECMs with a particular combination of putative host with

the tested fungus cannot be taken as a proof of impossibility of the association under

natural conditions. Relatively few combinations of host plant/ECM fungus were

hitherto tested for their ability to successfully form mycorrhizal symbiosis in vitro

and the genus Tuber is not an exception of this rule.

First successful synthesis of Tuber axenic ECM symbiosis has been performed

by Fontana (1967) and Fassi and Fontana (1967) with Pinus strobus L. and T.
maculatum. Shortly after this initial success, Fontana and Palenzona (1969) con-

tinued these works by obtaining axenic mycorrhization of P. strobus and Populus

Table 16.1 (continued)

Tuber sp. Hosts

T. mesentericum Betula pendulaG, Castanea sativaD, Cedrus atlanticaB, Corylus avellana
CDG,C. colurnaD, Fagus sylvaticaBCDG,Ostrya carpinifoliaBCD, Pinus nigra
CD, P. pineaD, P. sylvestrisG, Quercus pubescensCD, Q. cerrisCD, Q. roburG,

Tilia cordataD, Tilia x europaeaD, T. platyphyllosD

T. oligospermum Abies spp.C, Picea spp.C, Pinus spp.C, Pseudotsuga spp.C, Quercus ilexC,

Q. pubescensC

T. rufum Corylus avellanaCG, Fagus sylvaticaCG, Ostrya carpinifoliaC, Picea abiesG,

Pinus nigraC, P. halepensisC, P. sylvestrisG, Quercus spp.C, Q. roburG

(A) Benucci et al. (2012); (B) Chevalier and Frochot (1997); (C) Granetti et al. (2005); (D) Hall

et al. (2007); (E) Palenzona (1969); (F) Riousset et al. (2001); (G) Stobbe et al. (2012); (H) Stobbe

et al. (2013); (I) Turgeman et al. (2012); (J) Zambonelli (2010)

Mycorrhizal association in underlined taxa has been proved experimentally see also Pacioni and

Comandini (1999) and Hall et al. (2007)
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nigra L. with Tuber albidum Pico (syn. Tuber borchii Vittad.). Chevalier (1973)
used T. brumale as a fungal symbiont and C. avellana, Pinus sylvestris L., Pinus
halepensis Mill., and Pinus nigra J. F. Arnold as hosts to fulfill the Koch’s
postulates necessary for ultimate proof of ECM status of T. brumale as ECM

fungus. After that, axenic cultures have been reached for T. melanosporum,
T. mesentericum, and T. aestivum with C. avellana, P. sylvestris, P. halepensis,
P. nigra, P. strobus, Q. pubescens, Quercus robur L. (syn. Quercus pedunculata
Ehrh.), Quercus sessiliflora Salisb, Q. ilex, Quercus coccifera L. Fagus sylvatica
L., and Tilia cordata Mill. (Chevalier et al. 1973). These cultures were based on

sterilized mineral substrate (vermiculite) or sterilized soil. Later, the synthesis of

ECMs of T. melanosporum was obtained on agar medium (overlayered with

sterilized soil) with C. avellana by Chevalier and Desmas (1977). In this case,

very small fraction of ascospores present in the agar medium germinated. However,

this approach confirmed that inoculation by ascospores in vitro may be successful.

In vitro synthesis of ECMs of T. borchii with white poplar (Zambonelli et al. 1989)

or with Pinus radiata D. Don (Du~nabeitia et al. 1996) has been reached in axenic

conditions in test tubes. This work confirmed that mycorrhization under axenic

conditions can be met even with fungal isolates poorly growing in pure culture.

Structures morphologically resembling typical ECMs of T. melanosporum have

been demonstrated by (Wenkart et al. 2001) on hairy (root-inducing T-DNA

transformed) roots of Cistus incanus L. in liquid and solid cultures in vitro. The

attempts to further cocultivate other clones of transformed roots of C. incanus with
mycelia of T. melanosporum and T. borchii under various nutrition regimes resulted

in obtaining structures corresponding to endomycorrhizas with hyphae penetrating

root cells, or “pseudo-ectomycorrhizas” with hyphae forming loose hyphal mantle

but without typical Hartig net (Pacioni et al. 2014). In this case, interestingly, the

character of T. melanosporum colonization was determined by the root genotype:

the C. incanus clone M2 tended to form preferentially the structures corresponding

to endomycorrhizas, whereas the clone W51 was mostly willing to form “pseudo-

ectomycorrhizas,” the structures resembling the morphology of ECMs but lacking

the typical fungal colonization. This indicates that behavior of the fungus may be

dependent on its host genotype also under natural conditions. If this is the case, one

fungal individuum (mycelial colony) may form a wide range of morphological

structures with different plant genotypes.

16.5 Conclusions

In traditional view, true truffles represent a genus of ECM fungi which live in

mycorrhizal symbiosis with a wide range of host woody plants, as it has been

confirmed by axenic as well as greenhouse experiments. Besides this, however, the

mycelium of true truffles may be associated with root tissues of “nonhost” woody

and herbaceous plants. At the same time, some species of Tuber tend to form scarce

ECMs. These facts suggest that Tuber mycelia may exploit some auxiliary sources
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of nutrition, other than these provided by the ECMs. Then, the dependence of free-

living mycelia of some true truffles on their hosts may be relatively low, whereas

the development of ascomata is probably indispensable from the symbiotic nutri-

tion. The genus Tuber seems to possess relatively high biological multiformity,

which may have enhanced the domestication of the economically most important

species. This multiformity may induce the change of the host concept in Tuber
symbiosis and enlarge the range of hosts by acceptation of other, hitherto neglected

plants as symbiotic partners which do not form typical ECMs with Tuber mycelia

but live in a functional interaction with them.
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Le Tacon F, Zeller B, Plain C, Hossann C, Bréchet C, Robin C (2013) Carbon transfer from the

host to Tuber melanosporum mycorrhizas and ascocarps followed using a 13C pulse-labeling

technique. PLoS One 8(5), e64626. doi:10.1371/journal.pone.0064626
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Marmeisse R, Melayah D, Montanini B, Muratet M, Nehls U, Niculita-Hirzel H, Oudot-Le

Secq MP, Peter M, Quesneville H, Rajashekar B, Reich M, Rouhier N, Schmutz J, Yin T,

Chalot M, Henrissat B, K€ues U, Lucas S, Van de Peer Y, Podila GK, Polle A, Pukkila PJ,
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Chapter 17

Truffle-Inhabiting Fungi

Giovanni Pacioni and Marco Leonardi

17.1 Introduction

True truffles (Tuber spp.) grow in a very complex and diverse biotic context, where

they interact both as free mycelium and as mycorrhiza and finally also as ascoma.

Plant communities determine the success of Tuber spp. in the competition to

acquire photosynthates by establishing several types of mycorrhiza, which are not

only represented by the ectomycorrhiza (ECM) but also by other types of mycor-

rhizal symbioses (Selosse et al. 2004; Gryndler et al. 2014; Pacioni et al. 2014).

From the “stronghold” represented by the fine roots of the host plant, the mycelium

radiates in the soil and establishes its web.

Very little is known about the relationships of Tuber with other free-living soil

microorganisms both in terms of the functioning of food webs and as part of the

community. In order to better understand these interactions, truffle-inhabited soils,

natural areas, as well as orchards have been studied, first employing culture-

dependent methods (Luppi-Mosca 1972; Luppi and Fontana 1977; Sbrana

et al. 2002) and then by using molecular sequence data (Mello et al. 2013; Orgiazzi

et al. 2013). In truffle habitats, the main target of these investigations was the

“brûlé” (also called pianello or burned area) that characterizes the productive areas

of some truffle species like Tuber melanosporum Vittad. and Tuber aestivum
Vittad. (Napoli et al. 2010; Benucci et al. 2011; Streiblová et al. 2012; Mello

et al. 2013). In recent years, however, careful attention has also been dedicated to

the habitats of the most valuable species of white and whitish truffles Tuber
magnatum Pico and Tuber borchii Vittad. (Mello et al. 2010; Iotti et al. 2010)

and the black Tuber macrosporum Vittad. (Benucci et al. 2014).
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At the same time, mycorrhizal communities located within the production areas

of truffles have also been extensively studied, both with traditional (morphotyping)

and molecular (genotyping) methods. Within such communities, the understanding

of the ecological interaction is still weak, although it should be highly significant

because it involves a competitive struggle for the acquisition of photosynthates

from host plants. For this reason, it has been the subject of many studies and two

recent reviews (Zambonelli et al. 2012; De Miguel et al. 2014). Also, within this

ecological niche, the interactions with all the other components of the microbiome,

mainly bacteria, are intense, even though they have been barely studied in the wild

and only touched on in laboratory investigations (Sbrana et al. 2000, Barbieri

et al. 2000). Among the microbiological research, the most important aspect to

consider is the microbioma of the fruiting bodies (ascomata) of Tuber, the prized

truffles (Antony-Babu et al. 2014).

Truffles develop as a pellet of mycelium progressively growing into a spheroidal

ascoma in which the outer cells differentiate into a more or less protective layer

(peridium) (Pacioni et al. 1995; Zarivi et al. 2015). In black truffles, the peridium is

robust and made of sclerified and melanized cells among which there are also pores,

the outlet of sterile veins which represent authentic entryways (Pacioni 1990). In

white truffles, the peridium appears continuous and consists of layers of, probably

living, often fractured cells. Truffles are under attack from the fauna, mainly insects

(Pacioni 1990) (see Chap. 19) which also create lesions and galleries inside the

ascoma.

The presence of so many entry points implies that truffles cannot be sterile:

bacteria (Archaea and Eubacteria) (see Chap. 18), fungi (yeasts and filamentous

fungi) (Buzzini et al. 2005; Pacioni et al. 2007) and viruses (Stielow and Menzel

2010; see Chap. 20). A systematic investigation of the fungi which live inside

truffle ascoma has never been carried out, even though their presence was unwit-

tingly demonstrated when the first attempts to isolate T. melanosporum mycelium

were made by both Boulanger and Matrouchot (1903).

Going through the old literature reported in Saccardo’s Sylloge fungorum

(1882–1913), it is possible to find a dozen reports on fungi occasionally found on

moldy truffles or as ascospores within the gleba, such as Melanospora and

Battarrina.
In the broad category of fungi interacting with other fungi (FF, fungicolous

fungi; Hawksworth 1981), those belonging to the truffle mycobiome could be

referred to as sporocarp-inhabiting fungi (SCIF) (Gams et al. 2004), but here the

acronym TIF (truffle-inhabiting fungi) is preferred because we consider a more

specific mycobiome which develops inside the Tuber ascomata.
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17.2 Truffle-Inhabiting Fungi

Truffle-inhabiting fungi (TIF) is a neglected field of research. Only in recent years

has it begun to be addressed in relation to diseases and the shelf life of truffles. TIF

category includes both yeasts and filamentous fungi.

17.2.1 Yeasts

Marletto (1969) addressed the issue of the presence of yeasts in three Tuber
(T. magnatum, Tuber brumale Vittad., and T. borchii), comparing the results of

isolations in culture with those from productive niche soil. As a result, he was able

to demonstrate the presence of 10 different species, nine of which were also present

in the soil.

Later, Buzzini et al. (2005) isolated and molecularly identified the yeast com-

munity within the gleba of T. melanosporum and T. magnatum, in order to under-

stand its ecological significance. They obtained 29 strains identified as Candida
saitoana Nakase & M. Suzuki, Cryptococcus sp., Debaryomyces hansenii (Zopf)
Lodder & Kreger-van Rij, Rhodotorula mucilaginosa (A. J€org.) F.C. Harrison, and
Trichosporon moniliiforme E. Guého & M.T. Sm. and essentially confirmed the

findings of Zacchi et al. (2003), who found four yeasts in T. aestivum: Cryptococcus
albidus (Saito) C.E. Skinner, Cryptococcus humicola, D. hansenii, and

R. mucilaginosa (Table 17.1).

17.2.2 Filamentous Fungi

The checklist of the filamentous fungi reported to live in truffles is the product of

different types of records: (a) occasional findings of forms sporulating inside the

gleba or on fragments of truffles, (b) sporomata or conidiophores emerging from the

peridium, and (c) the results of isolations in culture made from gleba of healthy and

diseased truffles. To draft this checklist, some online databases including collec-

tions of living filamentous fungi (Table 17.2) were also accessed. The checklist

does not include Aspergillus calyptratus Oudem. var. italicum Ferraris described

from a peridium of a T. melanosporum preserved in alcohol and Penicillium
rubescens Bainier sporulating on fragments of truffle (Saccardo 1882–1913),

since they were from postharvest moldy material. Most of these species belong to

the Ascomycota, but there are also some Zygomycota and Basidiomycota.

Table 17.2 shows species reported from the nineteenth century to the present

day. The checklist is the result of direct observation of conidiophores or structures

of sexual reproduction on or inside ascomata and in culture isolations from gleba.

Some species, such as Oospora placentiformis (Corda) Sacc. & Voglino, Oospora
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tuberum (Corda) Sacc. & Voglino, Battarrina inclusa (Berk. & Broome) Clem. &

Shear, Melanospora zobelii (Corda) Fuckel, and Melanospora subterranea L. Fan,

C.L. Hou, P.F. Cannon, and Yu Li, which sporulate inside truffles, were observed in

microscopic preparations of the gleba, sometimes spotted by colored spores of

certain TIF, like Melanospora. Other species, instead, sporulate on the peridium

surface, such as the anamorphs Verticillium epimyces Berk. & Broome, Mucor
nigrescens Tiegh. (not Schumacher 1803), and Trichothecium crotocinigenum
(Schol-Schwarz) Summerb., Seifert & Schroers and teleomorphs Nectria inventa
Pethybr., Hypomyces tubericola (Schwein.) Sacc., Claudopus byssisedus (Pers.)

Gillet, and perhaps Cordyceps capitata (Holmsk.) Link and Boletus parasiticus
Bull. The taxon Mucor nigrescens Tieghem has not been well identified

Table 17.1 Yeasts isolated from Tuber ascomata

Species Classification Ref.

Aureobasidium pullulans (de Bary & L€owenthal) G. Arnaud Ascomycota

Dothideales

(2)

Candida saitoana Nakase & M. Suzuki Ascomycota

Saccharomycetales

(1, 2)

Debaryomyces hansenii (Zopf) Lodder & Kreger-van Rij Ascomycota

Saccharomycetales

(1, 3)

Hansenula saturnus (Kl€ocker) Wick. Ascomycota

Saccharomycetales

(2)

Saccharomyces exiguus Reess ex E.C. Hansen Ascomycota

Saccharomycetales

(2)

Torulopsis inconspicua Lodder & Kreger-van Rij Ascomycota

Saccharomycetales

(2)

Cryptococcus albidus (Saito) C.E. Skinner Basidiomycota

Tremellales

(1, 3)

Cryptococcus diffluens (Zach) Lodder & Kreger-van Rij Basidiomycota

Tremellales

(2)

Cryptococcus humicola (Zach) Lodder & Kreger Basidiomycota

Tremellales

(3)

Cryptococcus laurentii (Kuff.) C.E. Skinner Basidiomycota

Tremellales

(2)

Cryptococcus sp. Basidiomycota

Tremellales

(1)

Rhodotorula mucilaginosa (A. J€org.) F.C. Harrison Basidiomycota

Sporidiobolales

(1, 3)

Sporobolomyces roseus Kluyver & C.B. Niel Basidiomycota

Sporidiobolales

(2)

Trichosporon cutaneum (Beurm., Gougerot & Vaucher bis)

M. Ota

Basidiomycota

Tremellales

(2)

Trichosporon moniliiforme (Weigmann & A. Wolff) E. Guého &

M.T. Sm.

Basidiomycota

Tremellales

(1)

Trichosporon pullulans (Lindner) Diddens & Lodder Basidiomycota

Tremellales

(2)

(1) Buzzini et al. (2005); (2) Marletto (1969); (3) Zacchi et al. (2003)
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Table 17.2 Checklist of TIF reported in or on Tuber ascomata

Species reported as

Current name or

teleomorph Classification Ref.

Absidia cylindrospora
Hagem

Zygomycota,

Mucorales

(9) C

Arthrinium
phaeospermum (Corda)

M.B. Ellis

Ascomycota,

Sordariomycetes

(11) C

Mortierella bisporalis
(Thaxt.) Bj€orl.

Zygomycota,

Mortierellales

CBS145.69 C

Mucor nigrescens Tiegh. Zygomycota,

Mucorales

(12) S

Battarrina inclusa (Berk.

& Broome) Clem. &

Shear

Ascomycota,

Hypocreales

(12) S

Cylindrocarpon
magnusianum Wollenw.

C. obtusiusculum
(Sacc.) U. Braun

Ascomycota,

Hypocreales

(9) C

Clonostachys rosea
(Link) Schroers, Samuels,

Seifert & W. Gams

Bionectria ochroleuca
(Schwein.) Schroers &

Samuels

Ascomycota,

Hypocreales

(7, 10) C

Cordyceps capitata
(Holmsk.) Link

Elaphocordyceps
capitata (Holmsk.)

G.H. Sung, J.M. Sung &

Spatafora

Ascomycota,

Hypocreales

(13) S

Cylindrophora alba
Bonord.

Ascomycota,

incertae sedis

(12) S

Fusarium sp. Ascomycota,

Hypocreales

(5) C

Hypomyces tubericola
(Schwein.) Sacc.

Ascomycota,

Hypocreales

(12) S

Lecanicillium psalliotae
(Treschew) Zare &

W. Gams

Ascomycota,

incertae sedis

CBS154.70 C

Melanospora subterranea
L. Fan, C.L. Hou,

P.F. Cannon & Yu Li

Ascomycota,

Hypocreales

(2) S

Melanospora zobelii
(Corda) Fuckel

Ascomycota,

Hypocreales

(12) S

Nectria inventa Pethybr. Ascomycota,

Hypocreales

(1) S

Sporothrix tuberi
A. Fontata & Fas.-Bonf.

Nodulisporium tuberum
A. Fontana & Fas.-Bonf.

ex de Hoog

Ascomycota,

Xylariales

(3) C

Tetracladium maxilliforme
(Rostr.) Ingold

Titaea
maxilliformis Rostr.

Ascomycota,

Pleosporales

(9) C

Talaromyces wortmannii
(Kl€ocker) C.R. Benj

Pyrenochaeta
gardeniae S. Chandra &
Tandon

Ascomycota,

Eurotiales

(9) C

(continued)
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taxonomically, but it could be Absidia cylindrospora Hagem. The external sporu-

lation would seem to require oxygen since the old reports referred to damaged

truffles, and these molds are frequent in postharvest truffles or on them when

emerging from the soil. In fact, in his study on the etiology of a truffle rot of

T. melanosporum, Eslick (2013) noted that sporulation occurred significantly on the
exposed surface of truffles. The record of C. byssisedus, current name Entoloma
byssisedum (Pers.) Donk, on Tuber rufum Pico (Malençon 1942) may actually be

Table 17.2 (continued)

Species reported as

Current name or

teleomorph Classification Ref.

Trichopezizella nidulus
(J.C. Schmidt & Kunze)

Raitv.

Ascomycota,

Helotiales

(9) C

*Trichothecium
crotocinigenum (Schol-

Schwarz) Summerb.,

Seifert & Schroers

Acremonium
crotocinigenum (Schol-

Schwarz) W. Gams

Ascomycota,

Hypocreales

(1)

CBS129.64

S/C

Trichothecium roseum
(Pers.) Link

Ascomycota,

Hypocreales

(9) C

Trichurus spiralis
Hasselbr.

Ascomycota,

Microascales

(7) C

Verticillium epimyces
Berk. & Broome

Ascomycota,

incertae sedis

(4) S

Verticillium lecanii
(Zimm.) Viégas

Lecanicillium
muscarium (Petch) Zare

& W. Gams

Ascomycota,

incertae sedis

CBS413.70A C

Verticillium leptobactrum
W. Gams

Ascomycota,

incertae sedis

(9, 10) C

Boletus parasiticus
(Bull.)

Pseudoboletus
parasiticus (Bull.)
Šutara

Basidiomycota,

Boletales

(13) S

Claudopus byssisedus
(Pers.) Gillet

Entoloma byssisedum
(Pers.) Donk

Basidiomycota,

Agaricales

(8) S

Entoloma sp. Basidiomycota,

Agaricales

(6) S

Oospora placentiformis
(Corda) Sacc. & Voglino

Basidiomycota,

Cantharellales

(12) S

Peniophora cinerea
(Pers.) Cooke

Basidiomycota,

Russulales

(9) C

(1) Eslick (2013), (2) Fan et al. (2012), (3) Fontana and Fasolo-Bonfante (1971), (4) Gams

et al. (2004), (5) Gong et al. (2001), (6) Lancellotti et al. (2012), (7) Leonardi et al. (submitted),

(8) Malençon (1942), (9) Pacioni et al. (2007), (10) Pavić et al. (2013), (11) Sabella et al. (2015),

(12) Saccardo (1882–1913), (13) Szemere (1965), CBS (Centraalbureau voor Schimmelcultures

Fungal Biodiversity Centre) living strains without published references. Names according to Index

Fungorum and Mycobank

*Also reported as A. crotocinigenum
S: TIF sporulating in/on truffles; C: TIF cultured from truffles
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attributed to Entoloma parasiticum (Quél.) Kreisel, which is a known parasite

species of basidiomata. Lancellotti et al. (2012) found large patches of a whitish

mycelial mat composed of parallel and clamped hyphae, molecularly identified as

Entoloma sp., on the peridium of T. borchii ascomata. Sabella et al. (2015) recently

reported the isolation of a filamentous fungus from T. borchii fruiting bodies, and it
was identified as an Arthrinium phaeospermum (Corda) M.B. Ellis, an endophyte

that forms various associations with healthy leaves, stems, and roots of plants.

There is no macroscopic or molecular confirmation of the presence of C. capitata
and B. parasiticus, two SCIF reported by Szemere (1965) on Tuber ascomata.

The list of TIF identified after isolation in culture from pieces of gleba, taken in

an axenic manner, could have been expected to increase rapidly, thanks to

metagenomics, but we have encountered major methodological difficulties

(Leonardi et al. submitted; see below for more details). Clonostachys rosea
(Link) Schroers, Samuels, Seifert & W. Gams [teleomorph Bionectria ochroleuca
(Schwein.) Schroers & Samuels; Fig. 17.1a], Verticillium leptobactrum W. Gams

(Fig. 17.1b), Cylindrocarpon magnusianum Wollenw., and A. cylindrospora seem

to be species recurring in isolations from gleba.

17.3 Methods and Problems

The list reported in Tables 17.1 and 17.2 is indeed long enough to be considered

exhaustive. The study of TIF presents great difficulties, and we are convinced that,

in order to understand the actual composition of TIF communities, new strategies of

approach should be found (Leonardi et al. submitted). The techniques of isolation,

in fact, show a maximum of one or two species at a time, favoring the more

aggressive or faster-growing species. The application of molecular methods, useful

for identifying species in culture, does not currently provide a valuable aid for

mycobiome resolution. Payen et al. (2014) argued that the presence of TIF in the

Fig. 17.1 Conidiophores of B. ochroleuca (a) and V. leptobactrum (b), two of the most frequent

TIF isolated from Tuber spp. ascomata. Bar¼ 20 μm
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gleba makes it difficult to study the genome of the host truffles by DNA sequencing

from ascoma. Reversing the concept, to us it seems much more difficult to identify

the guest TIF with mass sequencing because of the overwhelming presence of the

genome of the host truffle. We have verified that currently it seems almost impos-

sible to carry out a normal metagenomic survey to characterize the TIF community,

because the truffle genome obscures that of its guest fungi (Leonardi

et al. submitted).

The simultaneous presence of multiple TIF in the same truffle has now been

established. In fact, using specific primers for three of the most common TIF

Fig. 17.2 The result of a

DGGE electrophoresis of

ITS: B- blank; (1–3)

T. melanosporum;
(4) decaying

T. mesentericum; (5) mix of

the previous four Tuber
species ITS with that of

B. ochroleuca; (6) ITS of

B. ochroleuca. The arrow
shows that B. ochroleuca
ITS was detected in the mix

and in a decaying

T. mesentericum
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species [B. ochroleuca, V. leptobactrum, and Nectria mauritiicola (Henn.) Seifert

& Samuels], by means of qPCR the three species have been found to live together in

almost all ascomata of T. melanosporum and T. borchii used for isolating mycelia.

Instead DNA of N. mauritiicola has not been found in the total DNA extracted from

T. magnatum gleba, while another two TIF have been detected. Since these TIF

have often not been obtained by culture isolations from some of the previously

analyzed ascomata, it is to be assumed that there is a complex TIF community

inside truffles. After an accurate quantification of the DNA of B. ochroleuca in

T. melanosporum, it was shown that the DNA copy number of the truffle is

dramatically higher than that of a single TIF (106 vs 1). For this reason, survey

systems such as denaturing gradient gel electrophoresis (DGGE) are not capable of

separating the amplicons of the TIF from those of the host truffle (Leonardi

et al. submitted). Only with a rotting sample of Tuber mesentericum Vittad. was a

distinct band belonging to B. ochroleuca evident; on all other occasions, only the

bands related to the ascomata of the tested Tuber were obtained (Fig. 17.2)

(Leonardi et al. submitted). In this particular case, the amount of hyphae

B. ochroleuca was obviously quite significant, being a species to which the ability

to rot truffles is attributed (Eslick 2013; Pavić et al. 2013).

Though it is an extraordinary detection system, qPCR can only work with

previously characterized TIF, and an application to mass sequencing with next-

generation sequencers is likely to run into the same problems of “blackout” due to

the huge quantity of the host truffle DNA. In fact, it is to be considered that in mass

sequencing approach, the same primers have to be used for both TIF and host

truffles.

Regarding the members of the TIF community, it is to be considered that its

complexity could increase with the time of ascoma maturation due to subsequent

and new fungal colonizations, as has been seen for bacteria (Antony-Babu

et al. 2014). Indeed, Zacchi et al. (2003) isolated a single yeast species from

immature T. aestivum ascomata, while they obtained three yeast species from

mature truffles. This could be a possible explanation of the successes of Tuber
mycelium isolation from immature truffles (Iotti et al. 2002; Iotti et al. 2012).

TIF are soilborne fungi, and B. ochroleuca, which seems to be the most frequent

TIF, has been recorded as one of the seven-eight fungal species constantly present

in Italian and French soils of different environments, also including production

areas of T. magnatum and T. melanosporum (Orgiazzi et al. 2013). Based on this

result, the authors suggested the existence of a stable core of fungi across the

complex assemblage of soil fungi, which is either endowed with the capacity to

sustain development in nutrient-poor soil conditions or with the ability to exploit

organic resources (such as chitin) universally distributed in soils. This is probably

why the anamorph of B. ochroleuca, which produces chitinase (Gan et al. 2007), is

so frequently present in truffles, but it must be remembered that truffles seem to

exert a greater selectivity against soil bacteria than towards fungi (Antony-Babu

et al. 2014; Pacioni 1991).
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17.4 Companions or Customers?

Like other microbiomes of living organisms, there is a continuum of relationships

of guest microorganisms with the host also for the microbiome of truffles that,

depending on its health condition, goes from neutralism to commensalism to minor

parasitism or parasitism, with the decomposition agent on the dying or dead host.

One type of relationship, in fact, might transition to another type if conditions

change between antagonism and cooperation according to the state of equilibrium

of both the biotic and chemical-physical conditions of the environment.

TIF appear very similar in behavior to fungal endophytes, and several species

recorded as endophytes are also found as TIF, like Tetracladium maxilliforme
(Rostr.) Ingold or V. leptobactrum (Pacioni et al. 2007). Most likely, there are

unknown biochemical and molecular mechanisms that allow the penetration of TIF

hyphae within the gleba even without symptoms. When co-cultured with T. borchii
mycelium, almost all the TIF cultured by Pacioni et al. (2007) did not show any

form of antagonism – with the only exception of an isolate of V. leptobactrum
which showed hyphae with an incomplete entangling with those of T. borchii. This
was in stark contrast to the marked incompatibility shown by Agaricus
macrosporus Mont. (current name A. crocodilinus Murrill) towards all these TIF

mycelia (Fig. 17.3), except for V. leptobactrum, which is known as a frequent FF

isolated from several fruiting bodies of Basidiomycetes.

Trichothecium crotocinigenum [current name Acremonium crotocinigenum
(Schol-Schwarz) W. Gams] seems to be the cause of an extensive rot epidemic

affecting T. melanosporum cultivated in Australia. The epidemic persisted for some

years and in some cases resulted in the loss of more than 50% of the truffle harvest.

Its pathogenicity was verified directly on truffles in the field, either by inoculating

T. crotocinigeum conidia or gleba of rotten truffles (Eslick 2013). However,

Fig. 17.3 SEM micrographs of mycelia of the test-species T. borchii and A. macrosporus in dual

cultures with the mycelia of truffle guest fungi. (a) Interaction zone between the mycelia of

Tetracladium maxilliforme from T. melanosporum (m) and T. borchii (T); (b) growth inhibition

zone resulting from the cocultivation of A. macrosporus (a) and Talaromyces wortmannii
(m) mycelia isolated from T. rufum. Bar¼ 1 mm
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T. crotocinigenum was previously isolated from healthy ascocarps of Tuber
maculatum Vittad. in the Netherlands (CBS number 566.84) (Eslick 2013). A

similar species, Trichothecium roseum (Pers.) Link, was isolated from pink rotten

Chinese truffles (Gong et al. 2001) and had previously been recorded on the desert

truffles Terfezia pinoyi Maire and Terfezia claveryi Chatin after storage

(Al-Delaimy and Ali 1970).

Nectria inventa, found sporulating on rotten T. melanosporum in Australia

(Eslick 2013), is known as a destructive mycoparasite (Tsuneda and Skoropad

1980), but later investigations of Eslick (2013) did not seem to confirm its direct

action on the disease itself.

The anamorph of B. ochroleuca (C. rosea), frequently isolated from healthy

truffles and which was detected by qPCR in all samples of truffles examined by

Leonardi et al. (submitted), was also isolated from rotten T. melanosporum
ascomata in Australia (Eslick pers. com.) as well as, together with

V. leptobactrum, from both healthy and rotting T. magnatum ascomata from Serbia

(Pavić et al. 2013). This anamorph is considered a species with chitinolytic abilities,

but Pavić et al. (2013) did not find evidence of these metabolic capabilities in its

isolates from T. magnatum. However, we have seen that B. ochroleuca is highly

aggressive towards other TIF mycelia when cultured in Petri dishes. For this reason,

it is necessary to perform frequent subculturing of isolated TIF mycelia taking their

superficial (aerial) hyphae in order to avoid transferring them together with the

aggressive B. ochroleuca. Also other TIF has shown a chitinase capacity such as

A. cylindrospora (Pacioni et al. 2007) (Fig. 17.4) but, probably, not all TIF colonize

truffles to feed on chitin. Instead, it seems likely that many TIF could participate in

the microhabitat represented by gleba truffle to acquire proteins and free amino

acids as assumed by Buzzini et al. (2005). This aspect of the TIF commensalism

seems to emerge from the test on the cellulase, chitinase, pectinase, and protease

activities of truffle-inhabiting yeasts carried out by Zacchi et al. (2003).

