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; Diaz 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 (Diaz 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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Fig. 23.1 Characteristic volatiles from various truffle species

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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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. borchii mycelium
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 Tllustration 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
I-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 7. 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 7. 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 wvolatiles 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; Lopez 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; Diaz 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-0) 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 l-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
I-octen-3-ol contributed more to the aroma of 7. 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 Bernas 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-Ruqgaie 2006). Jaworska and Bernas (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 1015 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 y-irradiation at 2.5 kGy did not result in any significant changes.
y-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.

References

Al-Ruqaie I (2006) Effect of different treatment processes and preservation methods on the quality
of truffles: I. Conventional methods (drying/freezing). J Food Process Preserv 30(3):335-351.
doi:10.1111/j.1745-4549.2006.00069.x

Antony-Babu S, Deveau A, Van Nostrand JD, Zhou J, Le Tacon F, Robin C, Frey-Klett P, Uroz S
(2013) Black truffle—associated bacterial communities during the development and matura-
tion of Tuber melanosporum ascocarps and putative functional roles. Environ Microbiol 16
(9):2831-2847. doi:10.1111/1462-2920.12294

Barbieri E, Bertini L, Rossi I, Ceccaroli P, Saltarelli R, Guidi C, Zambonelli A, Stocchi V (2005)
New evidence for bacterial diversity in the ascoma of the ectomycorrhizal fungus Tuber
borchii Vittad. FEMS Microbiol Lett 247(1):23-35. doi:10.1016/j.femsle.2005.04.027

Barbieri E, Guidi C, Bertaux J, Frey-Klett P, Garbaye J, Ceccaroli P, Saltarelli R, Zambonelli A,
Stocchi V (2007) Occurrence and diversity of bacterial communities in Tuber magnatum
during truffle maturation. Environ Microbiol 9(9):2234-2246. doi:10.1111/j.1462-2920.2007.
01338.x

Bellesia F, Pinetti A, Bianchi A, Tirillini B (1998) The volatile organic compounds of black truffle
(Tuber melanosporum Vitt.) from Middle Italy. Flavour Fragr J 13(1):56-58, doi:10.1002/
(SICI)1099-1026(199801/02)13:1<56::AID-FFJ692>3.0.CO;2-X

Bellesia F, Pinetti A, Tirillini B, Bianchi A (2001) Temperature-dependent evolution of volatile
organic compounds in Tuber borchii from Italy. Flavour Fragr J 16(1):1-6. doi:10.1002/1099-
1026(200101/02)16:1<1::AID-FFJ936>3.0.CO;2-Y

Bonito GM, Gryganskyi AP, Trappe JM, Vilgalys R (2010) A global meta-analysis of Tuber ITS
rDNA sequences: species diversity, host associations and long-distance dispersal. Mol Ecol 19
(22):4994-5008. doi:10.1111/j.1365-294X.2010.04855.x

Brodhun F, Schneider S, Gobel C, Hornung E, Feussner I (2010) PpoC from Aspergillus nidulans
is a fusion protein with only one active haem. Biochem J 425:553-565. doi:10.1042/
BJ20091096


http://dx.doi.org/10.1111/j.1745-4549.2006.00069.x
http://dx.doi.org/10.1111/1462-2920.12294
http://dx.doi.org/10.1016/j.femsle.2005.04.027
http://dx.doi.org/10.1111/j.1462-2920.2007.01338.x
http://dx.doi.org/10.1111/j.1462-2920.2007.01338.x
http://dx.doi.org/10.1002/1099-1026(200101/02)16:1%3C1::AID-FFJ936%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1099-1026(200101/02)16:1%3C1::AID-FFJ936%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1099-1026(200101/02)16:1%3C1::AID-FFJ936%3E3.0.CO;2-Y
http://dx.doi.org/10.1002/1099-1026(200101/02)16:1%3C1::AID-FFJ936%3E3.0.CO;2-Y
http://dx.doi.org/10.1111/j.1365-294X.2010.04855.x
http://dx.doi.org/10.1042/BJ20091096
http://dx.doi.org/10.1042/BJ20091096

404 R. Splivallo and L. Culleré

Burbank HM, Qian MC (2005) Volatile sulfur compounds in Cheddar cheese determined by
headspace solid-phase microextraction and gas chromatograph-pulsed flame photometric
detection. J Chromatogr A 1066(1-2):149-157. doi:10.1016/j.chroma.2005.01.027