Fig. 17.4 Morphological details of hyphae in the contact zone between T. borchii mycelium, and

the TIF A. cylindrospora, with slight chitinolytic activity. (a) The interaction observed at SEM,

Bar¼ 20 μm, and cell contact TEM (b). (e) A. cylindrospora, (T) T. borchii, (v) vacuole; (asterisk)
thinner T. borchii cell wall; Bar¼ 1 μm
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The chitinolytic ability cannot, however, be excluded since some species of TIF

are also known to be entomopathogen, like Verticillium lecanii (Zimm.) Viégas

[current name Lecanicillium muscarium (Petch) Zare & W. Gams].

17.5 Effects of TIF on Truffle Biology

As for all “microbiomes,” meant as the totality of the genetic and environmental

interactions of all the microorganisms that live in an organism (Lederberg and

McCray 2001), other effects in addition to any damage on the host ascoma can also

be supposed for the truffle microbiome. As for bacteria, investigations are proceed-

ing so that an active role can be envisaged in the formation and maturation of

T. melanosporum ascoma (Antony-Babu et al. 2014) and also in the production of

some components of volatile organic compounds (VOCs) (Splivallo et al. 2014).

Previously, these bacterial interactions, positive as well as negative, were also

shown in the establishment of mycorrhiza (Barbieri et al. 2005; Sbrana et al. 2002).

For TIF, to date, cultural experiences testing the possible in vivo interactions

have shown that, most likely, there are effects on the VOC production and mycor-

rhizal symbiosis.

17.5.1 VOCs Production

Buzzini et al. (2005) tested the metabolic activity of 29 strains of yeasts isolated

from T. melanosporum and T. magnatum ascomata, in culture media with L-

methionine as the only nitrogen source, and detected nine volatile organic com-

pounds, also characteristic of truffle aroma [2-methyl butanol, 3-methyl butanol,

methanethiol, S-methyl thioacetate, dimethyl sulfide, dimethyl disulfide, dimethyl

trisulfide, dihydro-2-methyl-3(2H)-thiophenone, and 3-(methylthio)-1-propanol].

Because of these results, they hypothesized a complementary role of truffle-

associated yeasts in contributing to the final Tuber aroma through the synthesis of

yeast-specific volatile constituents.

In one of our studies conducted several years ago (2008–2009, unpublished

results), co-cultures of T. borchii mycelium (ATCC 96540) with various TIF

identified by Pacioni et al. (2007) were examined by means of the solid-phase

microextraction–gas chromatography–mass spectrometry (SPME-GC-MS) tech-

nique. On Potato Dextrose Agar (PDA), the co-cultured T. borchii and TIF showed

the exclusive presence of several VOCs, not produced by any of the partners grown

separately. Generally, they are molecules belonging to the terpenoids (Table 17.3).

In co-culture with T. borchii, while not producing any new compound of

interaction, Talaromyces wortmannii C.R. Benj. continues to release a series of

remarkable terpene compounds, such as menthone, caryophyllene, aromadendrene,

β-cedrene, verticellol, and, likely, longifolene (unpublished data). A similar result
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was also obtained by Splivallo et al. (2014) applying the same approach (co-culture

and SPME-GC-MS) to study the VOCs produced by truffle-inhabiting bacteria and

demonstrating that some of the compounds present in the aroma of T. borchii
resulted from bacterial activity.

17.5.2 Ectomycorrhiza

Several species of TIF are known to be pathogenic or endophytes of plants, thus

potentially able to invade root tissues of the truffle host plants.

For this reason in 2008 (unpublished data), we wanted to investigate whether the

mycelia of A. cylindrospora, C. magnusianum, Peniophora cinerea (Pers.) Cooke,

T. wortmannii, T. maxilliforme, Trichopezizella nidulus (J.C. Schmidt & Kunze)

Raitv., and V. leptobactrum isolated by Pacioni et al. (2007) affected the process of

mycorrhization. For this purpose, an axenic system of mycorrhizal synthesis in

Magenta vessels containing vermiculite, limestone sand, and peat was used.

Micropropagated plantlets of Populus alba L. and the different fungal mycelia

were tested, both individually and together with T. borchii. The process of

mycorrhization was followed histologically using the terminal deoxynucleotidyl

transferase dUTP Nick End Labeling (TUNEL) reaction to highlight any signs of

programmed cell death. Cylindrocarpon magnusianum and V. leptobactrum were

found not only in the intercellular spaces (apoplast) of root tips but also inside root

hairs, whereas A. cylindrospora had an intracellular growth. Root cells did not seem
to suffer colonization by these TIF, but no ECMs of T. borchiiwere found. From the

results obtained, it seems that these species do not induce a defense response from

the plant. In fact, at root level neither phenomena of programmed cell death nor

excessive deposition of tannins occurs, these being the typical features generally

found in the defense response implementation from the plant, in the case of attack

by pathogens or mycorrhizal aggressive species like Tuber (Ragnelli et al. 2014).
This is a topic that deserves further research offering new insights. Vohnı́k

et al. (2007) isolated the ascomycete Meliniomyces variabilis Hambl. & Sigler

from a hypogeous ascocarp of Hydnotrya tulasnei (Berk.) Berk. & Broome

(Pezizales). By assaying it, they provided evidence that this fungus was able to

produce both ECMs and ericoid mycorrhiza with host plant roots.

Table 17.3 Differential

VOCs identified in the dual

cultures of T. borchii
(Tb) with some truffle-

inhabiting mycelia

Co-cultured species VOCs

Tb +V. leptobactrum α-Canfolenal
Tb +P. cinerea Camphor

Tb +A. cylindrospora Camphor

Tb +C. magnusianum β-Phellandrene
1,1-Dimethyldecylbenzene

Tb + T. maxilliforme Caryophyllene oxide

Docosane
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Another interesting effect on mycorrhization was attributed to A.
phaeospermum. This fungus, tested with an in vitro symbiosis system between

Cistus creticus L. and T. borchii, appears to be able to promote mycorrhiza

formation in seedlings, inducing primary root shortening and an increase of sec-

ondary roots, similar to the effect of mycorrhization helper bacteria (MHB). Further

bioassays suggested that volatiles released by the fungus alone are sufficient to alter

root morphology in the early phase of interaction before the mycorrhiza formation.

These results seem to indicate an influence of a truffle-hosted fungus on ECM

symbiosis establishment, so as to claim the fungus as the first mycorrhization helper

fungus (Sabella et al. 2015).

17.6 Conclusions

The road to a comprehensive assessment of TIF biodiversity and its practical

implications on the entire truffle chain from crop to postharvest preservation is

far from being solved. TIF isolation in pure culture is an unsatisfactory approach

owing to the presence of multiple species which, likely, vary according to the

geographical areas of truffle production and on the stage of ascoma maturation.

Since today there is every prospect of next-generation sequencing techniques

leading to microbiological assessment on a global scale (Tedersoo et al. 2014), the

solution of the minor problems posed by the truffle mycobiome could represent the

challenge to be dealt with in the near future.
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Chapter 18

Truffle-Associated Bacteria: Extrapolation

from Diversity to Function

Elena Barbieri, Paola Ceccaroli, Deborah Agostini, Sabrina Donati Zeppa,

Anna Maria Gioacchini, and Vilberto Stocchi

18.1 Introduction

In many ways truffles are still a mystery, especially if we consider their life cycle

and the conditions stimulating ascoma development. Because of their economic and

agricultural value, truffles are an extremely attractive crop for local cultivators.

Thanks to well-trained dogs or less frequently pigs, which can smell mature

truffles through a layer of earth, truffles are usually harvested. A better understand-

ing of environmental and soil conditions, as well as biotic and abiotic factors that

may favor ectomycorrhizal (ECM) establishment and truffle maturation, is essential

for improving truffle cultivation. Translational research in the field of truffle

cultivation presents many challenges, but also holds great promise.

After the inoculated seedlings are planted, it takes several years for truffles to

begin to produce fruiting bodies, but once they are established, their production can

continue for decades. The truffle production quality, yield, and duration depend on

many factors such as the type of soils, the species of host trees, cultural practices,

etc. Some farms produce about 70 kg per acre each year, while others produce much

less. Across Europe average yearly yields range between 10 and 16 kg per acre

(Alessandra Zambonelli, pers comm).

A third partner in the symbiosis between the fungus and plant root is represented

by natural bacterial communities, which seem to play pivotal role in the complex

biological processes of exchange involving nutrients and signaling from the soil

hyphae, ECMs, ascomata, and stromata. In the last few decades, various bacterial

communities have been associated with different truffle species: Tuber borchii
Vittad. (Sbrana et al. 2000; Barbieri et al. 2005; Splivallo et al. 2014), Tuber
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magnatum Pico (Barbieri et al. 2007), Tuber aestivum Vittad. (Gryndler

et al. 2013), and Tuber melanosporum Vittad. (Antony-Babu et al. 2014). Specific

bacterial species seem to be attracted by the peridium and gleba of truffles and

appear to be selected from the soil communities during the early stage of truffle

formation (Antony-Babu et al. 2014). A core microbiome of Bradyrhizobiaceae is a

common denominator that has been consistently associated with all species studied

to date (Barbieri et al. 2005, 2007; Antony-Babu et al. 2014). Despite the avail-

ability of new information regarding the microbial diversity of Tuber-associated
bacteria in the different phases of the truffle ontogenetic cycle and in the surround-

ing environment, the role of truffle-associated bacteria still remains largely

unexplored. Indeed, in this review, we sift through advanced knowledge regarding

the structure, function, interaction, and dynamics of bacteria associated with truf-

fles. In the process, we have tried to be critical in extrapolating data regarding

truffle-associated microbial diversity to function. Molecular detection, identifica-

tion, characterization, and quantification have driven an explosion of information

about community memberships and vastly expanded the known diversity of micro-

bial life associated with truffles. However, the new molecular approaches pose

several great challenges regarding function and possible mechanistic linkages

between microbial diversity and truffle ecosystem functioning. Recent high-

throughput technologies for analyzing microbial community structures and func-

tions will be critical for advancing our understanding of the mysterious truffle

system.

18.2 The Diversity and Dynamics of Truffle-Associated

Bacterial Communities

In each of the stages of its life cycle, spores, hyphae, ECMs, or ascomata, Tuber
species harbor a diverse microbial community, which includes bacteria, yeasts, and

filamentous fungi (Barbieri et al. 2005, 2007; Buzzini et al. 2005; Pacioni

et al. 2007; Barbieri et al. 2012; Antony-Babu et al. 2014; see Chap. 17), but only

the bacteria have been extensively analyzed.

The first natural bacterial communities to be studied were those associated with

ascomata of the white truffle species such as T. borchii and T. magnatum: in the case
of T. borchii, several studies examined the culturable fractions of the ascomata-

associated bacterial communities suggesting various hypothetical roles for these

bacteria in the fungal growth or nutrition during T. borchii ascoma development

and maturation (Bedini et al. 1999; Gazzanelli et al. 1999; Citterio et al. 2001;

Sbrana et al. 2000, 2002). Our group has identified several bacteria within T. borchii
fruiting bodies by both cultivation and PCR-based 16S rRNA cloning library and

sequence analyses. Most of the culturable isolates were affiliated with γ-
Proteobacteria, mainly fluorescent pseudomonads; some isolates were members

of the Bacteroidetes group and gram-positive bacteria, mostly Actinobacteria and
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Bacillaceae. However, the majority of the clones from the library were α-
Proteobacteria showing significant similarity values to members of the

Sinorhizobium/Ensifer group, Rhizobium, and Bradyrhizobium spp., which had

not been identified as Tuber-associated bacteria (Barbieri et al. 2005). The dual

approach, i.e., cultivation and PCR-based 16S rRNA gene (rDNA) cloning library

and sequence analyses, allowed us to obtain more information on the truffle

bacterial community than approaches that rely on a single method such as cultiva-

tion or direct recovery of 16S rDNA sequences. Using culture-independent and

culture-dependent 16S rRNA gene-based approaches, we were able to identify

α-Proteobacteria as major constituents of a bacterial component also associated

with T. magnatum ascomata, regardless of the degree of maturation (Barbieri

et al. 2007). The most representative clones among the α-Proteobacteria are closely
related to Bradyrhizobium elkanii, which is capable of fixing atmospheric nitrogen

in symbiotic interactions with leguminous plants (Rumjanek et al. 1993). Subse-

quently, Barbieri and colleagues (Barbieri et al. 2010) demonstrated a nitrogenase

activity within T. magnatum ascomata possibly attributed to Bradyrhizobia. Among

black truffles, the partial sequence of the 16S rDNA was used for the isolation of the

bacteria from ECMs of T. aestivum. In these samples several bacteria belonging to

six orders were identified: Actinomycetales, Burkholderiales, Enterobacteriales,

Pseudomonadales, Rhizobiales, and Xanthomonadales (Gryndler and Hršelová

2012). Gryndler et al. (2013) searched for associations between T. aestivum and

prokaryotes using two approaches: (1) 454 sequencing of environmental samples,

ECMs, and soil, collected within and outside of a linear transect where a single

T. aestivum ascoma was found (truffle colony) and (2) microbial isolation from the

ECMs within the truffle colony. Actinobacteria and Proteobacteria dominated

prokaryotic communities in both ECMs and soil samples. Among bacteria,

Actinosynnema and Allokutzneria showed the strongest correlation with

T. aestivum. On the other hand, among the bacterial genera that negatively corre-

lated with T. aestivum in ECMs, the authors found several taxa, including

Bradyrhizobium spp., consistently present in mature ascomata of other Tuber spp.
(Barbieri et al. 2007, 2010; Antony-Babu et al. 2014).

To date, very little is known regarding the natural communities that colonize the

black truffle, T. melanosporum, and their potential impact on the life cycle of the

fungus. Rivera et al. (2010) identified the microbial population present in the gleba

and in the peridium of T. aestivum and T. melanosporum truffles belonging to

Pseudomonas genus and the Enterobacteriaceae family. More recently, Antony-

Babu et al. (2014) have studied the bacterial communities from T. melanosporum
ascomata at three stages of maturation, the ectomycorrhizosphere, and the sur-

rounding bulk soil using a combined approach based on temporal temperature

gradient gel electrophoresis (TTGE) fingerprinting and 16S rDNA gene amplicon

pyrosequencing. Bacteria from the ascomata were separated from those of the bulk

soil, suggesting that the T. melanosporum ascomata create a niche that selects

specific bacterial communities. As observed in other studies, the bulk soil was

colonized by phyla such as Proteobacteria, Bacteroidetes, Verrucomicrobia,

Actinobacteria, Firmicutes, and Acidobacteria (Gryndler et al. 2013; Mello
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et al. 2013), while the ascoma was dominated by α-Proteobacteria related to the

Bradyrhizobium genus. Mello et al. (2013), using denaturing gradient gel electro-

phoresis (DGGE) and DNA microarrays of 16S rDNA fragments, compared the

bacterial and archaeal communities inside and outside of the truffle brûlé (the burnt

area around the Tuber-infected plants). Soil samples were collected from four

T. melanosporum/Quercus pubescens truffle grounds located in France. A large

proportion of operational taxonomic units (OTUs) belonging to Firmicutes (Bacil-
lus), Actinobacteria (Geodermatophilus, Rubrobacter), Proteobacteria (Massilia),
and a few Cyanobacteria had significantly higher signal intensities inside vs outside
the brûlé, while relatively large proportions of OTUs belonging to Bacteroides

(Riemerella, Chryseobacterium, Flavobacterium, Pedobacter) and Proteobacteria

(Pseudomonas) had significantly higher signal intensities outside vs inside the

brûlé.

All the data published to date provide insights into the interactions between

truffles and bacteria, the potential role of these bacteria in truffle maturation, and

how these organisms influence the productive and not productive niches. Thanks to

recent advances in the analysis of genes in environmental samples, large-scale

(next-generation) sequencing, RNA-centered meta-transcriptomic methods, and

metabolomic techniques, we may be able to gain a better understanding of both

the structure and function of the active microbial community.

18.3 Potential Roles of Microbiota in the Truffle Life Cycle

The life cycle of truffles starts with the germination of haploid spores and the

growth of the haploid mycelium into the soil. The mycelium then establishes a

symbiotic association with tree roots leading to the formation of ECMs. In the final

stage, we have the formation of a hypogeous ascoma, which is linked to the ECMs

through extramatrical hyphae until it matures completely (Le Tacon et al. 2013).

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 the

mycelium. Recent molecular approaches show that prokaryotes are associated not

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

mycorrhizas and ascomata (see Sect. 18.2). There is little information available

regarding endo- and epiphytic bacteria, which may colonize and/or invade fungal

tissues throughout the truffle life cycle or for part of that cycle, hence becoming

obligate bacterial partners.
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18.3.1 Vegetative Phase: Mycelium-Associated Bacteria/Soil
Hyphae

Unapparent and asymptomatic infections occurring during mycelia isolation from

truffle fruiting bodies are probably linked to in vitro mycelia accompanying bacte-

ria. During the mycelium isolation attempts, the timing and efficiency of the

mycelial hypha to outgrowth from the truffle explant, the competition with the

other ascoma-inhabiting microbes, and the capacity of these competitors to survive

and grow in the saprophytic stage of in vitro growth, after the first subculture, are all

important conditions to take into consideration, as also reported by Giomaro

et al. (2005). Barbieri et al. (2000) described, as first direct observation, the

presence of a not-yet-cultured Cytophaga–Flexibacter–Bacteroides (CFB) in

T. borchii mycelia, ECMs, and ascomata, suggesting that certain bacteria occur

within the symbiotic fungi during their entire life cycle. In this regard, an enhanced

role of Tuber-associated bacteria, as mycelial helper bacteria in the progressive

growth, adaptation, and nutritionally independent phase of the ascomata, cannot be

excluded. Soil bacteria may have various effects on Tuber mycelium growth,

ranging from inhibition to promotion. For example, one strain of Staphylococcus
aureus has been shown to produce volatile organic compounds potentially involved

in T. borchii mycelial growth inhibition (Barbieri et al. 2005). Moreover, Nuti and

his collaborators (Sbrana et al. 2000) reported that Pseudomonas spp. isolates from
T. borchii ascomata are able to produce phytoregulatory and biocontrol substances

in pure culture, which affected T. borchii mycelial growth and morphogenesis.

These bacteria, which exhibited antifungal and growth modulation activities, also

showed a specific preferential adhesion to Tuber mycelium (Sbrana et al. 2000).

Gryndler and Hršelová (2012) have studied the interactions of T. aestivum cultures

with Moraxella sp., Lysobacter sp., Phyllobacterium sp., Rhizobium cf. giardinii,
Rhizobium cf. leguminosarum, Mesorhizobium sp., Xylophilus sp. The authors

reported that, after seven days of in vitro cocultivation, the interaction of truffle

mycelium was observed only with the bacterial isolate Rhizobium
cf. leguminosarum which caused an extensive hyphae vacuolization. No other

cases of adverse or stimulatory effects were noted. The question of whether certain

strains, such as Rhizobia-like strains/clones consistently found in the ascomata and

ECMs of several Tuber spp. as well as the Pseudomonadaceae isolates described by

Nuti and collaborators, are involved in the truffle life cycle is still unanswered

(Sbrana et al. 2000).

Although recent molecular approaches provide insights into the structure of

microbial communities in truffle grounds, potentially rich in Tuber hyphae, there
is little available evidence on the roles of hypha-associated microbes in vivo ECM

systems (Mello et al. 2010, 2013; Gryndler et al. 2013). These microorganisms

could favor hyphal growth, branching and penetration of root tissues, and/or

formation of truffle ECMs. Fungus–bacterium cocultures are easily set up and

have often been used to screen for potential strains for mycorrhizal inoculation

experiments as described by Frey-Klett et al. (2007). Thus, targeted co-inoculation
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of specific bacteria with Tuber spp. on commercial Tuber plantations could be used
to increase positive selective pressure for truffles in natural habitats; hence, poten-

tially increasing truffle yields.

18.3.2 Symbiontic Phase: Ectomycorrhiza-Associated
Bacteria

The soil space directly affected by ECMs is called the mycorrhizosphere and is

characterized by high biological activity (Chalot and Brun 1998). The presence of

some bacteria may enhance the formation of ECM structures on roots and has been

shown to change gene expression of the ECM fungal hyphae (Deveau et al. 2007).

Some of these microbes, called “mycorrhiza helper bacteria” (MHB) (Garbaye

1994), are particularly important for their ecological and evolutionary implications,

first of all for their capacity in stimulating mycorrhizal colonization of host roots.

Sbrana et al. (2002) carried out the isolation and physiological and molecular

characterization of culturable bacterial strains belonging to actinomycetes, pseu-

domonads, and aerobic spore-forming bacteria from Quercus robur L. var.

pedunculata to T. borchii mycorrhizal root tips. The growth-stimulating activity

shown by spore-forming bacteria represents a fundamental character of putative

MHB. Furthermore, the presence of different culturable bacterial populations inside

T. borchii ECMs suggests that bacterial incorporation into the ECM fungal mantle

might represent an important event, and Pseudomonas, the dominant genus among

isolates from T. borchii ascomata, establish a preferential interaction with Tuber
mycelium (Sbrana et al. 2000). The effects of Pseudomonas sp. in the establishment

of ECMs have been extensively studied in different ECM fungi (Rigamonte

et al. 2010), but only a few studies have been conducted to demonstrate the

influence of bacteria on Tuber–host plant interactions. Dominguez et al. (2012)

and Dominguez-Nu~nez et al. (2015) investigate combined effects of Pseudomonas
and T. melanosporum on the quality of Pinus seedlings. The authors demonstrated

that although the inoculation of Pinus seedlings with P. fluorescens (CECT 844)

and T. melanosporum did not change the plant growth and N absorption more than

the fungus alone, it doubled the level of root colonization by T. melanosporum.
MHB could be used in the future as inoculants for artificially infected plants to

improve the establishment and maintenance of a functional symbiosis, which would

be particularly useful for plantation truffle production; also so far no commercial

use of MHB is yet available. In T. aestivum ECMs, two members of the suborder

Pseudonocardineae (Kibdelosporangium and Lentzea) have been identified

(Gryndler et al. 2013). Interestingly, to date, there is no available information on

interactions of the members of Pseudonocardineae with fungi or plants, but some

other members of this group, e.g., Pseudonocardia, have been observed to associate
with leaf-cutting ants, producing defensive antibiotic compounds protecting their

fungal gardens (Schoenian et al. 2011). The ants carry the Pseudonocardia
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symbionts on their exoskeletons, which have some of the chemical properties of

fungal hyphae, such as chitin content. Regarding T. magnatum, its ECMs are very

rare in the soil, which is mostly occupied by other mycorrhizal fungi (Murat

et al. 2005). Mello et al. (2010), using molecular analysis of microbial communi-

ties, found an association of Moraxella osloensis with the productive area of

T. magnatum. However, the functional significance of such microbial associations

remains largely unexplored, and since this work was carried out in one truffle field,

it is still limited. In T. melanosporum, the ECM compartment has been shown to be

significantly enriched in Actinobacteria sequences related to the Streptomyces and
Thermoleophilum (Antony-Babu et al. 2014). These bacterial communities are

distinct from ascoma-associated communities, and these differences may be attrib-

uted to the biochemical composition of gleba/peridium soils comparties. Tuber
melanosporum ascomata accumulate carbohydrates, proteins, and lipids (Harki

et al. 2006), while ECMs are responsible for the transfer of simple metabolites

such as sugars, amino acids, organic acids, or fatty acids between the host and the

fungus. Thus, the specific bacterial communities in the surrounding bulk soil are

differentially recruited in the ascomata and in the ectomycorrhizosphere.

18.3.3 Fructification Phase: Ascoma-Associated Bacteria

The development of the ascomata begins with the primordium, with the disappear-

ance of these hyphae, forms the peridium, and begins a protection for the inner part,

the gleba. Over the next few months, the fruiting body is formed (Antony-Babu

et al. 2014). During these months of development, the ascoma can select bacteria

from the surrounding bulk soil, and they can participate in its development.

Bacteria colonize both the peridium and gleba of the truffle and appear to be

selected from the soil communities during the early stage of truffle formation

(Antony-Babu et al. 2014).

Bacterial populations ranging from 107 to 108 cfu g�1 have been reported on the

surface and within the truffle ascomata of T. aestivum (Gryndler et al. 2013),

T. borchii (Sbrana et al. 2000; Citterio et al. 2001; Barbieri et al. 2005),

T. magnatum (Barbieri et al. 2007), and T. melanosporum (Rivera et al. 2010).

Numerous Pseudomonas strains have been isolated from the ascomata of T. borchii
and T. magnatum, and some have been identified as potential helper bacteria of

T. borchii. Some strains have been shown to restrict the growth of phytopathogenic

fungi; to possess cellulolytic, chitinolytic, and proteolytic activities in vitro; and to

release metabolites, both medium diffusible and volatiles. Pseudomonads isolated

within T. borchii fruiting bodies have been found to be producers of biocontrol

substances such as indole-3-acetic acid phytohormone at sufficient levels to have

positive effects on the fungus (Bedini et al. 1999). Citterio et al. (2001) revealed the

presence of a microbial population on T. borchii fruiting bodies regardless of the

fruiting body maturation stage, through these analyses demonstrated a progressive

bacterial modification during the maturation process. The constant presence of
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Pseudomonads and spore-forming Bacillaceae, with proved chitinolytic and cellu-

lolytic activities, suggests a possible role of these bacteria in the ascus opening and

spore scattering. To build on these findings, Barbieri et al. (2001) carried out a

bacterial genetic characterization; the chitinolytic pseudomonads isolated were

P. fluorescens, P. syringae, and P. aeruginosa while chitinolytic spore-forming

Bacillaceae belonging to Bacillus subtilis, B. cereus, and Paenibacillus sp. Regard-
ing T. magnatum, the diversity of the bacterial communities did not vary with

fruiting body maturation (Barbieri et al. 2007), but the presence of well-defined

bacterial communities in completely immature ascomata is a new evidence.

Despite the presence of these bacteria, only Barbieri et al. (2010) have shown a

nitrogenase activity within T. magnatum ascomata, possibly attributed to

Bradyrhizobia. The acetylene reduction assay method was used to measure nitro-

genase activity, and the values obtained with T. magnatum samples were compa-

rable to those generally obtained in a test tube using legume root nodules.

Furthermore, the expression of nifH genes detected from Bradyrhizobia suggests

a potential role of these bacteria in ascoma N2 fixation. Recently, Antony-Babu

et al. (2014) have shown that the T. melanosporum ascoma-associated bacterial

communities evolve during ascoma maturation. They observed that Bacteroidetes
present in the early stage were replaced by Firmicutes in the fully mature stage, and

these changes could be explained by the biochemical composition modifications of

the truffle tissues during truffle maturation. These findings are in contrast with those

reported for T. magnatum, but the two species have very different processes of

development. Moreover, Pavic et al. (2013) have shown that Actinobacteria strains

isolated from T. magnatum ascomata might be involved in improving truffle

nutrition, degrading the ascoma, and establishing relationships with other soil

fungi. In particular, recent evolutionary evidence on truffle nutrition strategies

described by Kohler et al. (2015) and Martin et al. (2010) are reported in Chap. 9.

Rivera et al. (2010) identified five genera of the Enterobacteriaceae family

(Enterobacter, Klebsiella, Rahnella, Raoultella, and Serratia) in T. aestivum and

T. melanosporum fruiting bodies. The microaerobic conditions where truffles grow

are optimal for the development of members of this family. Moreover, truffles

contain levels of glucose, and these levels rise as the fungus matures (Harki

et al. 2006); hence, the Enterobacteriaceae could ferment this sugar, modifying

the taste and aroma of the truffle. Tuber melanosporum fruiting body shows

massive colonization by Bradyrhizobiaceae, but very weak colonization by Pseu-
domonas, which are absent from mature truffles (Antony-Babu et al. 2014). Are the

bacteria helpers for truffle development or profiteers? In T. melanosporum, nifH
genes have been detected in ascomata, although the gene was not related to

Bradyrhizobiaceae but to unknown bacteria, suggesting the involvement of other

N2-fixing microbiota. Despite a similar taxonomic community structure, the bac-

terial community within the ascomata of T. magnatum and T. melanosporum would

appear to differ at the functional level: bacteria have no role or a very limited role in

the nitrogen nutrition of the T. melanosporum ascoma in contrast to what occurs in

T. magnatum (Le Tacon et al. 2016). Furthermore, the harboring function of

Bacteroidetes and Actinomycetes in cellulose and chitin degradation may
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contribute to the release of the ascospores. In this regard, Pavic et al. (2013) have

shown that Actinobacteria strains isolated from T. magnatum ascomata might be

involved in improving truffle nutrition, degrading the ascoma, and establishing

relationships with other soil fungi.

18.4 The Bacterial Contribution of Truffle Fruiting Bodies

Volatile Organic Compounds (VOCs)

It has been suggested that truffle-associated bacteria could be involved in the

development and maturation of T. borchii and T. melanosporum and may even

affect the aroma of these truffles (Barbieri et al. 2000; Splivallo et al. 2007; Antony-

Babu et al. 2014; Splivallo et al. 2014; see Chap. 23). Recently, it has been

demonstrated how a specific truffle-associated microbiome is selected from the

fungus versus the ascomata in the black truffle T. melanosporum (Antony-Babu

et al. 2014).

Several VOCs could play an important role in interactions with other organisms,

such as the reported interaction of T. borchii with the Tilia americana L. during the
pre-symbiontic ECM phase (Menotta et al. 2004). Some fungal VOCs can exhibit

antibiotic effects (Kramer and Abraham 2012) and inhibit plant growth (Splivallo

et al. 2007). ECM fungi emit complex, species-specific odor profiles, which distin-

guish them from fungi of other ecological niches (M€uller et al. 2013). In this regard,
VOCs produced by microbes (MVOCs) can affect plant fitness either positively or

negatively and interfere with plant–animal interactions, thereby promoting growth

and preventing the establishment of detrimental microbes (Barbieri et al. 2005;

Junker and Tholl 2013).

Recently, the bacterial community of the white truffle T. borchii has been

characterized, and the involvement of its microbiome in the production of sulfur-

containing volatiles tested (Splivallo et al. 2014). Tuber borchii thiophene volatiles,
only present in completely mature (71–100% maturity) fruiting bodies (Zeppa

et al. 2004), and increased upon storage at room temperature (Bellesia

et al. 2001), are the result of the biotransformation of nonvolatile precursor

(s) into volatile compounds by the microbiome inhabiting truffle fruiting bodies.

The thiophene volatiles are only produced by bacteria isolated from T. borchii
fruiting bodies, but not from mycelium, which is not able to produce the precursors

of thiophenes in vitro (Splivallo et al. 2014), demonstrating that thiophene produc-

tion is linked to the sexual stage of T. borchii. The upregulation in sulfur metab-

olism in T. borchii and T. melanosporum fruiting bodies (Zeppa et al. 2010; Martin

et al. 2010; Splivallo and Maier 2011; Splivallo et al. 2011) provides indirect

evidence that truffles are actively involved in the synthesis of sulfur volatiles,

demonstrating an intimate interaction coexistence and cooperation among truffle

and bacteria without the exclusion of yeasts.
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18.5 From Metagenomics to Metabolomics

Emerging molecular approaches, which move us toward microbial ecology func-

tional studies, may be applied to the complex truffle microbial system (Fig. 18.1). In

general, a microbial ecosystem includes all the organisms (plants and animals) and

microorganisms living in a particular niche. These actors interact in a dynamic way,

reacting to several factors including environmental and chemical conditions.

Microorganisms interact in different ways to benefit each other, establishing

synergistic relationships and exchanging metabolites. By synchronizing the behav-

iors of all members in the group, they act like a multicellular organism. Interspecies

interactions are usually mutually beneficial, but they can also be interfering and

antagonistic, and communication is likely to be one-way, two-way, multi-way in

dynamic interactions (Mougi and Kondoh 2014). As described above, these

microbe–host associations and their relationships have been only partially investi-

gated in the truffle system. In the near future, this complex interaction could be

analyzed using a systematic process that begins with an annotated genome and

concludes with a predictive model of microbial physiology (Tang 2011).

In the last few years, several individual microbial genomes have been sequenced

thanks to the high-throughput capability of sequencing technologies, allowing a

large-scale gene assessment of community members (Qin et al. 2010) and shedding

Fig. 18.1 Representation of metagenomic and/or metabolomic analysis of truffle-related

microbiome
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light on the biology of the systems. The genome of the black truffle

T. melanosporum, published in 2010 by Martin and colleagues, allowed us to

study and discover several truffle properties comprising 7496 protein-coding

genes. However, the genes involved in the nutritional exchange within associated

microbes, the functional cross talk, and interaction have not been investigated. As

recently demonstrated in truffles using culture-independent molecular approaches,

most microbes found in nature exist in complex, interdependent communities and

cannot be readily isolated and grown in the laboratory. Indeed, new DNA sequenc-

ing technologies have also allowed the study of uncultivated members revealing

previously unknown microbial diversity. Recent findings made by studying the

microbial indigenous helper associated with truffles clearly show the benefits of

using advanced metagenomics to unravel the complex network of biotic interac-

tions in soil ecosystems (Barbieri et al. 2005, 2007; Gryndler et al. 2013; Antony-

Babu et al. 2014; Mello et al. 2013). Moreover, high-throughput sequencing

technology has been implemented by the incorporation of bar-coded primers or

tags (Hamady et al. 2008).

Genes related to nitrogen were enriched in the T. magnatum ascomata as well as

in T. melanosporum ascomata, which also expressed sulfur cycling genes (Barbieri

et al. 2010; Antony-Babu et al. 2014). The pyrotagging technique, including

targeted functional genes such as nifH, amoA, etc. (Mao et al. 2011), could provide

new insights, even though this targeted approach does not allow us to obtain a

complete picture of microbial genes, namely, a “metagenome.” The rapid shotgun

sequencing approach allows us to obtain a huge amount of data; however, a major

challenge is the lack of efficient and effective strategies for assembling and

annotating shotgun metagenomic data. Normalizing and partitioning the sequence

reads may make it possible to develop more efficient assembly strategies (Jones

et al. 2012). A common goal of metagenomic studies has been to link the structure

of the microbial community with its function. Metagenomic data provide insights

into the metabolic potential of the microbial community, but other approaches are

needed to assess microbial activity in vivo, since many detected organisms could be

quiescent or irrelevant, underlining the utility of metatranscriptomics.

Metaproteomics represents the most direct estimation of microbial activity, and

several strategies for extraction and analysis of proteins from complex biological

samples and soils have been set up. The development of shotgun proteomics, using

two-dimensional liquid chromatography separation methods combined with tan-

dem mass spectrometry analysis, has made it possible to identify thousands of

proteins from soils (Keiblinger et al. 2012), although this approach is still little used

compared to the metataxonomy approach due to its challenges. In this regard, in

addition to the very limited proteome coverage of truffles, we are still in the

preliminary stages of general biochemical or physiological assessments. Vita

et al. (2013) applied proteomic analysis to characterize those differences occurring

in samples and induced by the different environmental conditions present in the

various Italian areas where T. magnatum can grow and differentiating between

mature and immature truffles (Pierleoni et al. 2004). The use of the proteomic

approach may help to study the functional characterization of novel proteins and
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improve our biological understanding of truffles (Islam et al. 2013); however, it is

currently difficult to extrapolate only the bacterial protein profile within the fungal

host tissue or ECM system.

As the metabolic complement of functional genomics, microbial metabolomics

provides a more complete picture of cell-to-cell interaction. Metabolomics is the

study of the global metabolite profiles of a cell under specific conditions; it not only

sheds light on the enzymatic pathways and networks encoded within the genome,

but also gives us an overview of the interplay of developmental processes and

changing environments over the lifetime of an organism.

The main challenge in metabolomics is the identification and quantification of

thousands of little, in most of the time unidentified, metabolites. In contrast to

genome, transcriptome and proteome analyses, the products investigated by

metabolomic studies are highly variable in their chemical structures and properties

(Hollywood et al. 2006). They can be hydrophilic carbohydrates, volatile alcohols,

ketones, amino and nonamino organic acids, hydrophobic lipids, and secondary

metabolites such as antibiotics, pigments, non-ribosomal peptides, and cofactors

(Villas-Boas et al. 2005). Hence, a simultaneous extraction and the determination of

the entire set of metabolites at a given physiological state are extremely difficult

(Garcia et al. 2008). Furthermore, their concentrations and compositions change

rapidly in response to environmental stimuli (Villas-Boas et al. 2005). Separation

and detection of metabolites are considered the crucial steps in metabolomic

analyses. Separation techniques such as liquid chromatography (LC) in its high-

performance (HPLC) or ultra-performance (UPLC) forms, gas chromatography

(GC), capillary electrophoresis (CE), as well as the coupling of these instruments

to detection techniques such as mass spectrometry (MS), nuclear magnetic reso-

nance (NMR), and near-infrared spectrometry (NIR) have been used successfully.

NMR and MS (Villas-Boas et al. 2005) are capable of handling a wide range of

metabolites in a single measurement without preselection of specific analytes,

allowing structural identification and molecule quantification (Nicholson and

Lindon 2008). Solid-phase microextraction coupled to gas chromatography/mass

spectrometry (SPME-GC-MS) has been employed to characterize the volatile

profile of several truffle species (Dı́az et al. 2002; Gioacchini et al. 2005), even

during fruiting body maturation (Zeppa et al. 2004; Splivallo et al. 2014). As

described above, metabolomic information can improve transcriptomics and pro-

teomic data, since metabolomes are situated further downstream in functional

analyses, reflecting microbial phenotypes.

18.6 Conclusions

All of these “omics” are useful and complementary as we strive to attain a

predictive model of microbial physiology, and automated analysis should be

coupled with manual techniques to fill gaps using known metabolic functions

with genetic and biochemical data (Feist et al. 2009) alongside the metabolite
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profile. Phenotype experiments can validate predictive models obtained integrating

the growing body of evidence provided by the various “omics” using mathematical

and statistical methods. This is the basis of a systemic biological approach that aims

to clarify metabolic networks and dynamic interactions between biological com-

ponents. In this context the continuing application of these integrative and comple-

mentary approaches to truffle microbiome will be of great assistance in shedding

light on truffle–bacteria interactions and their biological significance, also in

relation to soil environmental characteristics. Such analyses will provide new

insights into the truffle-associated microbial communities and their spatial and

temporal dynamics. Together, these new techniques and the recent evidence

will be useful in the ongoing collaboration and translational communication

between scientists and truffle cultivators. It appears that we are about to enter a

new era of predictive microbial ecology that will provide us with a much deeper

understanding not only of the diversity of truffle-associated microbial communities,

but also their function within the truffle ecosystem.
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Gryndler M, Hršelová H (2012) Isolation of bacteria from ectomycorrhizae of Tuber aestivum
Vittad. Acta Mycol 47(2):155–160. doi:10.5586/am.2012.018
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Chapter 19

Biodiversity and Ecology of Soil Fauna

in Relation to Truffle

Cristina Menta and Stefania Pinto

19.1 Introduction

In the last few decades, numerous studies have attempted to discover the “secrets”

of truffles. Since the 3rd International Conference on Truffle in Spoleto (2008),

researchers have made considerable progress in advancing understanding of the

biology and ecology of Tuber species and in improving the sustainable productivity

of these valuable fungi (Águeda et al. 2014). The entire genome of Tuber
melanosporum Vttad. has been sequenced (Martin et al. 2010), and those of other

Tuber species are in progress (see Chap. 9).

Some authors have studied the particular pedological, chemical and physical

characteristics developed by some Tuber species in the brûlé, the area around the

host plant where the germination and the growth of other plants are inhibited (Callot

1999; Ricard 2003; Granetti et al. 2005; Mello et al. 2013; Garcı́a-Montero

et al. 2014); others have explained the production and development mechanisms

in this area (Sourzat 2004; Granetti et al. 2005; Streiblová et al. 2012). The

substances produced by Tuber mycelium, which are well known and widely

studied, adversely affect seed germination and the growth of young trees inside

the brûlé (Plattner and Hall 1995). An interesting aspect that makes the truffles an

engaging yet difficult case of study at the same time is their particular dispersal

system. A truffle cannot release its spores, trapped as they are in their underground

realm, and it needs an alternative dispersal system via animals. When an animal eats

truffle, most of the flesh is digested, but the spores pass through unharmed and are

defecated on the ground, where they can germinate if the conditions are right

(Trappe and Claridge 2010).
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We can assume that truffles emerged between 100 and 200 millions of years ago

(Jeandroz et al. 2008; Bonito et al. 2013). As truffles retreated underground,

mutations eventually led to the formation of aromatic compounds attractive to

animals (Trappe and Claridge 2010). Many animals are known to be “truffle

eaters”: small mammals such as mice, squirrels and rabbits, big mammals like

wild boars in the Northern Hemisphere (see Chaps. 21 and 22) and rat-kangaroos,

armadillos and meerkats in the Southern Hemisphere. Molluscs are attracted to

truffles, too, and insects may feed on truffles or lay eggs in them so that their larvae

have a ready food source when they hatch (Trappe and Claridge 2010). Spore

dispersal by animals can promote the fungal colonization of new habitats. More-

over, as highlighted by Bonito et al. (2013), spore deposition via animal mycophagy

may be a more targeted dispersal mechanism than wind or water dispersal, because

animals could enrich spores with nutrients (e.g. calcium, magnesium and potas-

sium) and deposit their faecal pellets loaded with spores near the roots of suitable

host trees. Indeed, the authors pointed out that truffle fruit bodies usually have

durable, thick-walled spores that can withstand and possibly benefit from passing

through the digestive tract of animals. These selected traits across a diversity of

truffle lineages suggest that the transition from epigeous to hypogeous fruiting is

driven by strong selection for traits that promote animal dispersal.

There is undoubtedly much more information still to be discovered. There are

only a few studies on the interaction between truffles and animals (with the

exception of mammals) or on the relationship between truffles and soil fauna. As

we said above, truffles “live” in the soil and complete their whole life cycle within

it. It would be really interesting to establish whether soil animals affect truffle, and

if so, how, and conversely whether truffles affect soil fauna, by means of different

soil chemical characteristics that allelopathic compounds make in the brûlé. In this

chapter, we are going to discuss the various aspects of the relationship between

truffles and soil fauna.

19.2 Role of Soil Fauna

The living component of the soil should be considered as the motor that drives soil

functioning. Within it, invertebrates have been shown to influence almost every

level of the decomposition cascade (Wolters 2000), and the ecosystem services

provided by soil fauna are one of the most powerful arguments for the conservation

of edaphic biodiversity. Soil fauna perform many different and very important

functions within and for the soil. Invertebrates affect soil processes both directly

and indirectly. Direct effects result from the incorporation and redistribution of

various materials, while indirect effects result from soil invertebrates shaping the

microbial community by both constructive (e.g. transport of fungal spores) and

destructive means (e.g. selective reduction of viability; Shaw 1992). In addition,

edaphic animals influence soil processes by altering distal factors controlling
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microbial performance through particulation, channelling and alteration of nutrient

availability (Wolters 2000).

Although some soil animals are carnivorous, the most widespread ecosystematic

activity of soil meso- and macrofauna is the “processing” and “mixing” of organic

detritus in soil. Processing includes not only simple comminution of organic debris

into smaller fragments but also various degrees of decomposition performed by

enzymes and the gut microorganisms that feed on organic material (Killham 1994).

Many organisms, such as isopods, myriapods, earthworms, springtails, a wide range

of mites, larvae and adults of some insects, feed on vegetable and animals debris.

This mechanical degradation facilitates the action of microorganisms and acceler-

ates the degradation processes.

The results of food web analyses indicate that microfauna (organisms smaller

than 100 μm) and, to a lesser extent, mesofauna (animals between 100 μm and

2 mm in size) have a particularly strong impact on C and N fluxes due to their rapid

turnover rates and the consumption of microorganisms with low C/N ratios, while

macrofauna (animals larger than 2 mm) make a less direct contribution to commu-

nity metabolism because of longer generation times and the consumption of

materials with high C/N ratios (Anderson 1995).

Another very important function of soil organisms is their burrowing activity,

which causes direct and indirect chemical, physical and biological changes. Above

all, earthworm action produces a remarkable effect not only on soil structure but

also on its chemical composition, because the organic matter ingested is returned in

a form easily usable by plants. They dig and eat soil, creating tunnels, channels and

holes to live in. Horizontal and vertical burrowing by soil animals shifts organic

material along the soil profile. Bioturbation significantly facilitates interactions

with stabilizing inorganic fractions (Wolters 2000). Earthworms consume a large

amount of mineral substances that are mixed with the organic matter and expelled

in the form of casts (Fig. 19.1a), which are rich in nitrogen and other nutrients such

as calcium, magnesium and potassium. They also contain a vast quantity of

undigested bacteria, which proliferate easily in the soil, contributing to the humi-

fication and mineralization of organic matter. Casts are not expelled in the same

environment. This could allow the widespread dispersal of hypogeous fungi spores

far from their source of origin. This is another very important function of soil

organisms, in particular for hypogeous fungi. Indeed, the hyphae of mycorrhizal

fungi could make up a significant proportion of the total microbial biomass in some

soils and can become one of the most important sources of food for fungus-grazing

animals such as springtails (Menta et al. 2013). For example, through their faeces,

springtails can spread still viable fungal spores to areas as far away as several

metres from their point of origin. At the same time, fauna feeding on microorgan-

isms can control specific plant pathogens. Root herbivory influences individual

plant performance and higher-level processes both directly and indirectly

(Brussaard 1998): directly by selectively feeding on seeds and seedlings, thereby

preventing the establishment or abundance of certain plant species, and indirectly

by interfering with the carbon and nutrient acquisition and the allocation of plants in

interaction with above-ground herbivores. The action of some organisms, such as
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protozoa, nematodes, rotifers, some springtails and mites, which feed on bacteria,

actinomycetes and fungi (both hyphae and spores), is very important for density

regulation and microorganism diffusion.

Soil fauna, especially molluscs and earthworms, also have an impact on soil,

thanks to their cutaneous mucus secretions, which cement the soil, making it more

stable. These secretions, together with the animal’s faeces and body, influence the

concentration of most of the nutrients in the soil, reducing the litter’s C/N ratio and

promoting breakdown. In addition, the ingestion of large amounts of mineral soil is

particularly well documented by macro-soil engineers (Lavelle et al. 1998).

19.3 Relationships Between Soil Fauna and Truffles

An interesting environment present in the soil is the rhizosphere. The term rhizo-

sphere, in its broadest sense, refers to the portion of soil surrounding roots in which

the organisms are influenced by their presence; its extension varies greatly, but it is

generally considered to be the cylinder of soil used by the root hairs and in which

they emit exudates (Killham 1994). Protozoa and nematodes are the main con-

sumers of microorganisms developing near living and dead roots and in hotspots in

Fig. 19.1 Earthworm cast (a) (photo by C. Menta); Acerentomon italicum, Protura (photo by

L. Galli) (b); Geogarypus minor, Pseudoscorpionida (SEM, photo by M. Zinni); (c) Folsomia
candida, Collembola (photo by C. Menta) (d)
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the soil matrix; rhizosphere/non-rhizosphere soil ratios are in the range 1.3–3.5 for

protozoa numbers and 3–70 for nematode numbers (Brussaard 1998). The interac-

tion between soil animals and plant roots can take a variety of forms that lead to

benefits for or repress the growth of the plants and often involve interactions with

the microbial populations of the soil. This relationship becomes more complex

when it involves mycorrhizas. In this sense, the rhizosphere also becomes the soil

portion where mycorrhizas and organisms interact. For example, at different stages

of their lifecycle, truffles in particular release specific volatiles in order to interact

with particular organisms (Splivallo et al. 2011). Secondary metabolites produced

by fungi are one of the largest classes of natural products. Such compounds may not

play a fundamental biochemical role in the normal growth or development of fungal

cells, but they clearly play an ecological role. Secondary metabolism is important in

many fungal processes, including stimulation or inhibition of organisms by

allelochemicals and regulation of symbiotic and protective interactions with

microbes and other interacting roots (Angelini et al. 2010). In truffles, these

compounds are responsible for the formation of the brûlé, which is characterized

by scarce plant cover due to the phytotoxic activity of the fungus (Splivallo 2008).

In general, the abundance and diversity of soil animals are greatest in soils with

little or no disturbance, such as those of permanent grassland (Menta et al. 2011a)

and natural woodland (Menta et al. 2013), where they play a vital role in nutrient

cycling (Killham 1994). However, the particular conditions generated inside the

brûlé by truffles’ aromatic compounds could affect soil fauna in many different

ways, both directly and indirectly. The brûlé is in fact characterized by lower levels

of organic matter, sometimes higher pH values and lower retention capacity (Menta

et al. 2014). Many of these factors could adversely affect organisms, which tend to

avoid this environment, or could lead to a shift in the soil community, encouraging

the presence of stress-resistant organisms. It has been demonstrated, for example,

that the main factors driving Collembola distribution are vegetation, microflora, soil

structure and soil moisture (Menta 2008).

Above all, the lack of vegetation cover could lead to soil moisture deficit. Soil

moisture affects soil organisms because water is essential for life and for enzyme

activities and metabolism and because soil moisture affects soil temperature and

soil aeration. Furthermore, under wet conditions, oxygen does not diffuse through

the soil as readily, so the levels available to organisms may become depleted,

leading to anaerobic conditions (FAO 2015). In soils with sparse vegetation

cover, such as the truffle brûlé, the high frequency of dry conditions on the surface

causes nematodes to be more common at depths of 5–10 cm (Menta 2008). Diplura

prefer soil with a high stable moisture content. Isopods, which avoid dry conditions,

may also escape from the brûlé areas. Water stress also influences the size and

activity of soil animal communities for two reasons, a reduction in water-filled

pores and the thickness of soil water films (which controls soil aeration and the

mobility of some animals) and a reduction in the free energy of the water, making

water uptake increasingly difficult (Killham 1994). Furthermore, it has long been

known that the production of earthworm casts, an excellent indicator of earthworm

activity, is directly related to rainfall and soil moisture status (Killham 1994).
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Burrowing species, such as Lumbricus terrestris, take refuge deep in damp soil,

whereas species that live on the surface, such as Allolobophora caliginosa
(Nicodrilus caliginosus) and Eisenia rosea, are declining in population (Menta

2008) due to soil moisture depletion.

Inside the truffle brûlé, the organic matter to be demolished comes in much

smaller quantities compared to other ecosystems. This could lead to a different soil

community structure, with a small presence of detritivores, and consequently

predators, and possibly an increase in herbivores or organisms that feed on fungi.

Many works have documented the intimate relationship between soil fauna and

organic matter. The amount and depth of organic matter on the forest floor, for

instance, influences the distribution of springtails and acari Oribatida (Hasegawa

2001). Many soil invertebrates, such as symphylans, proturans, diplopods and

earthworms, and many detritivores are more abundant in soils rich in organic

matter. Similarly, pH could influence soil organisms because different species are

active at different pH ranges. In a study conducted in ecologically analogous sites in

oak-hickory forests, which are characterized by different amounts of acidic depo-

sition, Kuperman (1996) found a positive correlation between pH and the abun-

dance of different soil macroinvertebrates such as earthworms, gastropods,

termites, carabids, staphylinids, cockroaches and dipteran larvae. Esher

et al. (1993) reported huge effects of mild acid treatments on populations of

earthworms. Several experiments have shown that many earthworms have partic-

ular limits in terms of tolerance to soil acidity and that they tend to avoid

unfavourable pH levels. In laboratory experiments with Eisenia foetida, 100%
mortality was observed at pH< 5 or pH> 9 (Kaplan et al. 1980). Edwards and

Lofty (1975) found that the numbers of Chilopoda and Symphyla were much

greater between pH 5.0 and 6.0 than at higher or lower levels and none of these

animals were present at a pH below 4.0. Wireworms and other insects were more

numerous in plots with a pH between 4.0 and 7.0, i.e. very acid or alkaline soils did

not support large numbers of these arthropods in their study (Kuperman 1996).

Kuperman (1996) performed a linear regression analysis to determine which

parameter, pH or the amount of surface organic matter accumulation could affect

soil macroinvertebrate community most. The regression analysis showed a signif-

icant relationship between soil pH and the total number of decomposers in study

sites along the deposition gradient. Approximately 87% of the variation in numbers

of decomposers was explained by the soil pH. Furthermore, the relationship

between the abundance of the macroinvertebrate decomposer community and the

amount of surface organic matter accumulation along the deposition gradient was

also highly significant. Approximately 71% of the variation in the amount of

surface organic matter accumulation was explained by the abundance of decom-

posers. The results of this study also show that the observed patterns of decreasing

abundance of decomposers, increasing organic matter content and decreasing soil

pH along the deposition gradient seem to be related.
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The brûlé is also characterized by lower organic carbon content. It has been

demonstrated, indeed, that organic carbon in the brûlé decreases by about 52%

(Bragato 1997). This parameter could significantly affect the soil fauna community

as well. Kuperman (1996) found a significant negative correlation between this

parameter in A1 horizon and the numbers of Lumbricidae, Carabidae, Gastropoda

and Staphylinidae. According to studies in a wide range of ecosystems, soil

invertebrates mediate about 15% of the C and 30% of the N turnover (Anderson

1995).

19.4 Soil Microarthropod Biodiversity in the Tuber Brûlé

According to the phylogenetic hypothesis that hypogeous fungi, like truffles,

evolved with an active system of spore dispersal, spore discharge must be by

animal dispersal. Some animals have evolved a capacity for feeding on truffle-

fruiting bodies, and in so doing, they have become active agents of spore dispersal

(Pacioni et al. 1991). These animals have been dubbed “hydnophagous” (Pacioni

et al. 1989), from the Greek hydnon, truffle, and phagous, eating, and this category

includes species belonging to various taxonomic groups. Not just truffles but all

mycorrhizal plants in the world are likely to have at least one (often many) species

of insect herbivores that attack them (Koricheva et al. 2009). In the case of the

truffle, the diet of certain animals, such as mammals (rodents, deer, boar), birds and

slugs, includes these hypogeous fruiting bodies, which sometimes account for their

entire diet: a case in point is provided by several species or genera of arthropods,

mainly Coleoptera and Diptera. Various authors have described mechanisms

explaining the impact of soil microarthropods on fungal communities. Hanlon

and Anderson (1979), for instance, indicated that microarthropod feeding activities

can exert a strong differential effect on fungal and bacterial populations, and some

reviews on arbuscular mycorrhizae and soil fauna interactions suggest that

Collembola have the potential to restrict mycorrhizal functioning in the field (Fitter

and Sanders 1992; Fitter and Garbaye 1994). One of the most specialized

fungivores that attack truffles is the beetle Leiodes cinnamomea (Coleoptera:

Staphylinoidea, Leiodidae). It is univoltine, with a European distribution. It is

known to feed on several species of truffle (Tuber spp.) and completes its lifecycle

in or near the fungal fruiting body (Arzone 1970; Newton 1984). Hochberg

et al. (2003) showed that adults of the beetle L. cinnamomea, though inflicting

substantial damage to the fruiting bodies of the black truffle in the larval stage, are

not attracted to ripe truffle odours. Some individuals, however, showed persistent

attraction when tested repeatedly, showing that the odours can be perceived by the

truffle beetles. Coleoptera are the most widely recorded, but there is also a large

amount of data on Catopidae, Cryptophagidae, Leiodidae, Micropeplidae,
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Nitidulidae, Ptiliidae, Staphylinidae and Scarabaeidae. Some insects (Diptera and

Coleoptera) have also been reported as fauna nutritionally related to the carpo-

phores (Pacioni et al. 1989). The most notable insects are the “truffle flies”, eight

species of Suillia (Heleomyzidae) (Janvier 1963; Pacioni et al. 1989; Bratek

et al. 1992; Callot 1999; Garcı́a-Montero et al. 2004).

Besides the works mentioned above, there are only a few studies on the rela-

tionship between soil fauna and truffle biology (Queralt et al. 2014). Menta

et al. (2014) tried to highlight differences among the microarthropod communities

associated with the Tuber aestivum Vittad. brûlé and the area outside the brûlé. This

research took into account three different areas, two in Italy (North and South) and

one in central Spain (Guadalajara province). The authors did not observe a univocal

trend, but almost all microarthropod groups were more abundant outside the brûlé

(Fig. 19.2). These groups were Acari, Hymenoptera, Diplopoda, Symphyla,

Pauropoda, Protura (Fig. 19.1b), Diplura, Hemiptera, Pseudoscorpionida

(Fig. 19.1c) and Araneida. This trend suggests that these groups could find an

unfavourable environment inside the brûlé, probably due to several factors, includ-

ing the lower content of organic matter. This tendency was not followed by

Coleoptera, or by Lepidoptera larvae, which probably find better conditions in the

brûlé in terms of food resources and chemico-physical conditions. Menta

et al. (2011b) and Tarasconi et al. (2011) reported interactions between

microarthropods and T. melanosporum showing lower densities of mites and ants

inside the brûlé. Within the collembolan group, Menta et al. (2014) showed that the

families Hypogastruridae, Sminthurididae and Isotomidae were more abundant

outside the brûlé, while within the Isotomidae family, Folsomia genus showed

higher abundance inside the brûlé. One study (Hodge 2000) pointed out the

presence of spores and extraradical mycelium of arbuscular mycorrhizal hyphae

in the gut contents of Folsomia candida (Fig. 19.1d). Queralt et al. (2014) focus

instead on mite communities associated with the T. melanosporum brûlé. They

found that oribatid mites dominated the community in terms of abundance and
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species richness in wild and plantation soils. Most oribatid mites are mycophagous,

and they could have a direct relationship with the black truffle cycle, interacting in

the mycelium and spore dispersal. In some cases, they have been observed carrying

spores attached to their bodies. The researchers also found a high-density popula-

tion of the mites Passalozetes ruderalis Iberian endemism (Pérez-Í~nigo 1993) and

Arthrodamaeus reticulatus (Pérez-Í~nigo 1997) in truffle areas and assumed that

they could be potential truffle-related species. Soil fauna could have a positive

impact on truffle development not only in terms of spore dispersal. Earthworms and

ants, for example, as “ecosystem engineers” due to their important contribution to

soil porosity, breakdown of organic matter and incorporation of organic matter into

the soil, could have a positive effect on the truffle, altering the physical character-

istics of the soil. The list of truffle-associated organisms most often includes,

besides earthworms, nematodes and protozoa. Callot (1999), Ricard (2003) and

Pargney et al. (2010) indicated that earthworms are often found around the truffle

carpophores in the soil burns. These soils usually have low levels of organic matter,

and earthworms therefore search near the carpophores for organic matter contained

in the bacterial populations and droppings of microarthropods and macrofauna

(Garcı́a-Montero et al. 2013). These authors pointed out that earthworms benefit

T. melanosporum development. Lulli et al. (1999) and Castrignano et al. (2000)

indicated that this truffle requires considerable soil porosity, mainly originated by

earthworms and ants. Garcı́a-Montero et al. (2010) indicated that earthworm casts

can have a great impact on the soil in the T. melanosporum brûlé. On the other hand,

Callot (1999) found that Nematoda and Protozoa maintain the relationship between

microbial activity and the truffle, while Acari and Collembola, besides regulating

this relationship, also help to disseminate spores. Lastly, large animals, in addition

to helping in the previously mentioned functions, also affect soil structure (Queralt

et al. 2014).

19.5 Conclusions

Studies of the relationship between truffles and soil fauna are scanty, and they often

concern particular species of truffle, such as T. melanosporum and T. aestivum. It
would be important to analyse not only the effects of animals on truffles, in terms of

dispersal of ingested spores, for example, but also the direct or indirect effects of

truffles on animals. The truffle volatiles and the reduced plant cover present in the

brûlé may both have a detrimental effect on some species. A further challenge will

be to clarify whether Tuber sp. is able to create a natural “microcosm”, the brûlé, as

part of a larger macrocosm, the soil around it, not only in terms of chemical-

physical characteristics and plant cover but also in terms of soil animal biodiversity

and functionality. Lastly, the authors have tried to give a simple representation of
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the soil fauna community inside and outside the T. aestivum brûlé, based on the

literature data cited in the text and on unpublished data collected by the authors

themselves (Fig. 19.3).
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genome uncovers evolutionary origins and mechanisms of symbiosis. Nature 464

(7291):1033–1038. doi:10.1038/nature08867

Mello A, Ding GC, Piceno YM, Napoli C, Tom LM, De Santis TD, Andersen GL, Smalla K,
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Chapter 20

Mycoviruses Infecting True Truffles

Claudio Ratti, Mirco Iotti, Alessandra Zambonelli, and Federica Terlizzi

20.1 Introduction

Viruses can be defined as small and simple obligate intracellular parasites. Virions,

the complete, infectious virus particles, consist of a protein coat (capsid) enclosing

the viral genome, that, in some cases, can be wrapped in an external coat derived by

the host cell membrane. This set of nucleic acids encodes proteins necessary for

replication, movement to adjacent plant cells (in the case of plant viruses), possibly

proteins to interact with host defence and finally protein to help transmission among

individuals of the host species.

Genome of known viruses lacks the genetic information necessary for the

generation of metabolic energy (adenosine triphosphate, ATP) or for protein syn-

thesis (ribosomes). Viruses are therefore dependent on the host cell for these

functions. Moreover, even if viruses do not have cellular structure and do not

growth through their own metabolism, they reproduce themselves and are able of

adaptation to the environment by internally-originate changes, then they can be

probably ascribed as living organisms. From a different point of view, viruses are

living entities during the intracellular phase of their life cycle, according to the

Virocell concept (Forterre 2011), and can be considered as a complex assemblage

of metabolically inert chemicals outside the host cell.

Viruses can infect all living organisms including humans, animals, plants,

insects, bacteria, archaea, algae, fungi and protozoa. The majority of infections
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do not affect the health of the host and result in a latent replication of the virus, but

in some cases, viruses interfere with normal cellular processes and become the

causal agent of human, animal and plant diseases with enormous economic costs

and impact on society. These diseases include smallpox, yellow fever, poliomyeli-

tis, common flu, measles and AIDS in humans, avian influenza, foot-and-mouth

disease of cattle, porcine reproductive and respiratory syndrome virus, infectious

gastroenteritis and bronchitis in animals and diseases of cultivated plants such as

potato, tomato, tobacco, stone fruits, coconut and citrus trees. For example, the

porcine reproductive and respiratory syndrome virus causes a total cost of produc-

tivity losses in the US national breeding and growing pig estimated to US $

664 million annually (Holtkamp et al. 2013).

20.2 Mycoviruses

More than 100 viral species infecting fungi are currently recognised by the Inter-

national Committee on Taxonomy of Viruses (ICTV—Virology Division within

the International Union of Microbiological Societies, IUMS), and many other

viruses have been described and proposed as new species in the last few years.

The taxonomy of mycoviruses is therefore in fast evolution, and huge amounts of

information are awaited in the close future because of next-generation sequencing

approaches in mycovirus discovery.

In the early history of mycovirology, the use of electron microscopy allowed to

observe fungal tissues densely populated by variously shaped virus particles even

if, in most cases, their presence is symptomless (Hollings 1962; Buck 1986).

Up to now, mycoviruses are classified within 12 families and 18 genera

according to their genomic and morphological proprieties (Table 20.1). Most of

the species possess icosahedral particles and double-stranded RNA (dsRNA)

genome, but also filamentous or bacilliform particles have been reported with

single-stranded positive sense RNA [ssRNA(+)] genome (Buck 1986; Ghabrial

1998). Moreover, some mycoviruses also lack true virions, and RNA can be

included in pleomorphic vesicles or complexed in nucleoprotein aggregates (Nuss

and Koltin 1990; Jacob-Wilk et al. 2006). Genome can be composed of just one

DNA or RNA molecule (monopartite), two molecules forming two separate parti-

cles (bipartite), or divided into three or more molecules packaged separately

(multipartite). Mycoviruses can be exchanged via anastomoses between hyphae

(horizontal transmission) (Day and Anagnostakis 1973; Sonnenberg and van

Griensven 1991; Ihrmark et al. 2002). Vertical transmission can also occur since

infected spores can originate infected hyphae (Romaine et al. 1993; Ihrmark

et al. 2002; Chu et al. 2003).

Mixed infections with two or more unrelated viruses are common (Ghabrial

1998); therefore, electron microscopy can fail in discriminating between morpho-

logically similar but genetically distinct viruses (Romaine and Goodin 2002).

Moreover, as mycoviruses are often asymptomatic and not encapsidated, the

discrimination and identification of the virus of interest are mainly based on the
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isolation of its dsRNAs and on demonstrating its transmissibility. Electrophoretic

separation of dsRNA results in a banding pattern typical, in number and size of

segments, of a specific host-virus association. This method also allows detection of

subviral agents that often accumulate in the presence of the main virus from which

they are dependent for replication (satellite dsRNAs) and are thought to be gener-

ated from infectious virus genome by replicase error (defective RNAs) (Ghabrial

1998). However, a mycovirus similar to geminiviruses with a DNA genome and

another with ssRNA(�) genome has been identified from the plant pathogenic

fungus Sclerotinia sclerotiorum (Lib.) de Bary (Yu et al. 2010; Liu et al. 2014).

20.2.1 Viral Effects on Fungi

Latency or lack of symptoms found in most mycovirus-fungus relationships is

probably the results of the long coevolution and coadaptation with their host

(Ghabrial 1980; Buck 1986; Milgroom 1999). Viruses tend not to be extremely

virulent as the death of the host results in complete virus elimination (Ghabrial

1998). In particular, viruses depending mainly on vertical transmission most likely

evolved to keep their replication below the pathogenicity threshold. In contrast,

viruses transmitted horizontally can be more deleterious to their hosts as they have

more chances for survival (Milgroom 1999).

Mycovirus infection can be symptomless but also cause various effects on the

hosts ranging from severe debilitation, hypovirulence, decreased growth rate, lack

of sporulation, reduced germination of basidiospores and hypervirulence (Nuss and

Koltin 1990; Ghabrial 1994; Moleleki et al. 2003; Ihrmark et al. 2004; Suzaki

et al. 2005). In some cases, the presence of mycoviruses can result in a disadvantage

for their fungal hosts. Plant pathogenic fungi Cryphonectria parasitica (Murrill)

M.E. Barr, Ophiostoma ulmi (Buisman) Nannf. and Helminthosporium victoriae
F. Meehan and H.C. Murphy become hypovirulent when infected by dsRNA

viruses that have been suggested as a potential biological control agent for the

fungal disease (Van Alfen et al. 1975; Ghabrial and Mernaugh 1983; Brasier 1991).

The best studied of these is the chestnut blight fungus, C. parasitica, that became

epidemic in Europe and in eastern North America with devastating effects until the

natural appearance of hypovirulent strains causing superficial cankers only

(Milgroom and Cortesi 2004). The mycovirus Cryphonectria hypovirus 1-EP713
(CHV1-EP713) was shown to be associated with the hypovirulence phenotype

(Shapira et al. 1991). In other cases, mycoviruses confer advantage to their fungi.

Some yeast (Saccharomyces cerevisiae Meyen) or smut [Ustilago maydis (DC.)

Corda] strains are named ‘killer’ and produce a viral toxin to which they are

immune, but that is lethal to sensitive strains. In most cases, the toxin production

is codified by dsRNA satellites (M-dsRNA, H-dsRNA, L-dsRNA), which are

dependent on the helper dsRNA viruses Saccharomyces cerevisiae virus L-A and

Ustilago maydis virus H1 for replication and encapsidation (Hutchins and Bussey

1983; Kandel 1988; Koltin 1988).
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20.3 Mycoviruses of Edible Mushrooms

Two diseases, one affecting Agaricus bisporus (J.E. Lange) Imbach and another

affecting Pleurotus ostreatus (Jacq.) P. Kumm., are caused by the most important

and best-studied mycoviruses of edible mushrooms. In addition to those, many

others have been isolated mostly in asymptomatic fruiting bodies then often not

clearly indicated as the direct cause of abnormalities.

The first mycovirus identified in diseased mushrooms was observed on

A. bisporus (Hollings 1962), showing reduced production of basidiomata

(Fig. 20.1a). Two main viral diseases affect A. bisporus: ‘La France’ disease and

‘mushroom virus X’ disease. The first one, also known as ‘X disease’, ‘watery
stipe’, ‘brown disease’ or ‘dieback’, was first reported on the La France brothers’
farm in Pennsylvania, USA, in 1948 (Sinden and Hauser 1950) then reported in the

UK, France, the Netherlands, Italy, Denmark, Australia and Turkey (Ghabrial 1994;

Elibuyuk and Bostan 2010). During the 1970s, La France disease occurred at

epidemic proportions in North America and Europe and was a major problem

during commercial mushroom production (Romaine and Goodin 2002). It can

affect all A. bisporus varieties but does not affect the alternative cultivated species

Agaricus bitorquis (Quél.) Sacc. (Geels et al. 1988), which is often used as ‘virus
breaker’ in order to interrupt the infective cycle of the virus. Infected mycelium

does not permeate the casing layer of the commercial beds with delayed emergence

of fruiting bodies and bare patches resulting in loss of yield. Symptoms of severe

infections are associated with malformed fruiting bodies assuming a ‘drumstick’
phenotype, with elongated stems and small misshapen caps. Diseased fruiting

bodies tend to mature prematurely and release infected spores (Romaine and

Goodin 2002). Two types of isometric particles with diameters of 34–36 and

25 nm (Van Zaayen 1979) and bacilliform particles measuring 50� 19 nm,

named Mushroom bacilliform virus (MBV) (Revill et al. 1994), have been identi-

fied in La France diseased mushrooms. No obvious symptoms were observed in

MBV singly infected mushrooms, while high correlation occurs between the

disease and the presence of the six major dsRNA elements L1 (3.8 kbp), L2 (3.1

kbp), L3 (3.0 kbp), L4 (2.8 kbp), L5 (2.6 kbp) and M2 (1.3 kbp) (Harmsen

et al. 1989; Romaine and Schlagnhaufer 1989). These dsRNA molecules are

associated with the 34–36 nm virions, and this virus was initially named La France

isometric virus (LIV) subsequently renamed as Agaricus bisporus virus 1 (ABV1)

(Goodin et al. 1992; Van der Lende et al. 1994). ABV1 is frequently found in

co-infections with MBV, and a synergistic relationship between them is not

excluded. Indeed, the titre of MBV can be 12-fold higher in mushrooms infected

with ABV1 (Romaine et al. 1993). Viruses associated to La France can be trans-

mitted horizontally from infected to healthy mycelium and vertically by basidio-

spores with a ratio between 65 and 75% (Schisler et al. 1967; Sonnenberg and Van

Griensven 1991; Romaine et al. 1993).

Another disease affecting A. bisporus and termed ‘mushroom virus X’ or ‘MVX’
disease was observed first in the UK then in the Netherlands, Belgium, Germany,
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Ireland, Poland and Hungary (Gaze et al. 2000; Sonnenberg and Lavrijssen 2004;

Rao et al. 2007; Pudelko 2010; Halász et al. 2014). Crops affected by MVX disease

develop bare patches due to arrested development of pins or delay in fruiting body

formation. Other symptoms include premature veil opening, brown discoloration

and malformed basidiomata. Analyses of MVX-infected mushroom samples iden-

tified 27 dsRNA elements ranging in size from 0.64 to 20.2 kbp (Grogan et al. 2003)

Fig. 20.1 Symptoms induced by mycoviruses in fruiting bodies of mushroom and truffle. (a)

Production plots of healthy (upper plot) and diseased (lower plot) A. bisporus showing absence

and/or delayed emergence of fruiting bodies. Mushroom bacilliform virus, La France isometric

virus and a 9.4 kbp dsRNA element of mushroom virus X disease have been detected in

symptomatic mushrooms. (b) Ascomata of T. magnatum: symptomless (left) and showing brown

spots irregularly distributed on the peridium (right); a dsRNA fragment of about 17 kbp, isolated

only from symptomatic fruiting bodies, shares significant amino acid identity with members of the

genus Endornavirus
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but no virus particles specifically associated with the disease (Sonnenberg and

Lavrijssen 2004; Rao et al. 2007). Due to the various sizes and numbers of dsRNAs

together with the diverse range of symptoms observed, it has been hypothesised that

MVX disease complex might comprise more than one virus. A 12.75 kbp dsRNA

fragment has also been sequenced and described as an endornavirus, Agaricus
bisporus endornavirus 1 (AbEV1) (Maffettone 2007). Moreover, it is hypothesised

that the 2.0 and 1.8 kbp molecules represent a single virus in the Partitivirus genus,
and it is proposed that this should be named brown cap mushroom virus (BCMV;

Green 2010). MVX dsRNAs can be transmitted by spores and mycelial fragments

(Gaze et al. 2000; Grogan et al. 2003; Adie et al. 2004). In spite of the dsRNA

sequences and epidemiological information revealed so far about the MVX disease,

the specific viral aetiology remains enigmatic.

In P. ostreatus, spherical and bacilliform viruses were isolated from malformed

basidiomata, and a correlation between the presence of dsRNA mycoviruses and

slow-growing mycelium was hypothesised (Go et al. 1992; Van der Lende

et al. 1995; Park and Kim 1996). Moreover, in Korea an epidemic disease of oyster

mushroom, named ‘dieback disease’ which led to reduced yields in commercial

farms, has been associated to an isometric virus with a 5.784 kb ssRNA genome,

oyster mushroom spherical virus (OMSV) (Yu et al. 2003). The name of oyster

mushroom isometric virus (OMIV) has been proposed for a novel dsRNA

mycovirus identified in Korean P. ostreatus mushroom showing short and

undeveloped stipes, flat and deformed caps and retarded abnormal mycelial growth

on a solid medium (Ro et al. 2006). From fruiting bodies of Pleurotus eryngii (DC.)
Quél., showing similar symptoms to those associated to OMIV, a virus with a

ssRNA genome of 7.8 kbp and 31 nm diameter spherical particles has been isolated

and was named P. eryngii spherical virus (PeSV) (Ro et al. 2007). Another (POSV,
probably Pleurotus ostreatus spherical virus) has been associated to a serious

degeneration of industrial cultivation of mushroom in China (Qiu et al. 2010).

Successful sanitation of OMSV-infected mycelium of P. ostreatus has been

obtained by in vitro growth onto a limited nutrient medium containing rifamycin

and evidenced the negative effect of the virus on fruiting body production (Kwon

et al. 2012). The partitivirus Pleurotus ostreatus virus 1 (PoV1) and new viral strain

from Korea (Pleurotus strain Shin-Nong—PoV-SN) infect P. ostreatus but are not
associated with disease symptoms (Lim et al. 2005; Kim et al. 2008).

Furthermore, after the first virus-like particles were reported in Lentinula edodes
(Berk.) Pegler, the second most cultivated edible mushroom in the world after

A. bisporus (Inoue 1970; Boa 2004), several reports of mycovirus in this mushroom

are available (Rytter et al. 1991; Ohta et al. 2008; Magae 2012; Kim et al. 2013).

Infection of the viral agent tentatively designated as Lentinula edodes mycovirus

(LeV) results in deleterious effect on mycelial growth in liquid culture (Kim

et al. 2015). Moreover, icosahedral particles encapsidating a 12 kb ssRNA genome,

for which the name Lentinula edodes spherical virus (LeSV) was suggested, have
been recently associated with symptomatic fruiting bodies of L. edodes, showing
underdeveloped, curled or cracked morphologies (Won et al. 2013).
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Furthermore, two dsRNA elements (1.915 and 1.730 kbp), associated with

50 nm diameter virus-like particles, were detected in Flammulina velutipes (Curtis)
Singer showing spontaneous brown colour change (discoloration) of fruiting bod-

ies. The virus, tentatively named as Flammulina velutipes browning virus (FvBV),

resulted most closely related to Chondrostereum purpureum cryptic virus of the

Partitivirus genus (Magae and Hayashi 1999; Magae and Sunagawa 2010).

20.4 Mycoviruses of Endomycorrhizal

and Ectomycorrhizal Fungi

Unlike plant or mushroom pathogenic species, mycoviruses infecting arbuscular

mycorrhizal (AM) or ectomycorrhizal (ECM) fungi have been poorly investigated.

Only in recent years, due to the progressive intensification in the use of next-

generation sequencing platforms, a few reports regarding mycoviruses in AM

fungi have been published. In particular, several dsRNA segments that differed in

size from 2.5 to more than 10 kbp have been identified in the mycelium of Glomus
sp. Among them, a 4.5 kbp segment, named Glomus sp. strain RF1 virus-like

medium dsRNA (GRF1V-M), showing similarity with members of the genus

Giardiavirus, was found to be responsible for changes in the symbiotic phenotypes

such as spore productivity and the plant growth-promoting effect (Ikeda

et al. 2012). More recently, a mitovirus has been reported in a fungus member of

the phylum Glomeromycota. The name of Rhizophagus clarus mitovirus 1 strain

RF1 (RcMV1-RF1) has been tentatively assigned to the 2.895 kb genome isolated

from R. clarus (Kitahara et al. 2014).
Between the end of the fifties and beginning of the eighties, few reports

described virus-like particles in the noncultivated basidiomata of Boletus edulis
Bull., Laccaria sp. and Cantharellus sp. associated to symptoms such as morel-like

or reduced pileus (Huttinga et al. 1975; Heinze 2012). The first small dsRNA of 2.2

kbp reported from ECM basidiomycetes has been probably isolated from the

mycelium of Hebeloma circinans (Quél.) Sacc. (Cortinariaceae) (Bai et al. 1997).
Later, evidence of viruses in ECM fungi was revealed from expressed sequence tag

(ESTs) analysis of mycorrhizas and mycelium of Pisolithus microcarpus (Cooke &
Massee) G. Cunn., but only little information is available. In particular, a single

transcript was identified in P. microcarpus as deriving from a double-stranded RNA

mycovirus, infecting the root rot fungus Helicobasidium mompa Nobuj. Tanaka,

named Helicobasidium mompa partitivirus V70 and classified as a member of the

genus Alphapartitivirus within the Partitiviridae family (Osaki et al. 2002). The

transcript seemed to be highly expressed in both mycelial and mycorrhizal tissues

of P. microcarpus (Peter et al. 2003).
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20.4.1 Mycoviruses of True Truffles

Only three different viruses have been reported to infect Tuber aestivum Vittad. and

another to infect Tuber excavatum Vittad.; described infections are apparently

symptomless as no alterations on morphology of the colonised fruiting bodies or

mycelia were detected. However, recently, a mycovirus was found in Tuber
magnatum Pico, which may be associated with the decay of its ascomata. Addi-

tionally, several sequences of putative replication initiation protein (Rep) related to

geminivirus Rep (plant viruses with small circular single-stranded DNA genome)

have been identified in the genome of Tuber melanosporum Vittad. (Périgord

truffle) by systematic search for sequences related to circular single-stranded

DNA (ssDNA) viruses in publicly available eukaryotic genome databases. The

evolutionary meaning of these viral gene transfer into the eukaryotic genome of

Périgord truffle is still an open question (Liu et al. 2011).

Moreover, the sequencing of T. melanosporum genome allowed to perform

several studies on repeated sequences within its genome with particular attention

to the transposable elements (TE) with RNA intermediate. The latter, named

retrotransposons, are genetic elements that can self-amplify in a genome, are

ubiquitous components of the DNA of many eukaryotic organisms and are consid-

ered viruses in classification and nomenclature. Six different clades (Tmt1 to Tmt6)
of Gypsy retrotransposons (family Metaviridae) have been identified in Périgord

truffle corresponding to more than 10% of its genome (Riccioni et al. 2008; Payen

2015). Gypsy retrotransposon clades identified are not expressed, except for one

Tmt1 element, but they contributed greatly to shape the T. melanosporum genome

and also showed high genetic diversity rate among geographic accessions (Payen

2015). Around 58% of the Périgord truffle genome consists of TE, half of which are

retrotransposons; therefore, the impact of their activity needs to be addressed in true

truffles (Martin et al. 2010).

20.4.1.1 Mycoviruses of T. aestivum

The first virus reported on T. aestivum which also represents the first evidence for

the presence of mycoviruses in ECM fungi belonging to the phylum Ascomycota

was isolated from an ascoma collected in a Hungarian-mixed beech forest. The

virus, named Tuber aestivum virus 1 (TaV1), is 4587 bp in length and possesses two
open reading frames (ORFs) encoding for the coat protein (CP) and

RNA-dependent RNA polymerase (RdRp) sharing high similarity with members

of the genus Totivirus within the family Totiviridae (Stielow and Menzel 2010).

The same authors also reported, from mixed oak forests in different Hungarian

regions, two distinct T. aestivum fruiting bodies infected one by a new endornavirus

and the other by a new mitovirus species. The endornavirus, for which the name

Tuber aestivum endornavirus (TaEV) was proposed, has a genome 9760 bp in
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length with a single ORF encoding for a 364.1 kDa polyprotein and lacks a capsid

protein (Stielow et al. 2011a).

Similarly, a dsRNA fragment of 3480 bp was isolated from an ascoma of black

truffle. Genomic characteristics suggest that it belongs to the genusMitovirus, and it
was tentatively named Tuber aestivum mitovirus (TaMV). The single ORF present

in the genome encodes for a 71.3 kDa protein that shares identity ranging from 11.3

to 26.1% with other members of the genus (Stielow et al. 2011b).

20.4.1.2 Mycoviruses of T. excavatum

To date, the only virus reported from the species T. excavatum has been identified in

an ascoma collected in a mixed beech forest in Germany. The dsRNA genome is

3305 bp long and sequence analysis classified it within the genusMitovirus, and for
this reason, the name Tuber excavatum mitovirus (TeMV) was proposed. The

single ORF present in the genome encodes for a protein with calculated molecular

mass of 88.27 kDa sharing a sequence identity ranging from 11.0 to 23.6% with the

other members of the genus. In particular, an amino acid identity of 22% can be

calculated between ORF products of TeMV and TaMV (Stielow et al. 2012)

20.4.1.3 Mycoviruses of T. magnatum

To our knowledge, no viruses have been reported infecting T. magnatum with the

exception of a recent identification of a new viral agent isolated from symptomatic

fruiting bodies (unpublished results). Ascomata showing suberised consistency and

brown spots irregularly distributed on the peridium have been collected in Italy and

subjected to dsRNA extraction (Fig. 20.1b). Electrophoretic separation evidenced a

single fragment of about 17 kbp not detected in symptomless samples. Random

amplification of dsRNA fragment resulted in a sequence of 1327 kbp that showed

significant nucleotide identity with mycoviruses. In particular, the sequence

obtained shares identity ranging from 30 to 40% with recognised members of the

genus Endornavirus suggesting the existence of a new viral species within this

genus that infect T. magnatum. Highest identity (54%) has been calculated between

the sequence obtained and the sequence of TaEV previously reported on

T. aestivum (Stielow et al. 2011a). Additional studies are being carried out in

order to completely characterise the identified virus for which the name Tuber

magnatum endornavirus (TmEV) is proposed.
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20.5 Conclusions

Micovirology of true truffle is an extremely young discipline, and only in recent

years, it was demonstrated that these fungi are also hosts of several viral agents. As

for other mycoviruses, the knowledge about how they interfere with the fungal

(truffle) metabolism is still poorly understood. In particular, very little is known

regarding the impact of mycoviruses on the evolution, adaptation and diversity of

fungi and if they can spread in nature by ways different from spores or anastomosis.

The increasing number of viral infection reported in fungi suggests that also viral

agents able to infect truffles are more common than initially thought. Moreover, as

for most mycoviruses, most of these infections are probably latent, unable to induce

any phenotypic changes and therefore to raise the attention of the scientific

community.

Many examples regarding devastating viral diseases of mushrooms suggest that

we should not underestimate the potential risk of viral infection in truffles. La

France and MVX diseases are known, in fact, to be responsible of extensive crop

losses in the A. bisporus production, and different viral infections have been

demonstrated to be related with symptomatic fruiting bodies of the most important

cultivated mushrooms.

Moreover, four latent viruses have been described to infect fungi of the genus

Tuber, and recently symptoms on ascomata of T. magnatum have been associated to

a viral agent under characterisation. We cannot exclude that still unknown viral

infections may play a role in some alterations that would reduce the economic value

of ascomata. It is well known that low-quality fruiting bodies are often used for

plant inoculations increasing the risk of spreading viral agents, eventually present in

the inoculum, in new plants and in new areas. Altogether this aspects call for the

need to improve knowledge regarding the viral population of true truffle worldwide,

in particular considering the high economic impact of this crop.
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Part IV

Spore Dispersal



Chapter 21

Truffles and Small Mammals

Alexander Urban

21.1 Introduction

Truffles completely depend on mycophagist animals for spore dispersal because

they have lost the ability to forcefully eject their spores. Among mycophagist

animals, small mammals are the most important (Trappe et al. 2009).

Small mammals feeding on true truffles (Tuber spp.) are as diverse as the

habitats where truffles grow—from rangelands to thermophilic oak forests and

from conifer mountain forest to alpine tundra (references in Table 21.1). They are

different in terms of evolutionary history, habitat use, foraging behaviour, dietary

preferences and digestive physiology. Most mammal species considered as obligate

or preferential mycophagists are small; their body mass is typically about or (much)

less than 1 kg (Johnson 1996; Claridge and Trappe 2005; Maser et al. 2008).

The identification of fungi consumed by mycophagists is facilitated by charac-

teristic microscopic features of the spores of hypogeous fungi, which can be found

abundantly in gut contents and fecal pellets of small mammal mycophagists.

However, in microscopy-based studies, taxonomic resolution is typically limited

at the level of genera or species groups (Table 21.1). By isolation of DNA from

spores contained in fecal pellets (Schickmann et al. 2011) and by application of

metabarcoding technologies, these limitations will be overcome, as soon as reliable

reference sequences of hypogeous fungal species from diverse genera and regions

will be available.

In this chapter the diversity of small mammals feeding on true truffles and their

potential adaptations and specific capacities linked to mycophagy are discussed.
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Table 21.1 Small mammal species reported to feed on true truffles

Taxon

Common

name Distribution Category References

Insectivora,

Soricidae,

Soricinae

Sorex araneus Common

shrew

W-Eurasia Opportunistic Schickmann et al. (2012)

Sorex minutus Eurasian

pigmy

shrew

W-Eurasia Opportunistic Kataržytė and Kutorga

(2011), Schickmann

et al. (2012)

Lagomorpha,

Leporidae,

Leporinae

Lepus californicus Black-

tailed

jackrabbit

N-Am Opportunistic?* Maser et al. (1988)

Lepus townsendii White-

tailed

jackrabbit

N-Am Opportunistic?* Maser et al. (1988)

Sylvilagus nuttallii Mountain

cottontail

N-Am Opportunistic Maser et al. (1988)

Lagomorpha,

Ochotonidae,

Ochotoninae

Ochotona princeps Pika or

rock rabbit

N-Am Opportunistic Cázares and Trappe

(1994)

Rodentia,

Cricetidae,

Arvicolinae

Microtus agrestis Field vole Eurasia Opportunistic Schickmann et al. (2012)

Microtus
californicus

California

vole

N-Am Preferential/

obligate

Frank et al. (2008)

Myodes
californicus
californicus

Western

red-backed

vole

N-Am Obligate Maser and Maser (1988)

Myodes
californicus
mazama

Mazama

red-backed

vole

N-Am Preferential Maser and Maser (1988)

Myodes
californicus/
gapperi

Red-

backed

voles

N-Am Preferential Jacobs and Luoma

(2008)

Myodes gapperi Southern

red-backed

vole

N-Am Preferential Maser and Maser (1988),

Pastor et al. (1996),

Terwilliger and Pastor

(1999)

Myodes glareolus Bank vole W-Eurasia Preferential Dr�ożdż (1966),
Kataržytė and Kutorga

(2011), Schickmann

et al. (2012)

(continued)
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Table 21.1 (continued)

Taxon

Common

name Distribution Category References

Rodentia,

Cricetidae,

Neotominae

Neotoma fuscipes Dusky-

footed

woodrat

N-Am Opportunistic Linsdale and Tevis

(1951), Fogel and Trappe

(1978)

Peromyscus
leucopus

White-

footed

mouse

N-Am Opportunistic Maser and Maser (1987),

Frank et al. (2008), Sidlar

(2012)

Peromyscus
maniculatus

Deer

mouse

N-Am Opportunistic Maser and Maser (1987)

Peromyscus truei Pinyon

mouse

N-Am Opportunistic Maser and Maser (1987)

Reithrodontomys
megalotis

Western

harvest

mouse

N-Am Opportunistic?* Frank et al. (2008)

Rodentia,

Geomyidae,

Geomyinae

Thomomys bottae Botta’s
pocket

gopher

N-Am Opportunistic?* Taylor et al. (2009)

Rodentia, Gliridae,

Glirinae

Glis glis Fat

dormouse

Europe,

W-Asia

Opportunistic Schickmann et al. (2012)

Rodentia, Muridae,

Murinae

Apodemus
flavicollis

Yellow-

necked

mouse

Europe,

W-Asia

Opportunistic Schickmann et al. (2012)

Rodentia,

Sciuridae,

Sciurinae

Glaucomys
sabrinus

Northern

flying

squirrel

N-Am Preferential Carey (1995),

Rosentreter et al. (1997),

Currah et al. (2000),

Lehmkuhl et al. (2004),

Gomez et al. (2005),

Jacobs and Luoma

(2008)

Sciurus aberti Tassel-

eared

squirrel

N-Am Preferential Kotter and Farentinos

(1984), Dodd

et al. (2003)

Sciurus griseus Western

gray

squirrel

N-Am Preferential Maser et al. (1988)

(continued)
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The nutritional qualities of true truffles are also summarized and confronted with

digestive capacities and food preferences of small mammals.

21.2 Diversity of Small Mammals Feeding on True Truffles

Small mammal mycophagy of true truffles is present in various families of rodents;

few reports are available for insectivores and lagomorphs. These orders are present

across continents in the northern hemisphere. Small mammal species and genera

differ considerably between the Palearctic and Nearctic regions (Wallace 1894).

The rodents comprise the majority of species reported to feed on truffles,

including many preferential mycophagists. In the partly arboricolous voles of the

genus Myodes (Cricetidae-Arvicolinae), mycophagy is of particular importance, in

both North America (N-Am) and Europe. Three species (M. californicus,
M. gapperi, M. glareolus) are considered as preferential mycophagists,

M. californicus subsp. californicus even as obligately mycophagous (Maser and

Maser 1988; Trappe et al. 2009). There is important variation in the degree of

mycophagy inMyodes spp. across habitats, latitudes and altitudes, at the population
level and at the subspecies level, in Europe and in N-Am (Hansson 1985; Maser and

Table 21.1 (continued)

Taxon

Common

name Distribution Category References

Sciurus vulgaris Red

squirrel

Europe Preferential?* unpubl. observation,

Brive, SW France

Tamiasciurus
hudsonicus

Red

squirrel

N-Am Preferential Currah et al. (2000),

Vernes et al. (2004),

Sidlar (2012)

Rodentia,

Sciuridae, Xerinae

Callospermophilus
lateralis

Golden-

mantled

ground

squirrel

N-Am Preferential Maser et al. (1988)

Marmota caligata Hoary

marmot

N-Am Opportunistic Cázares and Trappe

(1994)

Neotamias
amoenus

Yellow-

pine

chipmunk

N-Am Preferential Sidlar (2012)

Neotamias siskiyou Siskiyou

chipmunk

N-Am Preferential Kotter and Farentinos

(1984)

Neotamias
townsendii

Townsend

chipmunk

N-Am Preferential Maser et al. (1988),

Jacobs and Luoma

(2008)

Category of mycophagy (occasional, preferential, obligate) according to Claridge and Trappe

(2005), Trappe et al. (2009) and Schickmann et al. (2012) or proposed here (*)

N-Am¼North America
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Maser 1988), depending on the locally available choice of feed. Myodes
californicus subsp. californicus, which inhabits conifer forests in the Coastal

Ranges of Northern California and Western Oregon, was found more strictly

mycophagous than subsp. mazama, which lives at higher elevations in the Cascade

Range, feeding mostly on lichens during winter. Myodes gapperi subsp.

cascadensis sampled in conifer forests in the Pacific Northwest was found to

have ingested more and more diverse hypogeous fungi than other subspecies living

in mixed and deciduous forests in the Central and Eastern USA (Maser and Maser

1988). Myodes spp. prefer woodlands with abundant ground cover to escape

predation. The ground-dwelling and largely herbivorous voles of the genus

Microtus were found to feed on truffles, too, in both N-Am and Europe; some

species were classified as preferential or opportunistic mycophagists. At least in

Central Europe they appear to be less mycophagous thanMyodes spp. (Schickmann

et al. 2012).

The Cricetidae-Neotominae diversified in the Nearctic, where some forest-

dwelling species occupy ecological niches which are inhabited by wood mice

(Muridae) in the old world. Species of the genera Neotoma and Peromyscus
(Neotominae) were found to feed on true truffles, as was Apodemus sylvaticus
(Muridae) in the Palaearctic (Schickmann et al. 2012).

Pocket gophers (Geomyidae) are burrowing occasional mycophagists living in

North and Central America (Maser et al. 1988; Taylor et al. 2009). These medium

small mammals (body mass ~ 120–250 g) are herbivorous and moderately long

lived.

Murids, the most species-rich family of rodents and mammals, diversified in

Eurasia, Africa and Australia. The yellow-necked mouse (Apodemus flavicollis)
was found to feed on two different truffle species in Austria, Europe (from

Puberulum group and Rufum group; Schickmann et al. 2012). The diversity of

the fungal diet of A. flavicollis was only second to the bank vole, M. glareolus;
however, the degree of mycophagy was significantly lower in the former

(Schickmann et al. 2012). Apodemus flavicollis are excellent tree climbers; they

use their habitat versatilely and exploit various highly nutritious food sources rather

opportunistically. The species can be found in different types of forest and also in

more open habitat. It was found abundant in early successional regeneration on a

windthrow site (Schickmann et al. 2012), indicating that this species may be

important for spore dispersal to disturbed forest sites, thereby potentially promoting

forest regeneration by increasing available ectomycorrhizal (ECM) fungal

diversity.

Most arvicoline rodents are herbivorous, while murine rodents require a richer

diet including seeds and invertebrate prey. Anatomy, habitat use and feeding

ecology of bank voles are intermediate between other arvicolids and the murine

Apodemus spp. (Dr�ożdż 1966; Butet and Delettre 2011).

The arboricolous and relatively long-lived Glirids are restricted to the old world;

mycophagy including feeding on Tuber sp. was demonstrated recently for the fat

dormouse (Glis glis; Schickmann et al. 2012). Sciurids are particularly diverse in

N-Am, and many are considered preferential mycophagists. Consumption of true
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truffles was reported in the Sciurinae, tree squirrels of the genus Sciurus, red pine

squirrels (Tamiasciurus hudsonicus) and the northern flying squirrel (Glaucomys
sabrinus) and in the Xerinae, chipmunks (Neotamias spp.), mantled ground squirrel

(Callospermophilus lateralis) and hoary marmot (Marmota caligata) (Table 21.1).
In Europe, reports on mycophagy in sciurids are limited to Sciurus vulgaris, which
has been known for long to collect, cache and consume fungi (Kumerloeve 1968;

Gr€onwall and Pehrson 1984; Lurz and South 1998; Bertolino et al. 2004). Con-

sumption of Tuber melanosporum Vittad. by S. vulgaris was observed by a truffle

grower in SW France (pers comm, Brive, France, 2013).

The fat dormouse and some sciurids are deep hibernators, e.g. marmots and

certain ground squirrels. Most notorious mycophagists among the Sciurinae, such

as G. sabrinus or S. vulgaris, do not hibernate. Food caching and hoarding,

including truffles (Vernes and Poirier 2007) is a common survival strategy.

Shrews (Sorex spp.) are very small mammals feeding predominantly on inver-

tebrate prey, which were only recently reported to consume Tuber spp. (Kataržytė
and Kutorga 2011; Schickmann et al. 2012). Previously, soricids had been known to

feed on Endogone spp. and Glomeromycota (Whitaker and Maser 1976; Maser

et al. 1978). Ingestion of truffle spores by shrews was suspected to be an accidental

side effect of preying on mycophagous invertebrates (Fogel and Trappe 1978;

Schickmann et al. 2012). However, the quantity of truffle spores in fecal pellets

was comparable in Apodemus spp. and Sorex spp. (Schickmann et al. 2012). High

spore numbers of Tuber sp. and of some Russulaceae rather indicate direct con-

sumption of fungal fruiting bodies, albeit possibly infested with insect larvae.

Therefore, Sorex spp. were considered as selective occasional mycophagists

(Schickmann et al. 2012). Inclusion of Tuber spp. in the diet of Sorex spp. is

consistent with relatively high nutritional quality of true truffles (see below).

Maser et al. (1988) and Cázares and Trappe (1994) report the consumption of

true truffles by Leporids and Ochotonids, respectively (Lagomorpha). Mycopha-

gous small mammals in other orders (e.g. opossums, Didelphimorphia) might

consume true truffles, too, but this has not been documented yet.

21.3 Potential Adaptations to Mycophagy and Life History

Traits of Small Mammals

Mycophagy requires specific capacities, such as detection of truffles, recognition of

edible versus poisonous fungi and effective digestion of fungal biomass. The

diversity of mycophagous small mammals (Table 21.1) and the frequency of

opportunistic and preferential mycophagy suggest that the adaptive value of

mycophagy is commonly sufficient to compensate for the costs associated with

adaptations to this diet. Small mammals might be preadapted for mycophagy,

e.g. by a well-developed sense of smell, and specific capacities improving the

benefits of mycophagy be acquired gradually. Obligate mycophagy, as reported
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for M. californicus subsp. californicus, a species with relatively fragile teeth not

suitable for more abrasive food items of plant origin, appears to be very rare

(Claridge and Trappe 2005). Preferential or occasional mycophagists avoid the

risks of strict specialization and respond to the availability of diverse resources in a

more versatile, flexible manner.

Life history traits of preferentially mycophagous small mammals are diverse.

G. sabrinus has characteristic traits of K-selected species (sensu MacArthur and

Wilson 1967): relative longevity, late reproduction, low annual fecundity, a long

period of maternal investment and density-dependent population growth (Smith

2007). Similar life cycle characteristics are found among other tree squirrels

(Sciurinae) and in the arboricolous G. glis. Longevity and associated traits of

K-selection were attributed to reduced mortality by predation, as facilitated by

arboreality (Shattuck and Williams 2010), and, more specifically, by gliding

(Holmes and Austad 1994).

Most very small mycophagous mammals, such as red-backed voles (Myodes
spp.), wood mice (Apodemus spp.) and forest-dwelling shrews (Sorex spp.), share

characteristics of r-selected species: short lifespans of 1–2 seasons and prolific

reproduction resulting in highly fluctuating populations, typically peaking in

autumn (Gliwicz and Taylor 2002). Fast life cycles are considered a response to

high extrinsic mortality rates, and furthermore they facilitate rapid adaptation of

population sizes to food abundance (Bielby et al. 2007).

Body size, energetics and life history traits are generally correlated (Lovegrove

2000). Kleiber’s law describes the relationship of body mass and metabolic energy

demand, scaling with the three-fourth power of size. The metabolic cost of endo-

thermy is increasingly high in temperate, boreal and subarctic regions, since mass-

specific metabolic rates increase with decreasing body size and with increasing

latitude. Small mammals in the Palearctic and Nearctic, which comprise most of the

known distribution area of the genus Tuber, have particularly high size-corrected

basal metabolic rates, compared to other zoogeographical zones (Lovegrove 2000).

Allometric theory predicts that the digestive capacity of small mammals is

constrained by body size and energy demands and that they need to select diets of

high digestibility and nutrient quality (Johnson 1996), consistent with the observa-

tion that the lower limit of miniaturization of herbivorous mammals (e.g.Microtus)
is at about 15 g (Gliwicz and Taylor 2002).

Extremely small mycophagous mammals such as Sorex spp. may be most

informative concerning size-related physiological and ecological constraints acting

in evolution. Shrews are highly specialized predators of invertebrates; body sizes

are at the lower limit of mammal body size distribution (e.g. S. minutus, body
mass ~ 4 g), and lifespans are short, typically less than 18 months. Mass-specific

metabolic rates are extremely high; therefore, shrews require a high and continuous

supply of highly nutritious food. Shrews consume up to 200% of their body weight

per day and can’t afford extensive alimentary tracts or extended periods of gut

passage. Without access to food, the animals starve rapidly (Hanski 1984). Shrews

do not accumulate body fat reserves; nearly all the adipose tissue is brown adipose

tissue, which serves for converting metabolic energy into thermal energy by
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non-shivering thermogenesis (Nieminen and Hyvärinen 2000). Hibernation is

absent in shrews; instead, they continue foraging throughout winter, when energy

costs of maintaining homeothermy are highest. A reduction of energy requirements

is achieved by shrinking body size during winter (Hanski 1984). Short-time food

caches assist in securing a continuous food supply.

Due to a solitary lifestyle, strict territoriality and short lifespan, Sorex spp. are

unlikely to adapt their diet choice by learning; foraging behaviour most probably

relies on innate and algorithmic cues. Poorly differentiated digestive systems

resulting in limited capacity of digestion suggest that extremely small mammals

are constrained to select diets of high digestibility and nutrient quality. These

constraints are consistent with selective mycophagy on a subset of truffle species

observed in Sorex spp. (Schickmann et al. 2012). The finding that the predomi-

nantly insectivorous shrews use truffles as a food source challenges the view that

these are of low nutritional quality and raises the question whether shrews select

truffle species of highest nutritional quality.

Preferential mycophagists are found along the entire r-K continuum in rodents,

from G. sabrinus, an outstanding example of K-selection, to the mostly r-selected

mammals of very small body size. Apparently, the mutualistic relationship between

hypogeous fungi and small mammals is flexible and robust enough to be largely

independent of the life cycle traits of main mycophagists. The evolution of life

cycle characteristics appears to be lineage specific (phylogenetically conserved)

and driven by top-down control (predation) rather than by bottom-up factors (food

choice and supply; Prevedello et al. 2013).

Daily torpor and hibernation are widespread strategies to save energy in times of

food shortage by temporarily abandoning euthermia. Hibernation results in a

seasonal interruption of foraging, in contrast to daily torpor. Hibernation is rare

or absent among very small mammals, such as Myodes spp., Apodemus spp. and
Sorex spp., and among tree squirrels (Sciurinae), but common in ground squirrels

(Xerinae), including preferential mycophagists such as C. lateralis (Ruf and Geiser
2015). Glis glis, an exemplary hibernator, was recently confirmed as mycophagous

(Schickmann et al. 2012).

21.4 Truffles as a Diet

The nutritional quality of hypogeous fungi was discussed controversially (Claridge

and Trappe 2005). Various lines of evidence and theoretical considerations support

the dietary relevance of mycophagy in situ: (1) Fungi account for a major part of the

food of certain small mammal species (e.g. 72% of the yearly dietary volume in

Eutamias townsendii; Fogel and Trappe 1978). (2) Positive relationships between

the degree of mycophagy and diverse fitness parameters were observed,

e.g. acquisition of hibernation fat in Eutamias chipmunks (Tevis 1952), body

condition and fecundity of Tasmanian bettong (Bettongia gaimardii; Johnson

1994) and juvenile recruitment in Sciurus alberti (Dodd et al. 2003). (3) Truffle
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abundance and frequency was found to be the best predictor of population density

of the highly mycophagous northern flying squirrel in Douglas-fir forests of various

habitat characteristics (Gomez et al. 2005). (4) Isotopic evidence suggests that most

organic C and nearly all N is derived from hypogeous fungi in the northern bettong

(Bettongia tropica) (McIlwee and Johnson 1998). (5) The nutrient composition of

fungi is complementary to a plant-based diet and can compensate for potential

deficiencies of the latter concerning amino acid composition, vitamin D and trace

minerals such as selenium (Claridge and Trappe 2005). (6) Fungi are present in

habitats such as dense forests where other food source of high nutritional quality is

scarce or highly seasonal. (7) The net nutritional value of truffles depends on

foraging costs, which may be relatively low in terms of energy, time and predation

risk when feeding on truffles (Fogel and Trappe 1978). (8) Seasonal and annual

variation in fungal fruiting body production is relatively independent from variation

of other major food items, e.g. mast; mycophagy can compensate for poor mast.

Survival in times of hardiness and during population bottlenecks is of high selective

value.

The risks and drawbacks of mycophagy need to be considered, too: many species

of macrofungi are toxic, particularly when consumed raw; therefore, recognition of

edible species is critical. Seasonal and annual variations in fungal fruiting are high,

and nutrient availability is limited.

Experimental evidence from feeding experiments with captive small mammals

showed negative (Cork and Kenagy 1989a) or marginally positive (Claridge and

Cork 1994; Bozinovic and Mu~noz-Pedreros 1995; Dubay et al. 2008) balances for

N and energy, depending on the selection and diversity of species tested. Mixed

diets of plant and fungal material were modelled to provide a more balanced

nutrition than monospecific diets (Bozinovic and Mu~noz-Pedreros 1995): truffle

diversity is likely to be essential for the mycophagists’ nutrition, consistent with the
diversity of fungal species observed in many studies of mycophagy (e.g. Carey

et al. 2002). Infestation of fungal fruiting bodies with insect larvae may provide a

supplementary nutrient source (Bozinovic and Mu~noz-Pedreros 1995). Even if the

quantitative contribution of mycophagy to nutrition is limited (occasional mycoph-

agy), fungi might serve as a dietary supplement which provides rare nutrients (see

below).

21.5 Nutritional Value and Absence of Toxicity in True

Truffles

Available data indicate a wide range of nutritional value within the diversity of

epigeous and hypogeous fungi (Wallis et al. 2012) and within the genus Tuber.
Orczán et al. (2012) found considerable differences in the mineral composition of

diverse ascomycete and basidiomycete genera of hypogeous fungi. Notably, culi-

nary species in the genera Tuber and Mattirolomyces had higher contents of P, K
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and Ca compared to other hypogeous fungi. Dry weight soluble protein content in

ascomata of four culinary truffle species ranged between 8.7� 0.83% for T.
melanosporum and 25.0� 0.86% for Tuber magnatum Pico. Values for Tuber
aestivum Vittad. and Tuber borchii Vittad. were intermediate. Proteins were of

high digestibility (Saltarelli et al. 2008), containing all essential amino acids

including some (methionine, cystine, tryptophan and lysine) which are commonly

limiting in many food sources of plant origin (Coli et al. 1990). Antioxidant activity

of phenolic compounds contained in culinary truffles may offer additional fitness

benefits (Villares et al. 2012).

True truffles are not toxic to humans, even when consumed raw. Edibility of

fresh, untreated fungi is rather the exception than the rule. Among the epigeous

relatives of truffles, Helvella and Gyromitra are known to cause various symptoms

of intoxication when ingested raw or insufficiently processed. Gyromitrin was

identified as causative agent of intoxications with Gyromitra esculenta (Pers.)

Fr. (List and Luft 1968) and later found in many other ascomycetes (Andary

et al. 1985), including Helvella spp. Gyromitrin is unstable and releases the toxic

volatile monomethylhydrazine. It seems that gyromitrin is effective in preventing

the consumption of these fungi by mammals, since traces of mammal mycophagy

are usually absent even when Gyromitra or Helvella fruit abundantly (Alexander

Urban, unpublished observation). Given the phylogenetic relationships of

Discinaceae, Helvellaceae and Tuberaceae (e.g. Læssøe and Hansen 2007), it is

possible that the epigeous ancestors of Tuberaceae contained gyromitrin and that

the absence of gyromitrin in true truffles is an adaptation to mycophagy.

21.6 Digestion

Relatively simple gastrointestinal systems and short processing times suffice to

digest high-quality forage. With decreasing digestibility and increasing fibre con-

tent, optimal digestion time and the importance of fermentation by gastrointestinal

microbes increase. To satisfy their high mass-specific energy requirements, small

mammals can increase throughput at the expense of optimal digestion efficiency.

When analyzing fecal pellets of small rodents, starch granules staining with Lugol’s
iodine solution can be observed rather frequently, indicating that digestion is not

perfect.

The preferential mycophagists M. gapperi and G. sabrinus reach about 70%

mean dry matter digestibility when feeding on diverse hypogeous fungi (Dubay

et al. 2008). Nitrogen digestibility was 12.3% and 24.9% for squirrels and voles,

respectively, confirming that most nitrogen was indigestible (Cork and Kenagy

1989a). Claridge et al. (1999) found thatM. californicus and G. sabrinus were able
to digest approximately 67% and 66%, respectively, of the dry matter from fruiting

bodies of Rhizopogon vinicolor A.H. Sm. Apparent N digestibility was 35% and

11% for voles and squirrels, respectively. The greater assimilation of fungal N by

voles than by the much larger squirrels indicates that the digestive systems of voles
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are very effective relative to their body size (Claridge et al. 1999; Dubay

et al. 2008). The golden-mantled ground squirrel (C. lateralis) lost weight when
fed with Elaphomyces granulatus Fr.; dry matter digestibility was approximately

60% (Cork and Kenagy 1989a).

In addition to allometric constraints, important variation in the digestive capac-

ities and nutritional requirements of small mammals of comparable size was found,

linked to evolutionary history and specific adaptations of dietary physiology and

anatomy. Differences in food choice and digestive capacity between arvicolid and

murine rodents may serve as an example. The arvicolid bank voles, recently

confirmed as preferential mycophagists (Schickmann et al. 2012), have a better

capacity to digest low-energy food than the murid Apodemus spp. (Butet and

Delettre 2011). Voles were found more effective in extracting N from fungal

sources than squirrels, which may be explained by specific adaptations of the

caecum. Maintenance nitrogen requirements in flying squirrels were lower than

predicted by allometric equation. Northern flying squirrels did not prefer diets high

in N, in contrast to red-backed voles. Saving nutrients might be an alternative

strategy which allows to subsist during winter on poorer alternative food sources

such as lichens (Dubay et al. 2008). Among mycophagous marsupials, a differen-

tiated foregut is a common adaptation to improve the digestion of fungal forage

(Claridge and Cork 1994).

Concentrate selection is a successful strategy of combining high throughput with

high digestion efficiency. In concentrate selecting hindgut fermenters, increasing

use of fibrous diets correlates with increasing relative size and complexity of the

caecum and/or proximal colon which facilitate the selective retention of solutes and

small particles (Cork 1994). Microtine rodents which have complex hindguts and

separate digesta in the caecum are able to use food of low digestibility (down to

30%). Intakes of dry matter by sciurids and murids, which apparently lack separa-

tion mechanisms, are consistently lower than those of microtines at digestibilities

below ~ 70%. Caecotrophy is typically combined with coprophagy (Sakaguchi

2003).

The gut systems of the insectivorous shrews differ importantly from the rodents:

the post-gastric tract is relatively short (2–6� head and body length), the caecum is

reduced or absent, differentiation between small and large intestines is small and

retention times are short, to cope with the extremely high mass-specific energy

demands of shrews. These adaptations imply that high-quality food is needed for

efficient digestion. Selectivity of mycophagy in shrews (Schickmann et al. 2012)

may be a response to their specific requirements of higher-quality food. It is

noteworthy that Tuber sp. was highly preferred by Sorex minutus (Schickmann

et al. 2012), one of the smallest and probably most demanding species.

21 Truffles and Small Mammals 363



21.7 Food Choice: Selection of True Truffles?

There is variation in olfactory signals, nutrient content, seasonal availability,

abundance and size among and within genera of hypogeous fungi. The question

arises whether harvest and consumption of hypogeous fungi are neutral or selective

(Johnson 1994). Theory would suggest that mycophagists preferentially forage for

easily detectable, abundant and nutrient-rich fruiting bodies. Over evolutionary

timescales, selection by mycophagist may have resulted in increased attractivity.

From an anthropocentric perspective, culinary truffles are most attractive. This

appreciation appears to be supported by data on the nutrient content of truffles

(Orczán et al. 2012). Do small mammal mycophagists prefer the genus Tuber and,
more specifically, the culinary species?

Glaucomys sabrinus was frequently reported to consume a diverse array of

hypogeous fungi, but with a consistent preference for certain basidiomycete genera

rich in P and K (Gautieria, Rhizopogon, Gastroboletus) (Zabel and Waters 1997;

Lehmkuhl et al. 2004; Meyer et al. 2005; Dubay et al. 2008). True truffles appeared

to be negatively selected by G. sabrinus (Gomez et al. 2005). Red-backed voles

(M. gapperi) preferentially ingested Hydnotrya variiformis Gilkey, which is rich in
N and lipids (Dubay et al. 2008). Schickmann et al. (2012) found that a species of

Puberulum group was highly preferred by S. minutus.

21.8 Foraging Behaviour in Small Mammals and Dispersal

of Truffle Spores

True truffles were detected in many studies of small mammal mycophagy

(Table 21.1), but mostly at relatively low frequency (0.1–5%), compared to the

most abundant hypogeous basidiomycetes (e.g. Rhizopogon spp. in some conifer-

ous forests). Seasonal, annual and habitat-specific variations of Tuber spore fre-

quency are high and likely reflect variation in truffle availability. In addition,

abundance of alternative diets (e. g. mast) influences foraging behaviour and food

choice in the highly versatile small mammals. Low frequency implies that detection

probability is highly dependent on sampling density, leaving an important role to

chance and stochastic variation. In many studies, detection of Tuber spp. was site or
season specific, in contrast to other, more frequent basidiomycete genera. Studies in

ecosystems where true truffles are dominant, including plantations, are needed to

obtain more data on mycophagy and true truffles.

Foraging behaviour of many small mammal species is highly flexible and

adaptive. Home range size, microhabitat use and foraging behaviour influence the

retrieval of truffles and the dispersal of truffle spores. Small mammals most likely

rely on olfactory (Talou et al. 1990; Donaldson and Stoddart 1994) and tactile

sensory perception when foraging for truffles. The visual sense is well developed in

more arboreal species and may be reduced in strictly ground-dwelling species.
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Evolution of a high degree of mycophagy can evolve in species with different

habitat use; a ground-dwelling lifestyle of small mammals does not necessarily

imply a higher degree of mycophagy, compared to more arboreal species. Many

avid small mammal mycophagists are tree climbers (e.g. tree squirrels and flying

squirrels, common dormouse, wood mice and, to some extent, bank voles) and most

are nocturnal. Home range size, habitat use and complexity of foraging behaviour

vary with body size, dietary specialization and phylogenetic affinity of small

mammals. Small rodents are important prey of various predators, including diverse

carnivores and birds of prey. Predation of mycophagists may result in accidental

spore dispersal over longer distances, since the home ranges of predators are usually

much larger than the home ranges of their prey.

Small mammals appear to be very efficient in locating hypogeous fungi of

different species, and at least some species of hypogeous fungi are consumed

quantitatively (Johnson 1994). Typically, small mammals consume more different

species of hypogeous fungi than a specialized mycologist can find in a given area

(Johnson 1996; Schickmann et al. 2012); therefore, the study of mycophagy holds

promise in providing new data on local diversity and biogeography of hypogeous

fungi. The diversity of fungal spores contained in fecal pellets may have multiple

reasons: some small mammal species most likely eat all species they find and

recognize as edible, to minimize foraging effort; in that case the diversity of

fungi ingested would be representative of the diversity of fungal species encoun-

tered. Some species, such as G. sabrinus, select the most preferred species (Zabel

and Waters 1997; Lehmkuhl et al. 2004; Meyer et al. 2005; Dubay et al. 2008). The

diversity of spores encountered in fecal pellets may be higher than the diversity of

fungi consumed at a given time, due to long retention times and mixing of fungal

spores in the caecum. Cork and Kenagy (1989b) calculated mean retention times of

E. granulatus spores in the gut systems of golden-mantled ground squirrels

(Spermophilus saturatus; 31.8� 2.4 h) and deer mice (Peromyscus maniculatus;
12.0� 2.4 h). Ninety-five percent egestion required 52� 2 h in S. saturatus. Spore
retention in the digestive tract of mycophagous rodents affects the temporal and

spatial dynamics of spore dispersal (Danks 2012) and may result in an

overestimation of the short-time diversity of truffle consumption. However, ana-

lyses of stomach contents, which can be expected to be more representative of most

recent feeding activity than spore counts in fecal pellets, typically reveal diverse

feeding habits, too (e.g. Maser and Maser 1988).

Many small mammals, including preferential mycophagists such asMyodes spp.
orG. sabrinus, cache food, either as larder hoarders or as scatter hoarders, and fungi
are no exception (Vernes and Poirier 2007). Shrews maintain short-time food

caches, to satisfy their need of continuous food supply. Squirrels dry fungi on

tree branches; sun exposure massively increases vitamin D content in dried fungi

(Maser et al. 2008). Pilferage of caches and re-caching by conspecifics or by

different animal species (e.g. birds) is not uncommon and may further extend and

entangle the mycophagy network (Maser et al. 2008).

Recognition of edible species is vital when foraging on potentially toxic food,

such as fungi. The short lifespan of very small mammals implies that individuals
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will continue to encounter new truffle species during one season or two seasons at

most. Most likely, recognition of edible fungal species is based on innate and

possibly generic olfactory clues and individual experience. The lifespan of sciurids

can extend over several years; therefore, learning, experimentation and imitation of

conspecifics might be more relevant.

21.9 Seasonality in Mycophagists and Truffles

Small mammal populations are limited by food supply and predation (Prevedello

et al. 2013). Cyclic overpopulation of small mammals and poor seed crops likely

enhance the importance of mycophagy in reducing periodical food stress (Fogel and

Trappe 1978). Seasonal build-up of rodent populations may coincide with fungal

fruiting peaks in late summer and autumn. Individual species of truffles may be

available for restricted periods only, but collectively, the production of hypogeous

fruiting bodies throughout the year provides a more reliable food resource for small

mammals (Maser and Maser 1988).

The periods of the year which are most critical for survival differ according to

overwintering strategies. In hibernating species such as G. glis and certain sciurids,
food availability in autumn and spring is most important. Small non-hibernating

species such as shrews (Sorex spp.) and red-backed voles (Myodes spp.) depend on

a continuous food supply during winter. Hoarders like many sciurids and murids

can use the available resources more flexibly.

The diversity of hibernation strategies implies that different species of small

mammals are available as vectors of truffles at different seasons. In periods of food

shortage, fungal food may be most important for survival and most readily eaten

and vectored. Seasonal variation in the availability and activity of small mammal

vectors likely is a factor of selection acting on truffle phenology.

21.10 Mycophagy, Truffles and Plant Community

Succession

Mycophagy may contribute to plant establishment and vegetation succession,

whenever supply of mycorrhizal fungal inoculum is limiting, thereby influencing

forest ecology, diversity and productivity (Johnson 1996; Maser et al. 2008;

Schickmann et al. 2012). The provision of mycorrhizal inoculum can be critical

for plant establishment during succession after major disturbances (Allen

et al. 1992). Terwilliger and Pastor (1999) demonstrated that spore dispersal of

hypogeous fungi by red-backed vole (M. gapperi) promotes the invasion of conifers

into meadows formed in abandoned, drained beaver ponds. Cázares and Trappe

(1994) showed that various mammal species are vectors of ECM hypogeous fungi
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(incl. Tuber) in successional vegetation close to a receding glacier forefront.

Schickmann et al. (2012) found specific communities of small mammals and

truffles including true truffles in early successional forest regeneration after stand-

replacing windthrow. Tuber whetstonense J.L. Frank, D. Southw. and Trappe was

frequently found in fecal pellets of small rodents trapped in Quercus garryana
Dougl. savanna at up to 35 m distance from mature oak trees. Tuber candidum
Harkn. was present as mycorrhiza in mature trees and experimental seedlings and

occasionally in fecal pellets, too (Frank et al. 2009). Tuber californicum Harkn. and

Tuber sp. were part of the ECM community developed on the roots of bioassay

seedlings grown in soil collected immediately after stand-replacing wildfire, indi-

cating that propagules of true truffle species survived the fire in the soil spore bank

(Taylor and Bruns 1999). However, it was not assessed whether these propagules

were animal-dispersed spores.

Various truffle species are found in different types and successional states of

vegetation; certain species grow best in earlier stages of forest development and are

less competitive in mature undisturbed forests with closed canopy (e.g. Schickmann

et al. 2012). If early successional and certain post-disturbance states of woodland

development are optimal for the growth of certain species of true truffles

(e.g. Schickmann et al. 2012), efficient colonization of these optimal habitats is

critical for the species’ reproduction. Different truffle species may be prevalent in

the ECM state and in the spore population dispersed by mycophagists, at least

within a given time frame (Frank et al. 2009).

Typical preferential mycophagists are adapted to living in closed forest with

abundant shelter. Small mammals have relatively small home ranges, which may

limit their dispersal potential. Therefore, their capacity to colonize and distribute

spores to massively disturbed habitats may be limited. More opportunistic species

with flexible habitat use (Maser et al. 2008; Schickmann et al. 2012) and larger

mammals (Piattoni et al. 2012) are probably more effective in colonizing such types

of habitat.

21.11 Small Mammal Mycophagy, Truffle Cultivation

and the Truffle Life Cycle

As major consumers of plant, fungal and small animal biomass, small mammals

have multiple direct and indirect effects on true truffles, their host trees and habitats,

in natural truffle grounds as in plantations. The burrowing activity of many small

mammal species disturbs the soil and is likely to be beneficial for pioneer species,

including certain species of true truffles. Soil disturbance reduces herbal vegetation

cover, potentially assisting in the formation of brûlés, and can improve water

retention, by improved infiltration and reduced capillarity (Maser et al. 2008).

Voles like the common vole (Microtus arvalis) can cause damage to host trees in

young truffle plantations, particularly when population sizes are high (Urban
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et al. 2012). Voles, like other small mammals, are important prey of many different

predators, such as various species of birds of prey, owls, red fox (Vulpes vulpes),
wildcat (Felis silvestris) and mustelids such as weasel (Mustela nivalis), European
polecat (Mustela putorius) and European badger (Meles meles). Providing habitat

for the predators is a natural way of keeping rodent populations at an acceptable

level.

Insectivorous (Sorex spp.) and omnivorous (Apodemus spp.,M. glareolus) small

mammals may improve the fitness of the truffles’ host trees by feeding on inverte-

brates, thereby reducing the pressure of herbivorous and seed-predating insects,

e.g. the curculionid Otiorhynchus spp.
In natural truffle populations, the importance of small mammal vectoring of

truffle spores for the formation of new mycelia is obvious. Gut passage might

promote germination of truffle spores, as it was observed in spores having passed

through the gut of Sus scrofa (Piattoni et al. 2014). In managed plantations,

however, the seedlings are already mycorrhized with truffles before planting.

When truffles start to grow, small mammals can consume a part of the harvest,

redistributing the spores by endozoochory. Is the continuous supply of truffle spores

necessary to maintain the productivity of a truffle plantation? This question is

linked to the life cycle and population ecology of true truffles. Murat et al. (2013)

found relatively small genets of T. melanosporum mycelia (less than 5 m distance

between ramets of the same genet) in productive truffle plantations. Genet turnover

between two consecutive years was found considerable, suggesting that the popu-

lation structure in truffle plantations is highly dynamic. More surprisingly, diverse

genets associated with one host tree were of the same mating type, reducing the

probability that genets of opposing mating type get into contact (Linde and Selmes

2012; Murat et al. 2013). This pattern raised the question of the pathways of mating

in true truffles, which were only recently reconfirmed as sexual (Paolocci

et al. 2006; Murat and Martin 2008). Small, short-lived mycelia originating from

meiospores are a possible solution. If this mechanism is true, ascospore dispersal by

animal vectors or, alternatively, by orchard management practices is essential for

truffle orchard productivity and might be compared to pollination in fruit orchards.

Alternatively or additionally, microconidia might act as spermatia. However, this

type of spores has been observed in few species of Puberulum group only, thus far

(Urban et al. 2004; Healy et al. 2013).

A potential economic drawback of mycophagy in truffle orchards is the dispersal

of non-marketable or low-value competing fungi, since mycophagists use to feed on

a variety of species of hypogeous fungi (Urban et al. 2012). It can be predicted that

following intentional and unintentional (Murat et al. 2008) introductions of true

truffles into new habitats, particularly in the southern hemisphere, many new

mycophagous mammal species (both marsupials and placentaria) will start to

feed on and disperse true truffles, and native ECM host species are likely to get

mycorrhized.
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21.12 Conclusions

True truffles, like most other hypogeous fungi, are involved in two different

mutualistic networks, mycorrhiza and mycophagy. These relationships are a key

component of forest food webs, which structure forest biodiversity and sustain

forest productivity and resilience. They existed throughout the evolution of the

genus Tuber and can be considered the ultimate causes of characteristic traits of

truffles, such as truffle odours and the absence of toxicity.

The synthesis of available literature on the feeding of small mammals on true

truffles supports a series of conclusions and hypotheses: (1) Mycophagy is wide-

spread among small mammals, involving a phylogenetically diverse array of

species, with diverse nutritional habits, life cycle traits and foraging behaviours.

Fidelity to a fungal diet is high among a subset of species and populations. In the

natural distribution range of true truffles, red-backed voles and certain species of

the squirrel family (Sciuridae) are recognized as preferential mycophagists.

(2) Small mammal mycophagy likely accounts for a large proportion of animal-

vectored spore dispersal, at least at the local level. (3) The proportion of spores of

the genus Tuber is low in most forest habitats studied thus far, dominated by

basidiomycetes. (4) The nutritional value of true truffles is relatively high, com-

pared to other food items of plant and fungal origin. (5) Nutrient assimilation from

hypogeous fungi is variable among small mammal mycophagists and appears to be

phylogenetically conserved. (6) Allometric constraints on acceptable food quality

potentially limit mycophagy in extremely small mammal species such as S. minutus
and may be at the origin of more selective mycophagy, which could be a driving

force in the evolution of nutritional quality of truffles. Information on food choice

among different species of hypogeous fungi is still limited. (7) Small mammal

mycophagy is essential for short-distance dispersal and, possibly, mating of true

truffles. (8) Progress in DNA metabarcoding of fungal communities in environ-

mental samples offers new opportunities for assessing the diversity of fungi con-

sumed by mycophagists with unprecedented taxonomic resolution.
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Kumerloeve H (1968) Über die Pilznahrung des Eichh€ornchens. Ver€off Naturwiss Vereins

Osnabr€uck 32:161–164

Læssøe T, Hansen K (2007) Truffle trouble: what happened to the Tuberales? Mycol Res 111

(9):1075–1099. doi:10.1016/j.mycres.2007.08.004
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Chapter 22

Interrelationships Between Wild Boars

(Sus scrofa) and Truffles

Federica Piattoni, Francesca Ori, Antonella Amicucci, Elena Salerni,

and Alessandra Zambonelli

22.1 Introduction

The wild boar (Sus scrofa) has its origins on islands in Southeast Asia such as

Indonesia and the Philippines (Chen et al. 2007). Fossil records show that it then

migrated to Asia and finally Europe in the early Pleistocene (Groves et al. 1997). It

is well adapted to a broad range of environments from semidesert to wetlands,

mountains, and forests which has allowed it to colonize the far west of Europe to the

far east of Asia as well as Oceania, the Americas, and Africa. It is also found on

many islands such as Japan and New Zealand and small remote islands like the

Channel Islands of California and Mexico and the subantarctic islands south of

New Zealand, having been introduced as a source of food (Challies 1975; Spitz

1999; Schley and Roper 2003; Krajick 2005; New Zealand Department of Conser-

vation 2015). Consequently, excepting man, the pig has the widest geographical

distribution of all large mammals (d’Huart 1991). The European population of wild
boars has increased considerably since the 1960s (Sáez Royuela and Tellerı́a 1986),

with a consequential increased damage to agroecosystems (Herrero et al. 2006).

F. Piattoni (*) • A. Zambonelli

Department of Agricultural Sciences, University of Bologna, Viale Fanin 46, 40127 Bologna,

Italy

e-mail: federica.piattoni@unibo.it

F. Ori

Department of Life, Health and Environmental Sciences, University of L’Aquila, Via Vetoio
(Coppito 1), 67100 L’Aquila, Italy

A. Amicucci

Department of Biomolecular Sciences, University of Urbino “Carlo Bo”, Via Saffi 2, 61029

Urbino, PU, Italy

E. Salerni

Department of Life Sciences, University of Siena, Via P.A. Mattioli 4, 53100 Siena, Italy

© Springer International Publishing Switzerland 2016

A. Zambonelli et al. (eds.), True Truffle (Tuber spp.) in the World, Soil Biology 47,

DOI 10.1007/978-3-319-31436-5_22

375

mailto:federica.piattoni@unibo.it


The distribution of wild boars in Europe and Asia coincides with the natural

distribution of the most important commercial Tuber species including Tuber
magnatum Pico, Tuber melanosporum Vittad., and Tuber aestivum Vittad. and the

most important east Asian species such as the Tuber indicum Cooke & Masse and

Tuber sinoaestivum J.P. Zhang & P.G. Liu (Hall et al. 2007; Chen et al. 2011;

Zhang et al. 2012; Fekete et al. 2014; see Chap. 2). Wild boars are also common in

those parts of Oceania and the Americas where the European truffles,

T. melanosporum, T. aestivum, and Tuber borchii Vittad., are now cultivated

(Hall and Haslam 2012; Reyna and Garcia Barreda 2014).

In this chapter, the interrelationships between truffles and wild boars are

discussed and include the importance of truffles in their diet, their role in spore

dispersal, and their impact on cultivated truffières.

22.2 The Diet of the Wild Boar

Wild boars are opportunistic omnivores and eat a wide variety of foods including

plant matter, animals, and fungi. Ballari and Barrios-Garcia (2013) reported that

about 90% of the diet is plant material and includes bulbs, roots, aerial parts of

plants, fruits, and seeds. When one food is not available, they will switch to another

so that in warmer months, aerial parts of plants are eaten, while in winter, bulbs,

roots, and above all tubers are more important (Genov 1981; Herrero et al. 2005). If

cereals are available, they will browse these in preference to other foods (Hahn and

Eisfeld 1998; Schley and Roper 2003). Animal matter represents a relatively small

part of the diet but can be as high as 16% and may include mammals, birds, insects,

reptiles, amphibians, invertebrates, and crustaceans (Schley and Roper 2003;

Ballari and Barrios-Garcia 2013). Fungi represent a small part of the diet but may

be as high as 7% (Ballari and Barrios-Garcia 2013). Depending on where a wild

boar is living, algae and garbage may also be important parts of the diet although

inorganic items such as plastic and stones found in stomach contents (Ballari and

Barrios-Garcia 2013) are unlikely to have much nutritional value! Significant

differences in diet were found in native and in introduced ranges, particularly

where natural sources of food are unavailable (Ballari and Barrios-Garcia 2013).

22.3 Damage Caused by Wild Boars

Conflicts between humans and wild animals range from damage to forests

(Reimoser and Gossow 1996), transmission of infectious diseases to livestock and

humans (Meng et al. 2009), and especially damage to agricultural crops (Schley and

Roper 2003). Because of their wide ranging diet, profligate reproduction (Barrios-

Garcı́a and Ballari 2012), and typical rooting behavior, wild boars cause extensive

soil disturbance and extensive damage both to agriculture and forestry. Rooting
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primarily reduces plant cover and diversity, affects the first 15–70 cm of the litter

layer, and affects up to 80% of the forest soil surface. Several studies have been

carried out to estimate how rooting physically, chemically, and biologically affects

forest soil. These studies showed alterations in soil carbon content and other

nutrient element concentration in addition to decomposition and mineralization

rate changes (Wirthner et al. 2011).

Damage to agricultural crops by wild boars in Europe was considered an

important issue as early as the 1940s (Klemm 1948), and since then, the problem

has worsened as wild boar populations have increased. The most important source

of crop loss, which can be as high as 90–95%, is crop destruction through

trampling, even though real consumption constitutes only 5–10% of crop loss

(Schley and Roper 2003). A study conducted by Herrero et al. (2006) in the

northeastern part of Iberia showed that the highest damage occurs in maize,

wheat, and alfalfa fields where these foods formed more than 75% of the diet. In

that study, maize was clearly the favorite food. In another study, Schley and Roper

(2003) also concluded that maize was the wild boar’s preferred food and could be

used to entice the animals so that they could be hunted. There are clear seasonal

patterns in wild boar rooting activity on agricultural land. In England, it was worst

during the first 3 months of the year, in Poland during summer, and in Germany

during the ripening period from June to October (Wilson 2004). In the USA, annual

economic losses have been estimated at $ 800 million per year (Pimentel

et al. 2005).

Wild boars also transmit viruses, bacteria, and parasites to livestock (when they

eat contaminated feed or by direct contact with wild boars) and may cause relevant

management costs for eradication programs, in addition to economic losses for

livestock mortality (Gortázar et al. 2007; Ruiz-Fons et al. 2008; Barrios-Garcia

2012).

During the rooting activity, wild boars feed on several varieties of arthropods,

especially earthworms. The earthworms represent a significant part of wild boar

diet: as revealed by a study run in the French Alps, their frequency in the diet is

around 92% (Baubet et al. 2003). Moreover, wild boar may affect earthworms’
population not only by direct feeding but also by indirect alteration of their habitat.

As previously reported, wild boar behavior modifies the properties of soils (Lacki

and Lancia 1983), and so it subsequently affects the earthworms’ communities,

degrading their habitat (Bueno and Jiménez 2014). One more ecological damage is

constituted by eating avian material, mainly from ground-nesting birds like wood-

cocks (Schley and Roper 2003).

Pigs have a great sense of smell and can be trained for truffle research (Sourzat

1989). Anyway, in nature wild boars occasionally eat truffles (see Sect. 22.4.2).

However, wild boars may cause great economic losses to cultivated truffières, not

only in terms of truffle predation but also of soil disturbance caused by excavation

(Moreno-Arroyo et al. 2005; Ricci 2008; Salerni et al. 2013) and destruction of

truffle-inoculated seedlings (Samils et al. 2008). However, in some situations, wild

boar rooting activity seems to stimulate the fructification process improving soil

moisture retention (Ławrynowicz et al. 2006).
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An example of the damage to truffle production caused by wild boars is the study

carried out in Tuscany by Salerni et al. 2013, between 2006 and 2008. This study

aimed at quantifying the damage caused by wild boars to T. aestivum production in

a natural Quercus cerris L. truffière. The area was studied for 3 years using the

BACI (Before-After-Control-Impact) sampling design; after the identification of

ten plots (1000 m2 each), one-half of them was fenced in the 2007 spring, in order to

prevent wild boar access (Fig. 22.1). This study showed that before the introduction

of fences, the area was commonly frequented by wild boars, as the estimated soil

damage in almost all plots was, on average, close to 50% (as percentage of surface

area turned over). A significant increase in production was observed in all plots over

the 3-year study period, in comparison to the situation at the outset. The number and

the yield of truffles found in the fenced plots were significantly higher than in the

non-fenced plots (Fig. 22.2), confirming the big damages on truffle production

caused by wild boars.

22.4 Mycophagy by Wild Boars

22.4.1 Methods of Study

Stomach contents or feces can be used to study the diet of wild boars and in

particular their ingestion of epigeous and hypogeous fungi (Schley and Roper

2003). The major advantage of analyzing stomach contents is that the undigested

parts of fungal fruiting bodies, lichens, arthropods, invertebrates, mollusks, small

mammals, and indigestible vascular plants can be identified especially when inges-

tion is relatively recent (Schley and Roper 2003).

Hohmann and Huckschlag (2005) assessed stomach contents by sealing off the

stomach immediately after slaughter with cable toes adjacent to the cardiac and

pyloric sphincters. The stomach was then cut longitudinally and the contents,

including that adhering to the lining of the stomach, emptied into a container for

weighing. Stomachs that could not be assessed immediately were frozen until

needed. After weighing, the contents are spread into a container and broadly

divided into green matter—plants, mosses, or leaves; brownish-grainy matter

containing fungi, roots, and earthworms; cereals from artificial bait sites; and

miscellaneous items including arthropods, vertebrates, invertebrates, acorns, and

nuts. Using this method, the relative proportion of each category provides a good

indication of the diet prior to slaughter. For a more precise quantitative measure, a

50 g sample representative of the stomach contents is washed with tap water and

filtered through a 2 mm sieve with or without a Buchner pump (Hohmann and

Huckschlag 2005). Material retained on the sieve is then observed under a binocular

microscope where pieces of truffle can be seen. Further examination under high

power microscope can allow identification to species level.
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An alternative to observing stomach contents is to dilute the contents of the

rectum with distilled water, blend, allow to settle, and then the solid matter passed

through a graded series of sieves with mesh diameter 800, 400, 150, 60, and 20 μm
(Piattoni et al. 2012). The material collected between 150 and 20 μm is then washed

108642

97531

20 m

50 m
fenced

Fig. 22.1 Experimental design for the natural Q. cerris truffière

Fig. 22.2 Number of truffles (a) and total weight (b) counted in the ten plots before and after the

fencing-off. Asterisk indicates significant differences at p< 0.05 by Tukey’s test
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in distilled water, centrifuged at 1500 rpm for 3 min, and the supernatant discarded.

Differential flotation can then be used to separate one fraction from the rest of the

solid matter. Solutions containing 26.5% NaCl, 35% MgSO4, 33% ZnSO4, 70%

ZnSO4, and 68% sucrose were tested and found 70% ZnSO4 to be the best for

separating out truffle spores.

22.4.2 Consumption of Fungi

Studies analyzing feces and stomach contents of wild boars suggest that they are

best considered casual or opportunistic mycophagists, with consumption simply

dependent on availability (Wood and Roark 1980; Genov 1981; Baron 1982;

Génard et al. 1986; Fournier Chambrillon et al. 1995; Baubet et al. 2003; Herrero

et al. 2004, 2005; Skewes et al. 2007).

In the native range, mushrooms are present in the wild boar diet with a frequency

not higher than 30% and a volume lower than 2% (Genov 1981; Baubet

et al. 2003). Only a study about wild boars inhabiting the Montpellier garrigue

showed that mushrooms were found frequently in their stomach (60%) although in

low quantity (2%) (Fournier Chambrillon et al. 1996).

In the introduced range, there are just a few records of the consumption of fungi

by wild boars, but their intake generally occurs more frequently than in the native

range. In Chile, Skewes et al. (2007) found fungi in 65% of stomachs mostly

collected in winter and autumn and made up 16% of the volume. Similarly, Wood

and Roark (1980) in North Carolina (USA) found fungi during all seasons with a

frequency varying from 57% in spring to 78% in winter. In studies carried out at

the Auckland Islands (New Zealand), wild boars were also found to ingest mush-

rooms, although with a low frequency (Challies 1975; Chimera et al. 1995); how-

ever, it must be considered that this survey was made during the summer of

1972–1973.

There are few studies reporting the consumption of hypogeous fungi by wild

boars (Genov 1981; Génard et al. 1986; Skewes et al. 2007; Piattoni et al. 2012)

(Table 22.1) although they seem to be eaten more frequently than epigeous mush-

rooms (Génard et al. 1986; Skewes et al. 2007). In these studies, most of the

hypogeous fruiting bodies found in stomachs or feces were not identified or

identified only at genus level (Skewes et al. 2007) (Table 22.1). Several studies

carried out in the eastern part of Europe showed that the only fungus eaten by wild

boars during the whole year is the deer truffle (Elaphomyces granulatus Fr.), which
is considered the dominant source of radiocaesium contamination in wild boars

(Genov 1981; Hohmann and Huckschlag 2005; Steiner and Fielitz 2009).

A study run by Piattoni et al. (2012) in the Regional Park of Gessi and Calanchi

dell’ Abbadessa (Bologna, Northern Italy), an area where numerous hypogeous

fungi were found in 4 years of surveys (15 species, 13 Ascomycetes including

T. aestivum, T. magnatum, T. borchii, Tuber brumale Vittad., Tuber dryophilum
Tul. & C. Tul., Tuber excavatum Vittad., Tuber macrosporum Vittad., and Tuber
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Table 22.1 Taxa of fungi reported in wild boar diet

Fungal speciesa

Frequency

of

occurrence

%b
Type of

analysisc Country Reference

Agaricus spp. nd S Chile Skewes

et al. (2007)

Agrocybe pediades (Fr.) Fayod nd S Spain Abáigar

(1993)

Aphyllophorales nd S Chile Skewes

et al. (2007)

Boletus sp. 5 F France Génard

et al. (1986)

Boletales 4 F France Génard

et al. (1986)

Ciliaria sp. nd S Chile Skewes

et al. (2007)

Suillus bellinii (Inzenga) Kuntze nd S Spain Abáigar

(1993)

Suillus granulatus (L.) Roussel nd S Spain Abáigar

(1993)

Suillellus queletii (Schulzer) Vizzini,
Simonini & Gelardi

nd S, F France Fournier

Chambrillon

et al. (1996)

Coprinus sp. nd S Spain Abáigar

(1993)

Cortinarius sp. 24 nd S Chile Skewes

et al. (2007)

Elaphomyces granulatus Fr. 6 S Poland Steiner and

Fielitz (2009)

nd F, S Poland Genov (1981)

Geastrum fimbriatum Fr.

(¼Geastrum sessile Pouz)
nd S, F France Fournier

Chambrillon

et al. (1996)

Genea verrucosa Vittad. 7 F Italy Piattoni

et al. (2012)

Genea sp. 1 F France Génard

et al. (1986)

Gomphidius sp. 1 F France Génard

et al. (1986)

Hymenogaster lycoperdineus Vittad. 21 F Italy Piattoni

et al. (2012)

Hymenogaster sp. 14 F Italy Piattoni

et al. (2012)

nd S Chile Skewes

et al. (2007)

5 F France Génard

et al. (1986)

(continued)
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Table 22.1 (continued)

Fungal speciesa

Frequency

of

occurrence

%b
Type of

analysisc Country Reference

Hysterangium sp. 19 F France Génard

et al. (1986)

Hallingea purpurea (Zeller &

C.W. Dodge) Castellano

(¼Hysterangium purpureum Zeller &

C.W. Dodge)

nd S Chile Skewes

et al. (2007)

Leccinum sp. 1 F France Génard

et al. (1986)

Lepiota sp. nd S Spain Abáigar

(1993)

Lepista sp. nd S Spain Abáigar

(1993)

Lycoperdon lividum Pers. nd S Spain Abáigar

(1993)

Lycoperdon perlatum Pers. nd S Spain Abáigar

(1993)

Melanogaster sp. 2 F France Génard

et al. (1986)

Paxillus spp. nd S Chile Skewes

et al. (2007)

Octavianina asterosperma Vittad. 4 F France Génard

et al. (1986)

Picoa carthusiana Tul. & C. Tul. 16 F France Génard

et al. (1986)

Russulales 3 F France Génard

et al. (1986)

nd S Spain Abáigar

(1993)

Suillus granulatus (L.) Roussel nd S Spain Abáigar

(1993)

Suillus bellinii (Inzenga) Kuntze nd S Spain Abáigar

(1993)

Stephensia bombycina (Vittad.) Tul. 7 F Italy Piattoni

et al. (2012)

Tricholoma terreum (Schaeff.) P. Kumm. nd S Spain Abáigar

(1993)

Tuber aestivum Vittad. 14 F Italy Piattoni

et al. (2012)

14 F France Génard

et al. (1986)

nd S, F France Fournier

Chambrillon

et al. (1996)

(continued)
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rufum Pico and 2 Basidiomycetes), showed the presence of many of these hypoge-

ous fungi in the feces of 10 of the 14 wild boars examined. Moreover, also the

spores of T. aestivum and T. magnatum, which represent the most widespread and

economically important species of that area, were found in their feces. Also Génard

et al. (1986), in France, analyzing 105 fecal samples from wild boars, found Tuber
spp. spores in 21% of the feces examined, and in 14% on the cases, they belonged

to T. aestivum (Table 22.1).

In the Czech Republic and Slovakia, truffle harvesting is forbidden because they

are considered endangered species (Gryndler et al. 2011). Thus, the detection of

truffle spores in the feces of wild boars may provide a first rough measure of the

abundance of hypogeous fungi in an area and might be used as an alternative

method to map the presence of truffles.

22.5 The Role of Wild Boars in the Dispersal of Truffle

Spores

After air, the main vector for agarics, animals are the most important vehicle for

spore dispersal of coprophilous and hypogeous ectomycorrhizal (ECM) fungi. The

latter group, having evolved underground fruiting bodies, developed strategies for

spore dispersal, such as production of volatile chemical attractants (Trappe and

Claridge 2005). These attract animals, including wild boars, which eat the fruiting

bodies and disperse the spores in the feces (Piattoni et al. 2014). In the domestic pig,

the time the spores remain in the gut ranges between 36 and 48 h (unpublished

data). Because wild boars can move 15 km a day, they are very likely to play a

Table 22.1 (continued)

Fungal speciesa

Frequency

of

occurrence

%b
Type of

analysisc Country Reference

Tuber ferrugineum Vittad. 1 F France Génard

et al. (1986)

Tuber magnatum Pico 14 F Italy Piattoni

et al. (2012)

Tuber rufum Pico 7 F Italy Piattoni

et al. (2012)

Tuber sp. 14 F Italy Piattoni

et al. (2012)

6 F France Génard

et al. (1986)

nd S, F France Fournier

Chambrillon

et al. (1996)
aIn bold hypogeous fungi; bnd, not determined; cS, stomach analysis; F, fecal analysis
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major role in the dispersal of mushrooms they have ingested (Andrzejewski and

Jezierski 1978; Singer et al. 1981), thus promoting the long-distance spore dispersal

in both natural and introduced ranges. This means that their linear dispersal

potential is one of the most efficient among mycophagous animals (Halbwachs

and Bässler 2015). In particular, in Europe spore dispersal by boars may explain the

movement of truffles from the southern refugia to their present distribution after the

last glaciation (Murat et al. 2004; Hall and Zambonelli 2012; Piattoni et al. 2012).

This movement presumably would continue if there was a warming of northern

reaches of Europe (B€untgen et al. 2012). In countries where European truffles have
been introduced such as Australia, Chile, China, and New Zealand, wild boars may

spread in natural forests the spores of the eaten truffle and in particular those of the

European truffles T. melanosporum, T. aestivum, and T. borchii. Although this may

appear an economical advantage, the risk that these truffles might compete with the

local ECM fungi or favor the invasion of exotic trees must not be underestimated

(Nu~nez et al. 2013). Moreover, spore dispersal may favor truffle sexual reproduc-

tions overcoming the problem of finding a sexual partner in the field where large

patches of ECMs of the same mating type are commonly present (Murat

et al. 2013).

22.5.1 Effect on Formation of Mycorrhizas

A recent study investigated the effects of digestive enzymes on the viability of

T. aestivum truffle spores that had been mixed with boiled potatoes and fed to a

pot-bellied piglet (Piattoni et al. 2014). Over the following 48 h, all the feces were

collected, and the spores were separated by sieving and washing. Fluorescein

diacetate stain confirmed that the spores were still viable despite passing through

the gut. The digested spores and an equal number of fresh spores were then used to

inoculate sterile Quercus robur L. seedlings. Ten months later, it was found that the

mean percentage of T. aestivum colonization was significantly higher in the plants

inoculated with the digested spores (66%) than in the plants inoculated with the

undigested spores (49%). These results differed from an earlier study that used a

rodent instead of a pig and different species of truffle Tuber shearii Harkn. and
Tuber canaliculatum Gilkey (Miller 1985). Piattoni et al. (2014) explained these

differences by different gut retention times, animal body temperatures, anatomy of

the digestive tract, and gut microbial composition, all factors that may have a

different effect on spores. To better investigate the effects of the passage through

the digestive tract of pig, which may have promoted spore germination, micro-

scopic analyses were carried out by Piattoni et al. (2014). Analyses at light

microscope reveal that the majority of the spores digested by the pig (87%) were

free of asci, in contrast to the spores from the fresh fruiting bodies (only 7%),

suggesting that the pig digestive enzymes are able to degrade the ascus spore wall

and thus may promote spore germination (Fig. 22.3). Moreover, during the passage

through the digestive tract, spores undergo cell wall degradation by digestive

384 F. Piattoni et al.



Fig. 22.3 Tuber aestivum uneaten spores (a, c, e) and T. aestivum pig-digested (b, d, f) spores

observed by light microscope (a, b) and by AFM in Force Modulation Mode (c, d, e, f), scan size

35 � 35 μm at 0.2 Hz. The images E and F have been magnified with enhanced colors
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enzymes, which provoke surface morphological modifications visible by atomic

force microscope (AFM). This technique, which provides a topographic image

accompanied also by mechanical and biochemical information (Radmacher

et al. 1992), was used to study the wall surface of T. aestivum undigested spores

compared to that of pig-digested spores (Piattoni et al. 2014). After pig digestion,

most spore ornamentations almost disappeared, and several small peaks/valleys and

blubs appeared (Fig. 22.3). These changes have been quantitatively described by

the Rsk descriptor (it defines morphological variations in terms of load carrying

capacity and porosity) that was found to be �0.15 (mean value) for the undigested

spores and 0.18 (mean value) for the digested ones.

22.6 Conclusions

Wild boars can cause severe damage to truffle production through predation, soil

disturbance, and destruction of truffle-inoculated seedlings (Samils et al. 2008;

Salerni et al. 2013). However, they efficiently contribute to dispersal of fungi and

have probably played a pivotal role in the genetic flow between and within fungal

populations and in the colonization of new habitats. For this reason, animal obligate

spore dispersal decreases the risk of genetic isolation by distance which is common

by air dispersed-spores (Taschen 2015). Moreover, they seem to facilitate the

mycorrhiza formation for the effects of spore digestion on degradation of asci and

spore walls. Other animals eat truffles (like small mammals, insects, snails, etc., see

chapter 21); however, they are able to spread truffle spores only in the immediate

surroundings, and their stimulating effects of mycorrhiza formation of Tuber spp.
are not still proven. Considering all complex interactions occurring between wild

boars and truffle soil ecology and the influence of the former on truffle production

and colonization, any project considering the impact of wild boars on the environ-

ment has also to take into consideration the role of this animal.
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Gažo J, Miko M (2011) Detection of summer truffle (Tuber aestivum Vittad.) in

ectomycorrhizae and in soil using specific primers. FEMS Microbiol Lett 318(1):84–91.

doi:10.1111/j.1574-6968.2011.02243.x

Hahn N, Eisfeld D (1998) Diet and habitat use of wild boar (Sus scrofa) in SW-Germany. Gibier

Faune Sauvage 15:595–606

Halbwachs H, Bässler C (2015) Gone with the wind—a review on basidiospores of lamellate

agarics. Mycosphere 6(1):78–112. doi:10.5943/mycosphere/6/1/10

Hall IR, Haslam W (2012) Truffle cultivation in the Southern Hemisphere. In: Zambonelli A,

Bonito GM (eds) Edible ectomycorrhizal mushrooms: current knowledge and future prospects,

Soil biology, vol 34. Springer, Berlin, pp 191–208. doi:10.1007/978-3-642-33823-6_11

22 Interrelationships Between Wild Boars (Sus scrofa) and Truffles 387

http://dx.doi.org/10.1007/s10530-012-0229-6
http://dx.doi.org/10.1071/WR00113
http://dx.doi.org/10.1016/j.apsoil.2014.04.013
http://dx.doi.org/10.1016/j.apsoil.2014.04.013
http://dx.doi.org/10.1038/nclimate1733
http://dx.doi.org/10.1080/03014223.1975.9517889
http://dx.doi.org/10.7150/ijbs.3.153
http://dx.doi.org/10.7150/ijbs.3.153
http://dx.doi.org/10.1371/journal.pone.0014625
http://dx.doi.org/10.1007/s10344-007-0098-y
http://dx.doi.org/10.1007/s10344-007-0098-y
http://dx.doi.org/10.1038/386335a0
http://dx.doi.org/10.1111/j.1574-6968.2011.02243.x
http://dx.doi.org/10.5943/mycosphere/6/1/10
http://dx.doi.org/10.1007/978-3-642-33823-6_11


Hall IR, Zambonelli A (2012) The cultivation of mycorrhizal mushrooms—still the next frontier!

In: Zhang J, Wang H, Chen M (eds) Proceedings 18th congress of the international society for

Mushroom Science, Beijing, pp 26–30

Hall IR, Brown GT, Zambonelli A (2007) Taming the truffle. The history, lore, and science of the

ultimate mushroom. Timber Press, Portland

Herrero J, Couto S, Rosell C, Arias P (2004) Preliminary data on the diet of wild boar living in a

mediterranean coastal wetland. Galemis 16(1):115–123

Herrero J, Irizar I, Laskurain NA, Garcı́a-Serrano A, Garcı́a-González R (2005) Fruits and roots:

wild boar foods during the cold season in the southwestern Pyrenees. Ital J Zool 72(1):49–52.

doi:10.1080/11250000509356652

Herrero J, Garcı́a Serrano A, Couto S, Ortu~no VM, Garcı́a González R (2006) Diet of wild boar
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Chapter 23

The Smell of Truffles: From Aroma

Biosynthesis to Product Quality

Richard Splivallo and Laura Culleré

23.1 Introduction

Truffle fungi (Tuber spp.) along with caviar and champagne stand on top of the list

of luxury food items. Indeed, in Europe, the retail price of the Périgord truffle Tuber
melanosporum Vittad. can reach up to 2,000 € per kg, while the Piedmont truffle,

Tuber magnatum Pico, can reach up to 5,000 € per kg. Additionally, especially large
specimens of the latter species have even been sold at auctions for 50,000 € per kg,
rendering truffles as expansive as gold. In the USA, local truffle species (i.e., Tuber
lyonii Butters, Tuber oregonense Trappe, Bonito, & P. Rawl.) also sell for thou-

sands of € per kg. These high prices are the result of an undersupplied market and

the limited seasonal availability of fresh truffles. Indeed, in Europe and the USA,

the most requested truffle sorts are harvested during a few months in autumn and in

winter.

What makes truffles so famous, besides their high prices and rarity, is their

unique smell. Tuber melanosporum can be considered as one of the most aromatic

species and it has been defined as a “black diamond of cuisine” due to its potent and

complex aroma. It is endemic to Spain, France, and Italy and has been introduced in

numerous countries of the southern and northern hemispheres (i.e., in some
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European countries as well the USA, New Zealand, Australia, and Chile (Jeandroz

et al. 2008; Bonito et al. 2010; Hall and Haslam 2012; Lefevre 2012; see also

Chap. 2). This species is very vulnerable to fraud given that the Chinese truffle

Tuber indicum Cooke &Massee looks very similar (dark gleba and black peridium)

but has a much lower market value. Indeed it is difficult to tell both species apart by

traditional morphological observations. Additionally, the aroma of the Chinese

species is less intense and complex than the characteristic aroma of

T. melanosporum (Culleré et al. 2013a). Tuber brumale Vittad. is another black

truffle with a characteristic musky odor, with “earthy” notes. Tuber aestivum
Vittad. is a black truffle which can be collected all over Europe (Jeandroz

et al. 2008; Splivallo et al. 2012a; see also Chap. 4). It is less aromatic than

T. melanosporum, although it has a good aroma quality and it is very appreciated

by end consumers. Lastly, T. magnatum, the most expensive truffle on the market, is

often considered as the finest species and has a complex aroma reminiscent of garlic

and cheese. It is essentially collected in Italy and in the Carpathian Basin of Central

Eastern Europe. Besides the five species briefly described above, about 5–10

additional ones are traded commercially throughout the world.

Truffle aromas are made of a mixture of hydrocarbons containing alcohol,

ketone, aldehyde, and ester functional groups but also sulfur atoms. To date,

more than 300 volatiles have been described from about eleven species (Splivallo

et al. 2011). The aromatic profile of a single species typically contains 30–60

volatile constituents (Bellesia et al. 1998; Dı́az et al. 2003; Mauriello et al. 2004;

Gioacchini et al. 2005; March et al. 2006; Splivallo et al. 2007). Some of these

compounds are not only widespread among truffles but also in other fungi and even

plants, while others are much more specific and occur in a few or one truffle sort

only. Common truffle volatiles include, for example, 2-methyl-1-butanol and

3-methyl-1-butanol and their respective aldehydes, as well as 1-octen-3-ol

(Fig. 23.1), an eight carbon-containing volatile with typical fungal flavor (Combet

et al. 2006). Sulfur-containing volatiles such as dimethyl sulfide (Fig. 23.1) and

dimethyl disulfide also commonly occur in truffles (Splivallo et al. 2011). By

contrast to common truffle volatiles, other compounds are restricted to a few truffle

species. This is the case, for example, for the thiophene derivatives 3-methyl-4,5-

dihydrothiophene (Fig. 23.1) and 2-methyl-4,5-dihydrothiophene which are only

found in Tuber borchii Vittad. (Bellesia et al. 2001; Splivallo et al. 2011, 2014).

Similarly, the other sulfur volatile 2,4-dithiapentane (Fig. 23.1) occurs in a few

species only: it is the dominant constituent of T. magnatum and has been reported

once in Tuber panniferum Tul. & C. Tul. (Mauriello et al. 2004; Splivallo

et al. 2011). Yet other volatiles such as 1-methoxy-3-methylbenzene have been

only described in the black truffle species T. aestivum, T. brumale, Tuber
mesentericum Vittad., and T. melanosporum (Dı́az et al. 2003; Mauriello

et al. 2004; March et al. 2006).

Overall truffles are stand-alone gourmet products on their own rights. This is

essentially due to their rarity and to their unique fragrances. Considering that only

10–15 truffle sorts are traded commercially out of the 180 existing species (Bonito
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et al. 2010), truffles represent a valuable and largely unexplored source of aroma

compounds.

23.2 Do Truffles or Microbes Produce Truffle Aromas?

Truffles form underground following sexual reproduction between two individuals

of opposite mating type (Martin et al. 2010; Rubini et al. 2011). During this process,

numerous microbes might end up trapped inside fruiting bodies. As a matter of fact,

truffle-fruiting bodies are a hotspot for microbial diversity and host bacteria

(Barbieri et al. 2005, 2007; Antony-Babu et al. 2013; Splivallo et al. 2014; see

also Chap. 18), yeasts (Buzzini et al. 2005), filamentous fungi (Pacioni et al. 2007;

see also Chap. 17), and possibly even viruses (Stielow and Menzel 2010; see also

Chap. 20). Bacteria are the dominant group of truffle’s microbiomes, the commu-

nity composition of which have been described in details for T. melanosporum,
T. magnatum, T. aestivum, and T. borchii in a recent review (Vahdatzadeh

et al. 2015). The role of this microbiome in truffle aroma formation has for long

been speculative. A historical perspective reveals that Buzzini et al. (2005) dem-

onstrated that yeasts isolated from T. magnatum and T. melanosporum and grown in

pure culture in the presence of L-methionine had the ability to produce some key

aroma constituents characteristic of the latter species. The authors therefore hypoth-

esized that yeasts present at the surface of fruiting bodies might fulfill the same role.

Indirect evidence further supporting the role of microbes in aroma formation came

from the observation that some volatiles characteristic of T. borchii fruiting bodies

were not found in mycelium grown in pure culture (Tirillini et al. 2000; Splivallo

et al. 2007). By contrast, the genome of T. melanosporum suggested that truffles

might possess all the molecular toolkits necessary to synthesize their volatiles on
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Fig. 23.1 Characteristic volatiles from various truffle species

23 The Smell of Truffles: From Aroma Biosynthesis to Product Quality 395

http://dx.doi.org/10.1007/978-3-319-31436-5_18
http://dx.doi.org/10.1007/978-3-319-31436-5_17
http://dx.doi.org/10.1007/978-3-319-31436-5_20


their own (Martin et al. 2010). This observation was nevertheless speculative since

it was based on the presence of genes which function had not been demonstrated

(Martin et al. 2010; Splivallo et al. 2011). In 2014, using T. borchii as a model

organism, the role of the microbiome in truffle aroma formation was finally

demonstrated for a group of volatiles (thiophene derivatives) characteristic of the

latter species (Splivallo et al. 2014) (Fig. 23.2). The results indicated that inside

T. borchii fruiting bodies, an unidentified precursor is metabolized into volatile

thiophene derivatives only by bacteria and not by truffle mycelium or yeasts.

Whether other volatiles characteristic of truffle aromas are produced by truffles or

their microbiomes remains to be demonstrated. Based on literature data, common

truffle volatiles (i.e., as dimethyl sulfide, dimethyl disulfide) are emitted by myce-

lial pure cultures (Splivallo and Maier 2011; Liu et al. 2013) but also by numerous

yeasts and bacteria (Lemfack et al. 2014). Hence they might hypothetically be

produced by both truffles and their microbiomes inside fruiting bodies

(Vahdatzadeh et al. 2015). Demonstrating their exact origins will be a challenge

considering that microbe-free truffles cannot be currently obtained. A recent meta-

analysis about truffle aroma and their microbiomes nevertheless suggests that

microbes might play a central role in aroma formation for most, if not all truffle

species (Vahdatzadeh et al. 2015).

Regardless of the organismic origin of truffle volatiles, their biosynthesis might

follow a scheme which is rather conserved in microbes. Sulfur volatiles such as

dimethyl sulfide and dimethyl disulfide and dimethyl trisulfide could be derived

from the catabolism of L-methionine (Martin et al. 2010; Splivallo et al. 2011).

Two routes might possibly exist in truffles (Splivallo et al. 2011). Methionine could

either be converted to methanethiol (MTL) by a C-S lyase or transaminated to

4-methylthio-2-oxobutyric acid, which can be transformed in a series of interme-

diates eventually leading to MTL. The latter volatile can spontaneously decompose

into dimethyl sulfide and dimethyl disulfide. The biosynthetic pathways leading to

more complex truffle volatiles (i.e., thiophene derivatives or 2,4-dithiapentane,

respectively, characteristic of T. borchii and T. magnatum) have not been eluci-

dated. L-Methionine remains their hypothetical precursor; however feeding this

amino acid to bacteria either grown alone or in the presence of T. borchiimycelium

did not induce the thiophene derivatives typical of fruiting bodies but only deriv-

atives with related structures (Splivallo et al. 2014). This indicates that a piece of

the puzzle is missing and that the biosynthesis of thiophene derivatives might

possibly proceed through more complex organismic interactions (i.e., yeasts, bac-

teria, and truffle).

Other volatiles common to numerous truffle species include branched chain and

aromatic hydrocarbons such as 2-methylbutanal, 3-methylbutanal,

2-methylpropanal,, and 2-phenylethanol. Similarly to sulfur volatiles, these might

be derived from the catabolism of the specific amino acids through the Ehrlich

pathway (Hazelwood et al. 2008; Martin et al. 2010; Splivallo et al. 2011). Indeed

feeding isoleucine to T. borchii and T. melanosporum mycelia induces the produc-

tion of 2-methylbutanal and 2-methylbutanol; similarly feeding leucine induces

3-methylbutanal and 3-methylbutanol (Splivallo and Maier 2011). Clearly the
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Fig. 23.2 Illustration of bacteria eating truffles and emitting thiophene derivatives
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identity of the precursors and intermediates should be confirmed by feeding labeled

compounds.

The last group of volatiles which are extremely important in truffles and fungi in

general is eight carbon-containing volatiles. The most well known is 1-octen-3-ol

which occurs as two stereoisomers (R and S forms). Fungi predominantly produce

the R form which has also a typical fungal smell compared to the S form which had

a moldy, grassy smell (Combet et al. 2006). It is likely that truffles similarly

produce the R form even if this has not yet been demonstrated. In mushrooms

1-octen-3-ol is synthesized from linoleic acid which is also the dominant fatty acid

in T. melanosporum (Harki et al. 2006). Ascomycete fungi might synthesize these

volatiles from linoleic acid through a single enzyme known as Ppo (Brodhun

et al. 2010). Indeed in the ascomycete mold Aspergillus nidulans (Eidam)

G. Winter, linoleic acid is transformed through the dioxygenase activity of the

Ppo enzyme to 10-hydroperoxyoctadecadienoic acid which might decompose

nonenzymatically to 1-octen-3-ol (Garscha and Oliw 2009; Brodhun et al. 2010).

The genome of the Périgord truffle T. melanosporum suggests that two copies of the

Ppo enzymes might exist in truffles. Characterizing the exact pathway will require

combining molecular and chemical techniques to fully identify enzymes and

precursors.

23.3 Which Factors Influence Truffle Aroma?

As for any other food products of vegetal or fungal origin, truffle aroma is

influenced by a series of biotic and abiotic factors. These might, for example, not

only include fruiting body maturity (Zeppa et al. 2004), species identity (Mauriello

et al. 2004), genotype (Splivallo et al. 2012b; Molinier et al. 2015), and microbial

community (Splivallo et al. 2014; Splivallo and Ebeler 2015; Vahdatzadeh

et al. 2015) but also soil nutritional content or the identity of the host tree. Unlike

with culture intensive crops for which clones are available and for which the

influence of these factors can be systematically determined, it is much more

difficult to address these questions with truffles. Indeed, trees infested with truffle

clones are not yet available commercially, and even within the same orchard, the

same genotypes (clones) rarely yield fruiting bodies from one season to the next

(Murat et al. 2013; Molinier et al. 2015). This greatly complicates the study of the

influence of a single factor on the aroma, since these investigations should be

conducted under controlled conditions with the guarantee to collect sufficient

truffles for sound statistical analysis. Despite these limitations, studies have been

conducted by various groups on truffles collected in natural and artificial truffle

orchards and highlighted the possible influence of specific factors. For example,

fruiting body maturation has been reported to influence the aroma of T. borchii. In
fresh fruiting bodies, specific thiophene derivatives were suggested to occur only in

fully mature truffles (Zeppa et al. 2004). Recently it has been demonstrated that

thiophene derivatives were produced by bacteria colonizing truffle-fruiting bodies
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(Splivallo et al. 2014). The observation that the structure of the bacterial commu-

nities evolves during maturation in T. melanosporum (Antony-Babu et al. 2013)

indicates that maturity and microbial community are linked. Furthermore in

T. borchii, a correlation between the concentration of thiophene derivatives and

microbial density has been observed during storage at room temperature (Splivallo

et al. 2014). Therefore telling apart the contribution of maturity and bacterial

community will only be achieved by studying both factors at the same time in

fresh and stored truffles.

Other factors which possibly influence truffle aroma are geographical origin and

genotype. Indeed fruiting bodies of T. magnatum collected from distinct geograph-

ical locations might differ in their aroma profile specifically for terpenoid volatiles

(Gioacchini et al. 2008; Federico et al. 2015). Considering that genotypes of truffle-

fruiting bodies might not only differ between geographical regions but also from

one season to the next, it will be necessary to sample truffles over many seasons to

know which factor (i.e., genotype, soil, bacterial community, maturation) deter-

mines the production of terpenoids in T. magnatum. Indeed in T. aestivum, geno-
type determines the concentration of eight carbon-containing volatiles (Splivallo

et al. 2012b; Molinier et al. 2015); therefore this might also be the case in

T. magnatum. Investigating many specimens for telling apart the contribution of

each factor influencing truffle aroma formation will be necessary to understand

whether specific aroma constituents can be used as markers of geographical origin.

23.4 Human-Sensed Truffle Aroma

Volatiles responsible for truffle characteristic aromatic blend are alcohols, ketones,

aldehydes, aromatic, and sulfur compounds and were first described in the 1980s

(Ney and Freitag 1980; Claus et al. 1981). Later, Talou and colleagues (Talou

et al. 1987) identified a total of 14 volatiles as black Périgord truffle

(T. melanosporum) aroma constituents, but none showed the same characteristic

as bis(methylthio)methane, the single volatile responsible of the smell of the white

truffle T. magnatum (Fiecchi et al. 1967). Moreover, a synthetic truffle aroma made

up of less than ten volatiles was formulated in 1989 (Talou et al. 1989). According

to both sniffing gas chromatography (GC) and sensory analyses carried out in the

study with synthetic model mixtures, they concluded that (a) none of the identified

compounds was uniquely responsible for the typical aroma of the Périgord truffle

and (b) that dimethyl sulfide and 2-methylbutanal, respectively, responsible for

sulfurous and pungent notes, had the greatest importance in the final aroma

impression.

Volatile sulfur compounds can be naturally generated in oceans, marshes,

grounds, and vegetation areas. They can also have an anthropogenic origin in

processes such as residual water treatments, composting installations, and recovery

plants of organic matter (Smet et al. 1999). For example, the Kraft process used to

degrade lignin and produce wood pulp emits as wastes methanethiol, dimethyl
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sulfide, carbonyl sulfide, and hydrogen sulfide (de Zwart and Kuenen 1992). These

sulfur compounds are relevant to food science, since they are present in products

such as cheese (Burbank and Qian 2005), beer (Gerbersmann et al. 1995), and wine

(Segurel et al. 2004; L�opez et al. 2007; Franco-Luesma and Ferreira 2014). Volatile

sulfur compounds can communicate unpleasant smells and tastes often described as

rotten eggs (hydrogen sulfide), putrefaction (methanethiol), asparagus (dimethyl

sulfide), garlic (diethyl sulfide), cauliflower (dimethyl disulfide), or onion (diethyl

disulfide). At small concentrations, however, they are normal components of

several food and beverages and can even exert a decisive role on sensory descrip-

tors (Escudero et al. 2007; Mottram and Madruga 1994).

In recent years, some studies have analyzed the volatile compounds of different

species of truffles using mainly headspace–solid-phase microextraction (HS–

SPME) technique (Pelusio et al. 1995; Bellesia et al. 1998; Dı́az et al. 2003,

2009; Mauriello et al. 2004; Gioacchini et al. 2005) and direct headspace analysis

(March et al. 2006). The information obtained by gas chromatography–mass spec-

trometry (GC–MS) analysis is interesting but incomplete since it does not reveal if

specific constituents play a role in human-sensed aroma. For this purpose it is

indeed necessary to evaluate which of the compounds are in fact important odor-

ants. This can be achieved through sensory analysis using a gas chromatography–

olfactometry (GC–O) approach, which essentially relies on the human nose as a

detector. On one side GC–O is more time consuming than GC–MS since it requires

that a single sample be analyzed by numerous panelists to generate statistically

sound results. On the other side GC–O can actually be even more sensitive than an

MS detector essentially due to the irreplaceable ability of the human nose to detect

specific odorants (i.e., sulfur compounds). Hence GC–MS and GC–O should be

regarded as complementary methods.

Techniques in sensory science (i.e., GC–O) have been applied essentially to

commercially relevant truffle species. Jansen et al. (2003) characterized and com-

pared the odor profile of a by-product of the black truffle industry to the one of a

reference product (truffle, cooking juice). The chemical nature of the compounds

responsible for these odors has nevertheless not been identified. Piloni et al. (2005)

characterized white truffle aroma by GC–MS and by GC–O analysis and demon-

strated that besides bis(methylthio)methane, other sulfur volatiles contributed to the

smell of that species. The aromatic compositions of two truffle species

(T. melanosporum and T. aestivum) were compared by GC–O (Culleré

et al. 2010). As expected, the olfactogram of T. melanosporum was more intense

and complex than the one of T. aestivum. The aroma emitted by T. melanosporum
was due to at least 17 different aroma molecules, six of which were reported for the

first time: 1-hexen-3-one, 2-methyl-3-furanthiol, furaneol, 3-ethylphenol,

3-propylphenol, and 5-methyl-2-propylphenol. The most important aroma com-

pounds of T. melanosporum were 2,3-butanedione, dimethyl disulfide, ethyl buty-

rate, dimethyl sulfide, 3-methyl-1-butanol, and 3-ethyl-5-ethylphenol. In addition,

relevant differences between the aroma profiles from both species were observed.

While dimethyl sulfide and dimethyl disulfide and 3-methyl-1-butanol were in both

cases among the five most important aroma compounds, the species differed in their
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content of 2,3-butanedione and ethyl butyrate (higher in T. melanosporum) and of

methional (higher in T. aestivum).
An olfactometric comparison (GC–O) of T. indicum with T. melanosporum was

carried out for the first time by Culleré et al. (2013a). Tuber melanosporum aroma

was much more intense than the one of T. indicum. This might partially explain the

higher gastronomical value of T. melanosporum. Nevertheless, eight important

odorants were identified in T. indicum. In order of aromatic significance, these

were 1-octen-3-one and 1-octen-3-ol, followed by two ethyl esters (ethyl

isobutyrate and ethyl 2-methylbutyrate), 3-methyl-1-butanol, isopropyl acetate,

and finally the two sulfides dimethyl disulfide and dimethyl sulfide. Some of

these odorants have also been reported in another study on T. indicum and on two

other Asian truffle species (Liu et al. 2012). Interestingly 1-octen-3-one and

1-octen-3-ol contributed more to the aroma of T. indicum than of

T. melanosporum. By contrast the opposite was true for dimethyl sulfide and

dimethyl disulfide. The volatile profiles of both species were also studied by

means of headspace–solid-phase microextraction (HS–SPME/GC–MS). This con-

firmed that the family of C8 compounds (3-octanone, octanal, 1-octen-3-one,

3-octanol, and 1-octen-3-ol) was present at much higher levels in T. indicum than

in T. melanosporum. Therefore either of the two chromatographic methods (GC–O

or HS–SPME/GC–MS) could be used as a screening technique to distinguish

between T. indicum and T. melanosporum and thus avoid possible fraud. However,

as genotype might influence truffle aroma (Molinier et al. 2015; Splivallo

et al. 2012b) and since at least two genetic groups exist for T. indicum (see

Chap. 2), these results should be validated with T. indicum samples belonging to

defined genetic groups.

Besides the truffle species described above, sensory techniques were also

applied to the whitish truffle T. borchii. Interestingly, some of the most important

contributors of T. borchii aroma were thiophene derivatives and sulfur cyclical

compounds, which are derived from truffle’s microbiome (Splivallo et al. 2014;

Splivallo and Ebeler 2015). This highlights the central role of microbes in human-

sensed truffle aroma.

23.5 Truffle Conservation Methods and Substitutes

Distinct preservation methods might affect aroma differently and it is therefore

important to evaluate their impact on product quality. Some studies have been

carried out in order to examine the influence of the freezing process on the volatile

composition of several products, but only a few of them investigated mushrooms

(Al-Ruqaie 2006; Jaworska and Bernaś 2009). Al-Ruqaie revealed that freezing

might be more effective than drying to conserve the desert truffles Terfezia claveryi
Chatin and Terfezia hafizi Chatin and concluded that blanching in a 4% NaCl

solution and storage at �18 �C proved to be the best preservation method in terms

of quality (Al-Ruqaie 2006). Jaworska and Bernaś (2009) proposed a maximum
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storage period of 4 months for the frozen product in the case of unblanched Boletus
edulis Bull.

Freezing and frozen storage might affect truffle aroma as well, and this has

indeed been recently demonstrated for T. melanosporum (Culleré et al. 2013b).

Volatile composition data revealed that T. melanosporum aromatic profile was

deeply modified as a consequence of freezing. These aromatic changes could

explain the loss of freshness observed in all frozen truffles. Methional and some

phenols appeared as markers of freezing time. Interestingly, 1-octen-3-one was as a

general marker of freezing process. After only 24 h of freezing, there was a

significant loss of the “characteristic truffle aroma,” although intensity was unaf-

fected. Indeed all panelists agreed that none of the frozen samples retained the

aroma of fresh truffles. However, the descriptive term “sulfur,” usually attributed to

the characteristic aroma of truffles, was unaffected by freezing (irrespective of the

duration or intensity, �20 or �80 �C). As a matter of fact, the concentration of

sulfur volatiles such as dimethyl sulfide and dimethyl disulfide and dimethyl

sulfoxide was not affected by freezing, corroborating the sensory results. Overall

besides the sulfur attribute, other notes contributed substantially to the typical

truffle aroma.

One downside of freezing is that it often destroys food texture. Other “softer”

methods have consequently been developed for preservation. Irradiation is recog-

nized as a safe and effective preservation method and it is used to extend the shelf

life of raw and processed foods worldwide. The main benefit of irradiation is widely

accepted as eliminating microorganisms, insects, or parasites capable of inflicting

food spoilage and toxicity, thus replacing chemical fumigants. One downside of

food irradiation is that it might decompose fatty acids and subsequently generate

off-flavors. Irradiation is nevertheless interesting with truffles since their fruiting

bodies are colonized by many microbes (bacteria, yeasts, filamentous fungi, and

viruses) and occasionally by insects. Some of these microbes might produce part of

truffle aroma; however their uncontrolled growth might also result in off-flavors

and spoilage. Indeed the average shelf life of untreated fresh truffles is 10–15 days.

In the case of T. melanosporum, two irradiation methods were tested for shelf life

extension. An electron beam treatment induced important changes in aromatic

profile but γ-irradiation at 2.5 kGy did not result in any significant changes.

γ-Irradiation therefore constitutes a technique which could potentially be used to

increase the shelf life of fresh truffles (Culleré et al. 2012). An alternative method

has recently been proposed for T. magnatum. It consists of a transparent edible thin
film described in a patent application and which is said to double shelf life of truffle-

fruiting bodies (Pacioni et al. 2011). But interestingly, traditional methods for

conserving fresh truffles are also not equivalent. Indeed simply warping truffles in

paper seems more efficient than storing them in rice or under vacuum (Costa

et al. 2015).

Overall understanding how truffle aroma is formed through the intimate inter-

actions of truffles with their microbiome will help in developing preservation

techniques for shelf-life extension. These techniques should consider the fragile

balance between the truffle microbiome and microbes responsible of spoilage/off-
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flavors and possibly preserve truffle’s microbiome but limit the spread of foreign

microbes.

23.6 Conclusions

Truffle-fruiting bodies offer a unique niche to investigate from simple to rather

complex pathways leading to aroma formation. Techniques in sensory science have

complemented traditional profiling approaches by revealing the most important

truffle odorants. These studies established the central role of sulfur volatiles in

truffle aroma.

Elucidating the pathways leading to characteristic sulfur volatiles as well as the

involvement of the different players of truffles’ microbiome will require creative

thinking. Characterizing these pathways might eventually lead to the biotechno-

logical production of truffle aroma.
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Culleré L, Ferreira V, Venturini ME, Marco P, Blanco D (2012) Evaluation of gamma and

electron-beam irradiation on the aromatic profile of black truffle (Tuber melanosporum) and
summer truffle (Tuber aestivum). Innov Food Sci Emerg 13:151–157. doi:10.1016/j.ifset.2011.

09.003
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Chapter 24

A Proteomic View of Truffles: Aspects

of Primary Metabolism and Molecular

Processes During Their Life Cycle

Antonella Amicucci, Marselina Arshakyan, Paola Ceccaroli,

Francesco Palma, Giovanni Piccoli, Roberta Saltarelli, Vilberto Stocchi,

and Luciana Vallorani

24.1 Introduction

Proteins are responsible for innumerable tasks within the cell. The complete set of

proteins in a cell can be referred to as its proteome, and the study of protein

structure and function and what every protein in the cell does is known as prote-

omics. The proteome is highly dynamic and it changes periodically in response to

different environmental stimuli.

Proteomics, as the analysis of the protein components of organisms, is a well-

known tool providing a global perspective (whole-organism approach) of cellular

physiology that allows understanding the cellular protein expression alterations in

response to various biotic and abiotic stresses. By virtue of its capacity to yield

definitive information on protein identity, localization, posttranslational modifica-

tion, and the accuracy of in silico gene model prediction in fungi, proteomics has

become an integral component of all large-scale “omic” and systems approaches to

understand the rich complexity of fungal biochemistry (Doyle 2011).

The life cycle of truffles (Tuber spp.) is very complex and can be divided into

distinct stages: a growth as filamentous vegetative mycelium, an association of the

fungal hyphae with the host roots to form the ectomycorrhizas (ECMs), and the

organization of hypogeous fruiting bodies with asci and ascospore.

The proteomic assets of the Tuber spp. have been thoroughly studied for the past
20 years using various methods such as the purification of proteins from biological

sources and heterologous expression in prokaryotes and eukaryotic cells. Several

proteins have been characterized in the different phases of the life cycle of the most
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Table 24.1 Summary of the proteins described in this study (PS, protein symbol; GS, gene

symbol; PE, phase of expression)

Speciesa Protein PS GS PEb Activity and function

Tbo Enolase ENO-1 eno-1 Myc Lyase (interconversion of

2-phosphoglycerate in

phosphoenolpyruvate)

Tbo Glutamate

dehydrogenase

GDH gdh Myc Reductive amination

2-oxoglutarate to glutamate (pri-

mary nitrogen metabolism in

response to different nitrogen

sources)

Tbo High-affinity

ammonium

transporter

TbAMT1 TbAMT1 Myc Ammonium transporter (trans-

port ammonium onto the cell;

expression modulated upon per-

turbation of the N status)

Tbo Cell division

control protein

42

TbCdc42 Tbcdc42 Myc Small GTPase (Rho family)

(polarized growth and actin

cytoskeleton organization;

required for polarity establish-

ment and maintenance, in bud

formation and shmooing)

Tbo Fruiting body

lectin 1

TBF-1 tbf-1 Asc Lectin (sorting bacteria during

the ascoma formation)

Tbo Glutamine

synthetase

TbGS TbGS Myc

ECM

Asc

Condensation of glutamate and

ammonia to form glutamine

(respond positively to N depri-

vation and return rapidly to basal

levels upon resupplementation of

various forms of nitrogen, espe-

cially nitrate)

Tbo Hexokinase TBHXK1 hxk-1 Myc Phosphorylase (transfer of a

high-energy phosphate group of

a donor to glucose, producing

glucose-6-phosphate)

Tbo Hexose

transporter

TBHXT1 Tbhxt1 Myc

ECM

High-affinity glucose transporter

(glucose and fructose uptake)

Tbo Mannitol

dehydrogenase

TbMDH Tbmdh Myc Dehydrogenase reductases (fruc-

tose reduction and mannitol

oxidation)

Tbo Nitrite

reductase

TBNR1 tbnr1 Myc

ECM

Catalyze the nitrite reduction

(inducible gene responding

mainly to nitrate; upregulated

after symbiosis establishment)

Tbo Transporter TbNrt2 TbNrt2 Myc

ECM

Nitrate and nitrite transporter

(high-affinity transporter

bispecific for nitrate and nitrite,

expressed in free-living mycelia

and ECMs; upregulated follow-

ing Myc transfer to a nitrogen-

free medium)

(continued)
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important Tuber species in terms of agronomics and economics. In particular, the

availability of a reliable Tuber borchii Vittad. in vitro system has allowed

researchers to investigate its complex life cycle (Sisti et al. 1998), while the

complete genome of Tuber melanosporum Vittad. provides a wealth of information

for in-depth studies. On the contrary, Tuber magnatum Pico is more difficult to

cultivate in the laboratory, and therefore studies have been focused only on its

ascoma.

Herein we review some of the most interesting investigations regarding the

characterization of specific proteins and metabolic pathways that can give us

insights into these intriguing organisms belonging to the genus Tuber. The proteins
described in this review are summarized in Table 24.1.

24.2 Proteomic Studies on Truffles

Modern molecular biology benefits greatly from the growing availability of geno-

mic sequences; however, a genome sequence only represents a picture of an

organism’s physiological cell development, and adaptive potential. Hence, to gain

an in-depth understanding of metabolic processes as well as physiological adapta-

tion to environmental changes, it is necessary to bring transcriptomics and prote-

omics into play. While genomics may provide a comprehensive picture of

everything related to nucleic acids, transcriptomics sheds light about the set of

RNA transcripts that are produced by the genome under specific circumstances and

proteomics provides an actual description of specific proteins or complexes of

proteins in their biological milieu. Furthermore, proteomes are much more

Table 24.1 (continued)

Speciesa Protein PS GS PEb Activity and function

Tbo Rho GTPase

dissociation

inhibitor

TbRhoGDI Tbgdi Myc Small GTP-binding proteins

(Rho family) (important modu-

lator of cytoskeleton reorganiza-

tion during polarized apical

growth that antecedes symbiosis

instauration)

Tbo Homologue of

the blue-light

photoreceptor

TbWC-1 Tbwc-1 Myc Photoreceptor (prevent mycelia

from growing toward the light)

Tdr Fruiting body

lectin 1 (Tbf-1

orthologues)

TDF-1 tdf-1 Asc Lectin (sorting bacteria during

the ascoma formation)

Tme Invertase TmelINV tmelinv Myc

EC

Asc

β-Fructofuranosidase (catalyzes
the hydrolysis of sucrose in fruc-

tose and glucose)
aTbo, T. borchii; Tdr, T. dryophilum; Tme, T. melanosporum
bM, Myc; ECM, ectomycorrhiza; Asc, Ascoma
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multiform and dynamic than related upstream genomes, hence requiring complex

experimental pipelines, including separation, detection, and data processing to

highlight protein content and/or modifications during the complex life cycle of an

organism. Proteins are very challenging compounds; their amino acid composition

determines their physicochemical properties (e.g., hydrophobicity, polarity, acid/

base character) and affects the formation of specific tertiary and quaternary struc-

tures (e.g., globular or fibrillar proteins, mono- or multimers, supercomplexes). In

addition, proteins can be post-translationally modified (e.g., phosphorylation, gly-

cosylation) to alter their catalytic, regulatory, or structural properties. Considering

the enormous structural and functional diversity of proteins, only rational combi-

nations of various analytical approaches allow us to gain an effective view of the

overall state of the cell.

Protein complements are separated by standard methods, including gel electro-

phoresis and liquid chromatography (Baggerman et al. 2005; Rabilloud et al. 2010),

and individual protein species are usually identified by mass spectrometry (Domon

and Aebersold 2006). The successful coupling of multidimensional separations

with mass spectrometry (MS) for protein and peptide analyses has been achieved

thanks to the advent of the matrix-assisted laser desorption ionization (MALDI) and

electrospray ionization (ESI) techniques and the evolution of new powerful MS

instruments. While MALDI is usually combined with gel-based separations, ESI is

frequently coupled with “online” high-pressure liquid chromatography (HPLC) or

reversed-phased liquid chromatography (RPLC) separations. Two main analytical

approaches are commonly used for protein analyses for proteome separation and

characterization: “top-down” and “bottom-up.” The top-down method is used for

the analysis of intact proteins separated by HPLC and identified by MS. In the

bottom-up approach, samples require a gel-based purification step, followed by an

enzymatic or chemical digestion that provides peptides separated by

multidimensional chromatography such as 2D-HPLC, which are finally identified

by tandem MS (Cui et al. 2011; Wu et al. 2012).

The majority of proteomic studies on truffles have been focused on cultured

mycelia and fruiting bodies. One of the first comparisons of electrophoretic protein

patterns from fruiting bodies of various truffle species using one-dimensional

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (1D-SDS-PAGE)

showed significant differences in protein expression among T. magnatum,
T. borchii, Tuber dryophilum Tul. & C. Tul., and Tuber puberulum Berk. & Broome

(De Bellis et al. 1998). In particular, a predominant protein with a molecular weight

of 11.9 kDa was found in T. borchii and T. dryophilum (Agostini et al. 2000), but

not in the other species. This protein was purified, characterized, and named TBF-1,

whose function will be described below.

The variability of protein profiles across different Tuber species was also

highlighted in a study on the effect of different storage treatments on

T. magnatum, T. borchii, T. melanosporum, and Tuber aestivum Vittad. fruiting

bodies (Saltarelli et al. 2008). One-dimensional SDS-PAGE revealed species-

specific bands even in species that were very similar morphologically such as

T. magnatum and T. borchii. Further differences in protein profiles were emerged
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during the storage of fresh fruiting bodies at 4 �C; in particular, during the time

course of 30 days, one protein of about 45 kDa progressively disappeared, while

two proteins of about 25 kDa and 20 kDa increased in T. borchii fruiting bodies.

During the storage at 4 �C, changes in proteins were observed also in

T. melanosporum and T. aestivum, while the fruiting bodies of T. magnatum
remained quite stable. In addition to the changes which have been observed in

T. borchii fruiting bodies during the storage, changes in protein expression during

maturation were reported by Pierleoni et al. (2004). The comparison of

two-dimensional electrophoresis (2-DE) maps obtained from immature and mature

T. borchii fruiting bodies showed that in the mature fruiting bodies the expression

level of many 30–150 kDa proteins decreases. This is not surprising because in the

fructification initial phase, a higher energy supply is necessary to meet the cell

demand since biosynthetic pathways are strongly induced. However, some proteins

are more expressed in the mature fruiting bodies. To understand the processes

leading to ascoma development in T. borchii, the identification of proteins specific

to one or both differentiation phases was attempted. Of the 19 spots excised from

2-DE gels, four were identified, one of which was found to be more expressed in the

immature fruiting body (ATP synthetase A chain), one upregulated in the mature

ascoma (endoglucanase), while metallothionein and ferredoxin present in equal

measure in each maturation phase. Endoglucanase is able to degrade crystalline

cellulose to glucose and must be involved in the establishment of symbiosis.

Moreover, this enzyme allows fungi to grow and fruit on particular substrates.

The decrease in ATP synthetase A chain during truffle maturation is in agreement

with the higher energy supply required in the initial phase of fructification for the

formation of membrane, cell walls, and other processes. The lack of information on

the T. borchii genome has limited our ability to identify a greater number of

proteins both in the fruiting body and in mycelium.

The only available study on the proteome of the T. borchiimycelium was carried

out by Vallorani et al. (2000). The authors provide a 2D-PAGE map of 30-day-old

T. borchii mycelium grown in a liquid medium. The map reveals the presence of

about 800 spots, 23 of which were analyzed using both amino acid composition and

amino terminal sequence tagging. However, the majority of the spots did not

provide information when subjected to N-terminal sequencing, probably because

the N-terminus was blocked in some way. Only five spots yielded positive results,

but no similarity with sequences in databases was found except in one case. The

amino acid composition data obtained for all the spots did not match with any

protein in the databases except for the spot corresponding to ubiquitin, which was

also confirmed by an N-terminal tag. To date, these sequences do not show any

similarities in databases, including T. melanosporum database. In the 2-DE map,

spots corresponding to glutamate dehydrogenase were also identified by

coelectrophoresis with the purified enzyme (Vallorani et al. 2002). The proteomic

results on T. borchii presented in this investigation, although limited in the number

of proteins identified, may be considered useful for subsequent studies designed to

better understand the events responsible for the formation and maturation of the

T. borchii fruiting body. Proteomic analysis has recently been used to characterize
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the differences occurring in T. magnatum fruiting bodies naturally grown in four

different regions of central and northern Italy (Vita et al. 2013). The area where

truffles are grown significantly influences the quality of fruiting bodies and their

protein profile. This is due to differences in environmental growth conditions, the

particular developmental stage of the fungus, and genetic variations. The compar-

ison of 2D gels of T. magnatum from different geographic areas revealed quanti-

tative differences that remained constant over different collecting years. Using a

precise bioinformatics method of analysis, the authors identified 17 spots suitable to

discriminate the area of origin, 15 of which were sequenced by mass spectrometer.

One of the proteins identified was NADP-dependent mannitol dehydrogenase, the

enzyme that catalyzes the reversible conversion of mannitol to fructose. Another

enzyme affected by environment was malate dehydrogenase, which is involved in

the Krebs cycle, the glyoxylate cycle, and the gluconeogenesis pathway. The

differential expression of these proteins is not surprising as truffles are not autotro-

phic organisms and rely on plant-originated carbohydrate breakdown for their

metabolism. However, for most of the proteins identified, it was difficult to extrap-

olate specific physiological roles related to their different environments of origin.

The results obtained by Vita and colleagues indicate that proteomic analysis is a

suitable method for characterizing the differences in T. magnatum grown in various

geographical areas, even if the genome sequencing of this species is not available.

This finding may also have important economic implications, as the fruiting bodies

from different areas have different organoleptic characteristics that affect the price;

thus, geographic characterization might allow us to unmask fraudulent products

(Gioacchini et al. 2008).

Regarding T. melanosporum, the 2010 publication of its genome (Martin

et al. 2010) provided useful information to gain a better understanding, at the

genomic level, of its carbohydrate metabolism, transcription, mating behavior,

volatiles that produce aroma, and other aspects of transcriptional and genomic

control. However, to fully understand the biology of this fungus, a combined

bioinformatics and proteomic study to characterize the T. melanosporum proteome

was carried out (Islam et al. 2013). The authors applied a sequential BLAST

method and annotated the truffle proteome from the 2010 T. melanosporum genome

comprising 12771 putative proteins. They provided high-quality annotation for

2587 sequences and proteomic evidence of 836 truffle proteins. Approximately

20% of all of the putative proteins were assigned putative biological functionality.

In particular, nine proteins responsible for a part of the aroma profile were identi-

fied. Furthermore, the authors suggested a potential enzymatic pathway for the

production of the primary volatiles in black truffles. These studies, along with new

findings which identified and characterized novel proteins (Payen et al. 2015), have

begun to shed light on truffle biological pathways paving the way for the identifi-

cation of potential biomarkers of authenticity, freshness, and aroma.
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24.3 The Major Pathways of Primary Metabolism

in Truffles

24.3.1 Carbon Metabolism

Ectomycorrhizal (ECM) symbiosis between certain soil fungi and plant roots is one

way that these respective partners overcome their nutritional limitations. Fungi

contribute to tree nutrition by means of mineral weathering and mobilization of

nutrients from organic matter and obtain plant-derived carbohydrates as a response

(Nehls 2008). Primary carbon metabolism, related to carbon/nitrogen exchange at

the plant-fungus interface, as well as metabolic support of mycelium and fruiting

body development, plays a fundamental role in the Tuber sp. Under axenic growth
conditions, which do not necessarily reflect the situation in soil, the best carbon

sources for T. borchii growth are simple sugars, such as glucose, fructose, mannose,

and mannitol (Saltarelli et al. 1998; Ceccaroli et al. 2001). On the contrary,

T. melanosporum also grows in liquid media containing sucrose as the sole carbon

source and a sucrose-based fed-batch fermentation process has been developed for

the efficient production of mycelia and bioactive polysaccharides from this fungus

(Liu et al. 2009). In fact, T. melanosporum possesses an acid invertase, the first

enzyme of this kind to be identified in a plant symbiotic filamentous fungus

(Ceccaroli et al. 2011), and Hacquard et al. (2013) report the accumulation of the

invertase transcripts in the Hartig net. This evidence suggests that T. melanosporum
may have the ability to hydrolyze plant-derived sucrose to provide the substrate for

fungal uptake at the symbiotic interface. In fact, Le Tacon et al. (2013), using

carbon flux assessment with labeled 13CO2 by the host to T. melanosporum mycor-

rhizas and ascomata, demonstrated that the mycorrhizas first form a carbon sink and

accumulate 13C prior to ascoma development. Then, the mycorrhizas transfer 13C to

the ascomata to provide constitutive carbon. The ascomata accumulate host carbon

until reaching complete maturity (Le Tacon et al. 2013).

Carbohydrate uptake by fungal cells is the prerequisite for both mycelium

growth and the development of ECM tissues. The first hexose transporter to be

identified and completely characterized in Tuber sp. is TBHXT1 from T. borchii
(Polidori et al. 2007). TBHXT1 has a strong preference for D-glucose

(Km 38� 10 μM) over D-fructose (Km 16� 5 mM), and uncoupling experiments

indicate that TBHXT1 catalyzes the transport via a proton-symport mechanism.

The gene Tbhxt1 is not regulated by fructose, but it reaches its highest level of

expression at 3 mM glucose and it is repressed by very high glucose concentration.

Prolonged carbon starvation conditions upregulate Tbhxt1, while its expression

remains at a basal level in the ECM tissue. The mode of regulation of Tbhxt1 is

consistent with its role as a high-affinity D-glucose transporter; hence, it has been

concluded that TBHXT1 is mainly responsible for carbohydrate uptake by soil-

growing hyphae and the reduction of sugar leakage from hyphae (Polidori

et al. 2007). The sequenced genome of T. melanosporum contains about 20 gene

models, which are homologous to sugar transporters identified in other
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basidiomycetes or ascomycetes but not functionally characterized (Ceccaroli

et al. 2011). Five potential candidate genes are upregulated in ECM tissue including

orthologous to Tbhxt1 (Hacquard et al. 2013).

The sugars imported by fungal hyphae are utilized for ATP generation, amino

acid biosynthesis, and the formation of (potential) carbohydrate storage com-

pounds. Genome analysis and biochemical studies have allowed the reconstruction

of the central carbohydrate metabolism in Tuber sp. (Ceccaroli et al. 2011). All the
genes of Embden–Meyerhof (EM) pathway, which converts glucose into pyruvate,

and oxidative pentose phosphate (PP) pathway, which generates NADPH and

pentose sugars, have been identified (also in multiple copies of some genes) in

the T. melanosporum genome (Ceccaroli et al. 2011). The evaluation of enzymatic

activities in T. borchii has shown that most of the enzymes of these pathways are

more active in mycelium than in fruiting bodies (Saltarelli et al. 1998).

One of the major regulatory steps in the EM pathway is represented by the

ATP-dependent conversion of hexose to hexose 6-phosphate catalyzed by hexoki-

nase. In T. borchii, three hexokinase activities (HKM1, HKM2, HKM3) have been

identified and purified by anion exchange chromatography. These enzymatic forms

are detectable during the different phases of fungus growth: HKM1 and HKM2 are

present in the young mycelium, whereas HKM3 appears only in the final phase of

growth and it is also the unique form found in the T. borchii fruiting body

(Ceccaroli et al. 1999). Despite the presence of three distinct enzymatic forms,

only one gene from T. borchii coding for hexokinase (hxk-1) has been isolated and

characterized (Agostini et al. 2001). The T. melanosporum genome harbors two

genes codifying for hexokinase: one gene codes for a protein showing the highest

similarity with T. borchii hxk-1 (AF309088, 94% identity) (Agostini et al. 2001)

and the second gene shares maximum identity (39%) with a Neurospora crassa
Shear and B.O. Dodge hypothetical protein (NCU06996) and with several putative

hexokinase family proteins XprF, which are purely regulatory in terms of function

and play a role in the response to carbon starvation (Ceccaroli et al. 2011). Among

the enzymes of the glycolytic pathway, enolase has also been purified and the

corresponding gene (eno-1) has been cloned and characterized in T. borchii
(Polidori et al. 2004). This enzyme seems to be an unregulated constitutively

expressed protein in most environmental conditions. Moreover, in the case of

T. borchii mycelium, the eno-1 transcriptional level and enzymatic activity did

not change when different carbon sources were used in the medium, but eno-1
mRNA transcript was overexpressed during the mycelial growth and the enzymatic

activity similarly increased (Polidori et al. 2004).

In addition to rapid carbohydrate uptake and metabolism, storage carbohydrates

are of particular interest in ECM fungi. Although trehalose, mannitol, and glycogen

are the most common carbohydrates in fungi, the accumulation of these compounds

varies greatly among ECM species. HPLC analyses of T. melanosporum mycelia

and fruiting bodies have revealed the presence of both trehalose and mannitol, and

all genes involved in these pathways have been identified in the genome (Ceccaroli

et al. 2011). RT-qPCR analyses show that mannitol dehydrogenases and mannitol

1-phosphate dehydrogenase mRNA transcripts are more highly expressed in
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mycelium than in fruiting bodies, suggesting that mannitol metabolism mainly

operates in mycelial tissue. On the contrary, trehalose metabolism is upregulated

in fruiting bodies and all glycogen metabolism genes are expressed at the highest

level in ECMs (Ceccaroli et al. 2011). In T. borchiimycelium, the specific activities

of all enzymes of mannitol metabolism have been determined and nuclear magnetic

resonance spectroscopy (NMR) experiments have shown that mannitol synthesis

occurs, whereas trehalose and its metabolic pathway have not been detected

(Ceccaroli et al. 2003). In this fungus, D-mannitol is produced from D-fructose

by a novel NADP+-dependent D-mannitol dehydrogenase, named TbMDH, which

has been purified and characterized and whose corresponding gene has been cloned.

The enzyme is a homotetramer with two zinc atoms per subunit and catalyzes both

D-fructose reduction and D-mannitol oxidation, although it shows the highest

substrate specificity and catalytic efficiency for D-fructose. The gene Tbmdh is

upregulated when mycelia are transferred to a culture medium containing

D-mannitol or D-fructose. The enzyme identified a new group of proteins, most

of them annotated in databases as hypothetical zinc-dependent dehydrogenases,

forming a distinct subfamily among the polyol dehydrogenase family (Ceccaroli

et al. 2007).

24.3.2 Nitrogen Metabolism

Nitrogen retrieval and assimilation by symbiotic ECM fungi is thought to play a

central role in the mutualistic interaction between these organisms and their plant

hosts. Urea, ammonium, and nitrate are the major nitrogenous compounds of forest

soils and can be used by Tuber sp. as a source of nitrogen through the activation of

dedicated transporters at the soil/mantle interface (Hacquard et al. 2013). In

T. borchii mycelium, an ammonium transporter called TbAMT1 has been isolated

and functionally characterized. TbAMT1 protein is a high-affinity ammonium

transporter of 52 kDa with a Mep/Amt-like membrane topology, and the TbAMT1
mRNA transcript in T. borchii mycelia is modulated upon perturbation of the N

status (Montanini et al. 2002). The nitrate transporter TbNrt2 protein of T. borchii is
a high-affinity transporter (Km¼ 4.7 μM nitrate) that is bispecific for nitrate and

nitrite. It is expressed in free-living mycelia and in mycorrhizas, where it prefer-

entially accumulates in the plasma membrane of root-contacting hyphae

(Montanini et al. 2006). The TbNrt2 mRNA was specifically upregulated following

transfer of mycelia to nitrate (or nitrite)-containing medium. TbNrt2 was also

upregulated (at both mRNA and protein level) following transfer to a nitrogen-

free medium. The functional and expression properties delineate TbNrt2 as a

versatile transporter that may be especially suited to cope with the fluctuating

(and often low) mineral nitrogen concentrations found in most natural, especially

forest soils.

After assimilation, the transfer of nitrogen from the fungal hyphae to the plant is

the result of various metabolic processes made possible by the action of several
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enzymes, such as glutamate dehydrogenase (GDH), glutamine synthetase (GS),

nitrate reductase (NR), nitrite reductase (NiR), and amino transferases (ATs). In

T. borchii, some of these proteins have been identified and biochemically charac-

terized and their genes have been cloned. NADP-GDH appears to be a hexameric

protein consisting of identical subunits and its Km value for glutamate is much

lower than that of other fungi (Km¼ 2.79 mM), which points to the greater affinity

of T. borchii GDH for this organic N source. Biochemical and Northern blot

analyses carried out with mycelia grown on different nitrogen sources clearly

show an upregulation in response to different nitrogen sources such as urea, nitrate,

alanine, and glutamate and in the symbiotic phase (Vallorani et al. 2002).

Until now, only one gene that codes for a GS polypeptide (TbGS) has been

identified in T. borchii. This polypeptide autonomously assembles into catalytically

active homooligomers. TbGS displays a strong positive cooperativity

(n¼ 1.7� 0.29) and an unusually high Km value (54� 16 mM) for glutamate and

a correspondingly low sensitivity toward inhibition by the glutamate analogue

herbicide phosphinothricin. The gene TbGS is upregulated in N-starved mycelia

and returns to basal levels upon resupplementation with various forms of N, the

most effective of which is nitrate. Both responses are accompanied by parallel

variations in the amount of TbGS protein and glutamine synthetase activity, thus

indicating that TbGS mRNA levels are primarily controlled at the pre-translational

level (Montanini et al. 2003).

The nitrate reductase gene (tbnr1) from T. borchii encodes a protein of

929 amino acids. Biochemical and Northern blot analyses reveal that nitrate

assimilation in T. borchii is an inducible system that responds mainly to nitrate.

Enzymatic assays show that NADPH-dependent nitrite formation markedly

increases in ECMs, suggesting that the fungal partner plays a fundamental role in

nitrate assimilation.

The nitrite reductase gene of T. borchii (tbnir1) forms a gene cluster with the

nitrate transporter gene and is downregulated in the presence of primary nitrogen

sources and upregulated following transfer to either nitrate- or nitrogen-limited

conditions. Real-time PCR assays reveal that both nitrate transporter and nitrite

reductase expression levels are about 15-fold and 10-fold higher in ECM tissues

than in control mycelia, respectively, suggesting that the symbiotic fungus

T. borchii contributes to improving the host plant’s ability to make use of nitrate/

nitrite in its nitrogen nutrition (Guescini et al. 2007).

24.4 Proteins Involved in the Changes Occurring During

the Truffle Life Cycle

Truffles have a complex life cycle involving the reorganization of mycelium into

specialized structures (mycorrhiza and fruiting body). This process is affected by

numerous morpho-functional modifications linked to spatiotemporal
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developmental changes in genes and related protein expression in the fungus.

Moreover, endogenous factors as well as biotic and abiotic features affect the truffle

life cycle. Stimuli such as the presence of the plant, volatile compounds, root

extracts, different carbohydrate sources, and bacteria as well as climate dynamic

can induce morphological and functional changes (Amicucci et al. 2010; Potenza

et al. 2012).

Among the genes differentially expressed during its life cycle, an 11.9-kDa

protein specifically expressed in the T. borchii fruiting body is of particular interest.
The protein, called TBF-1 (Swiss-Prot accession no. P80708), represents the most

abundant protein in aqueous extract of truffle ascoma (De Bellis et al. 1998). This

protein has been purified and sequenced and the related gene cloned (De Bellis

et al. 1998). More recently, the TBF-1 has been produced in Escherichia coli
(Palma et al. 2005). Structural characterization has shown that TBF-1 is a

homodimeric protein, not-glycosylated, consisting two monomers of 108 amino

acids. Furthermore, the TBF-1 has no orthologue in T. melanosporum genome,

whereas it has significant homology with the TDF-1 in T. dryophilum (Agostini

et al. 2000); in fact, these species are phylogenetically closely related and belonging

to Puberulum group (see Chap. 7). A comparison of the amino acid sequence

deduced from the tbf-1 gene and the protein sequence has revealed the presence

of an N-terminal 12-amino acid peptide. Further studies, using heterologous expres-

sion of several engineered variants of TBF-1 on yeast, showed that the peptide is a

noncanonical signal peptide, which might enable the TBF-1 to enter the secretory

pathway, bypassing interaction with a signal recognition particle (SRP). On the

other hand, it leads the TBF-1 to the classical pathway via a nonconventional route

(Nombela et al. 2006; Palma et al. 2007).

Localization of TBF-1 within the fruiting body tissue has allowed the localiza-

tion of the protein in the cell walls of hyphae and asci in a co-localization with

chitin and glucans. On the contrary, the presence of TBF-1 was not detected on the

spore surface (De Bellis et al. 1998). Moreover, in the yeast cells expressing TBF-1,

the protein was localized both loosely bound to the cell wall and free in the medium

(Palma et al. 2007).

Hemagglutination assay, using rabbit erythrocytes, has shown that TBF-1 is a

lectin able to bind the exopolysaccharides extracted by Rhizobium strains from

T. borchii ascoma and does not react with either the specific Rhizobium of

Leguminosae or with Rhizobia isolated from the T. magnatum (Cerigini

et al. 2008). The high binding specificity of TBF-1 towards rhizobial surface

polysaccharides seems to suggest an active role of the protein in sorting these

bacteria during the fructification phase. Hence, the presence of nitrogen-fixing

bacteria in the fruiting bodies of Tuber spp. and in association with other fungi

(Frey‐Klett et al. 2007) suggests that these associated microorganisms could play an

important role in fungal growth and nutrition during ascoma formation (see

Chap. 18). In addition to their interaction with the microbial community, in the

soil, truffles also respond to abiotic factors.

It has been reported that organoleptic properties of truffle are equilibrium among

genetic, microorganism inside ascomata, environment, and climate (Molinier
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et al. 2015). Thus, the influence of light, on T. borchii mycelial growth, has been

investigated. Ballario and her team reported for the first time a phenotypic response

to light in a “fully” hypogeous organism (Ambra et al. 2004). Tuber borchiimycelia

were found to respond to blue light by inhibiting apical growth and producing

in vitro mycelial colonies of reduced size. Furthermore, to study light transduction,

the gene Tbwc-1 was cloned, resulting in the homologue of the blue-light photore-

ceptor of N. crassa, NcWC-1. The structural characterization of the protein

expressed by the T. borchii gene showed the presence of the light-oxygen-voltage

(LOV)-sensing (LOV) domain that is present in signal transduction proteins, a

nuclear localization signal (NLS) domain, and a Per/Arnt/Sim (PAS) domain,

which function as a signal sensor, but not the glutamine-rich regions (activator

domain) present in N. crassa. These findings support the hypothesis that the

TbWC-1 is a blue-light photoreceptor, but its role as transcriptional activator

remains unclear. However, why should a hypogenous organism need a photorecep-

tor? TbWC-1 might prevent mycelia from growing toward the light, thus favoring

growth toward plant roots in order to form mycorrhizas. At the level of spore

dispersal from the fruiting body, the perception of light might inhibit the growth

of the germinating mycelium in this direction and therefore promote the under-

ground growth.

Filamentous fungi grow by the polar expansion of hyphae, and polarized growth

is the dominant growth of filamentous fungi, while, in single cell yeasts, such as

budding yeast and fission yeast, polarized growth is restricted to certain times

during the cell cycle (i.e., in starvation) (Banuett et al. 2008; Harris 2006; Steinberg

2007). In fact, the continuous polarized growth of filamentous fungi at their tips is

fundamental to their expansion in the soil. Such growth aims to get nutrients and to

meet the opposite mating-type hypha, to move toward the plant roots, and to

develop the mycorrhiza and fruiting body.

Studies on T. borchii have shown that Cdc42 and Rho-Gdi have a fundamental

role in hyphal growth. Tuber borchii Cdc42 is involved in polarized growth and has
a fundamental role in the organization of the actin cytoskeleton (Menotta

et al. 2007, 2008). In particular, heterologous expression assays with a constitu-

tively active TbCdc42 variant (Q63L mutation) show that in yeast Cdc42 is able to

switch on a series of evident morphological modifications, including apical growth

and branching (Menotta et al. 2007). Cdc42 together with other small GTP-binding

proteins belonging to Rho GTPases is involved primarily in the reorganization of

the actin cytoskeleton and, hence, in all cell processes linked to morphological

modifications. The processes include cytokinesis, cell motility, vacuole trafficking,

secretion, and apoptosis in all eukaryotes, and more recently, it has been shown that

they are also upstream of complex signaling pathways that modulate gene expres-

sion and cell growth (Etienne-Manneville and Hall 2002; Park and Bi 2007). Their

functions are tightly regulated by a molecular switch modality. The cycling

between the GTP-bound (active) and the GDP-bound (inactive) state is regulated

by three classes of proteins: guanine nucleotide exchange factors (GEFs), GTPase-

activating proteins (GAPs), and GDP-dissociation inhibitors (Gdis). By interacting

with Rho-Gdi-binding proteins, by phosphorylation or upon alterations in the lipid
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composition of membranes, they can actively contribute to the delivery of Rho

proteins to specific subcellular membranes and signaling pathways (Bassilana

et al. 2005).

Regarding the features of the deduced amino acidic sequence of TbCdc42,

comparison of the amino acid sequence with those of other fungal species and

representative animal Cdc42 proteins reveals the five typical functional domains of

this protein family associated with binding and hydrolysis of guanine nucleotides.

These domains are highly homologous with those in mammals and yeast. The

deduced amino acid sequence of TbCdc42 also contains the typical carboxyl-

terminal consensus sequence, CAAX (C, cysteine; A, any aliphatic amino acid;

and X, any amino acid) and a lysine-rich polybasic region upstream of the CAAX

domain important for intracellular localization. The residue Thr37, which is

involved in the coordination of Mg2+ cations in the interaction with Rho-Gdi in

competition with GEF, is present inside the typical domain I (switch I), and the

residue Gln63, involved in GTP hydrolysis, is present in switch II. In addition, the

amino acid sequence of TbGdi is inferred from the gene sequence. The amino acid

sequence comparison with diverse Rho-GDI proteins reveals the two functional

domain characteristic of this protein family as shown by biochemical and structural

studies: a short N-terminal regulatory domain (residues 5–55) linked by residues

56–64 to a C-terminal domain with barrel structure (residues 65–202) (Hoffman

et al. 2000). The C-terminal domain has an immunoglobulin-like fold that contains

a hydrophobic pocket for insertion of the isoprenyl moiety of the Rho GTPase. The

nonpolar residues that form this pocket are conserved in TbRhoGdi, particularly a

“hydrophobic triad.” This triad is critical for the formation of the binding site for the

distal isoprene unit. These residues are fundamental because they interact with the

polybasic region at the C-terminus of the Rho GTPases.

Further information regarding TbGdi and TbCdc42 proteins has been obtained

using deduced virtual three-dimensional structures, which can be created thanks to

the high degree of conservation and the numerous crystallographic structures

available in the Swiss-Prot database, allowing the verification of the three-

dimensional shape of the predicted domains. The predicted three-dimensional

structure reveals the presence of active sites matching those present in other

eukaryotes, mainly fungi. Knowledge obtained through the analyses of the deduced

amino acidic sequences and the construction of three-dimensional structures has

been deepened through an interaction study. In yeast two-hybrid systems and

translocation assays, TbRhoGdi has been found to interact with TbCdc42 (Menotta

et al. 2008), confirming the regulatory role of TbGdi vs the GTPase TbCdc42.

Furthermore, most interestingly, it was found that the Tbgdi and Tbcdc42 genes are
expressed at higher levels in the presence of the symbiotic host, root exudates, or

glucose (Menotta et al. 2007). An increased expression of both genes in the

presence of the host plant and/or root exudates and/or glucose (a component of

root exudates) is necessary to the fungus. It determines apical growth and branching

activation and consequently it induces the fungus to prepare itself for the develop-

ment of mycorrhizal symbiosis, making it get physically closer to the plant roots

through the prime of branching events and polar growth.
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Regarding other genes involved in these mechanisms, thanks to the information

made available by the recent sequencing of the T. melanosporum genome, a large

number of proteins involved in cytoskeletal reorganization, hyphal growth, and

branching have been found. Briefly, 149 genes have been identified and function-

ally grouped according to the deduced amino acid sequences (Amicucci

et al. 2011), permitting the description of a hypothetical metabolic pathway. A

detailed gene annotation shows that most components of the machinery for cell

polarity, morphogenesis, and cytoskeleton, as characterized in yeasts and filamen-

tous fungi, are conserved, albeit the degree of similarity varies from strong to weak.

These findings raise many questions regarding fungal morphogenesis and should

spur us on to gain a better understanding of the role of these hyphal growth genes in

the context of plant/fungal interactions. Long-standing questions around issues

such as the larger hyphal diameter shown by truffles at the moment of the contact

with the plant or the abundance of incomplete transverse walls during the mantle

formation probably depend on a differential regulation of genes controlling the

axiality of the cell growth.

24.5 Conclusions

Truffle research has several different goals: understanding the fungus’ complex life

cycle, developing tools for its identification, and improving the production of

mycorrhized seedlings and their cultivation. Proteomic approaches represent a

good starting point to broaden our knowledge of the Tuber species and to investi-

gate their biology. Gaining a better understanding of the species’ primary metab-

olism is a necessary step toward understanding its physiology. Indeed, primary

metabolism affects all the phenotypical traits of filamentous fungi. In particular, it

affects the fungi’s reaction to extracellular stimuli and its production of precursor

molecules required for cell division, morphological changes, and provision of

monomer building blocks for the production of secondary metabolites and extra-

cellular polypeptides.

Our newfound knowledge of the genome of T. melanosporum has also given a

boost to the discovery of new proteins and the characterization of their genes.

Proteins can also be characterized using heterologous systems to produce recom-

binant variants or to complement yeast strains. However, the genome by itself is not

completely representative of the functional aspects of an organism. In fact, it is the

proteomic network that explains and describes i) the biology of an organism, ii) its

functional organization, and iii) its ability to respond to endogenous programming

in the realization of its life cycle and to external biotic and abiotic stimuli.

Moreover, interestingly, the results mentioned herein highlight the potential of

methodologies based on proteomic investigations for ecological studies, in partic-

ular in the identification of the geographical origin of truffles (where an ascoma is

harvested). Indeed, protein profiles, either detected by 2D profiles or by

transcriptome analysis, are greatly influenced by environmental factors, which
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comprise the pedo-climatic conditions: soil composition and temperature, precip-

itation, as well as the fauna and microfauna and flora.
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