Buzzini P, Gasparetti C, Turchetti B, Cramarossa MR, Vaughan-Martini A, Martini A, Pagnoni
UM, Forti L (2005) Production of volatile organic compounds (VOCs) by yeasts isolated from
the ascocarps of black (Tuber melanosporum Vitt.) and white (Tuber magnatum Pico) truffles.
Arch Microbiol 184(3):187-193. doi:10.1007/s00203-005-0043-y

Claus R, Hoppen HO, Karg H (1981) The secret of truffles: a steroidal pheromone? Cell Mol Life
Sci 37(11):1178-1179. doi:10.1007/BF01989905

Combet E, Henderson J, Eastwood DC, Burton KS (2006) Eight-carbon volatiles in mushrooms
and fungi: properties, analysis, and biosynthesis. Mycoscience 47(6):317-326. doi:10.1007/
$10267-006-0318-4

Costa R, Fanali C, Pennazza G, Tedone L, Dugo L, Santonico M, Sciarrone D, Cacciola F,
Cucchiarini L, Dacha M, Mondello L (2015) Screening of volatile compounds composition
of white truffle during storage by GCxGC-(FID/MS) and gas sensor array analyses. LWT-
Food Sci Technol 60(2):905-913. doi:10.1016/j.1wt.2014.09.054

Culleré L, Ferreira V, Chevret B, Venturini ME, Sanchez-Gimeno AC, Blanco D (2010) Charac-
terisation of aroma active compounds in black truffles (Tuber melanosporum) and summer
truffles (Tuber aestivum) by gas chromatography—olfactometry. Food Chem 122(1):300-306.
doi:10.1016/j.foodchem.2010.02.024

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

Culleré L, Ferreira V, Venturini ME, Marco P, Blanco D (2013a) Potential aromatic compounds as
markers to differentiate between Tuber melanosporum and Tuber indicum truffles. Food Chem
141(1):105-110. doi:10.1016/j.foodchem.2013.03.027

Culleré L, Ferreira V, Venturini ME, Marco P, Blanco D (2013b) Chemical and sensory effects of
the freezing process on the aroma profile of black truffles (Tuber melanosporum). Food Chem
136(2):518-525. doi:10.1016/j.foodchem.2012.08.030

de Zwart JMM, Kuenen JG (1992) Cl-cycle of sulfur compounds. Biodegradation 3(1):37-59.
doi:10.1007/BF00189634

Diaz P, Ibanez E, Senorans FJ, Reglero G (2003) Truffle aroma characterization by headspace
solid-phase microextraction. J Chromatogr A 1017(1-2):207-214. doi:10.1016/j.chroma.2003.
08.016

Diaz P, Ibanez E, Reglero G, Senorans FJ (2009) Optimization of summer truffle aroma analysis
by SPME: comparison of extraction with different polarity fibres. LWT- Food Sci Technol 42
(7):1253-1259. doi:10.1016/j.1wt.2009.02.017

Escudero A, Campo E, Farina L, Cacho J, Ferreira V (2007) Analytical characterization of the
aroma of five premium red wines. Insights into the role of odor families and the concept of
fruitiness of wines. J Agric Food Chem 55(11):4501-4510. doi:10.1021/jf0636418

Federico V, Cosimo T, Antonio P, Nadia B, Valentina L, Stefano M, Amedeo A (2015) Volatile
organic compounds in truffle (Tuber magnatum Pico): comparison of samples from different
regions of Italy and from different seasons. Sci Rep 5:12629. doi:10.1038/srep12629

Fiecchi A, Kienle MG, Scala A, Cabella P (1967) Bis-methylthiomethane, an odorous substance
from white truffle, Tuber magnatum Pico. Tetrahedron Lett 8(18):1681-1682

Franco-Luesma E, Ferreira V (2014) Quantitative analysis of free and bonded forms of volatile
sulfur compounds in wine. Basic methodologies and evidences showing the existence of
reversible cation-complexed forms. J Chromatogr A 1359:8-15. doi:10.1016/j.chroma.2014.
07.011

Garscha U, Oliw EH (2009) Leucine/valine residues direct oxygenation of linoleic acid by (10R)-
and (8R)-dioxygenases. Expression and site-directed mutagenesis of (10R)-dioxygenase with
epoxyalcohol synthase activity. J Biol Chem 284:13755-13765. doi:10.1074/jbc.M808665200


http://dx.doi.org/10.1016/j.chroma.2005.01.027
http://dx.doi.org/10.1007/s00203-005-0043-y
http://dx.doi.org/10.1007/BF01989905
http://dx.doi.org/10.1007/s10267-006-0318-4
http://dx.doi.org/10.1007/s10267-006-0318-4
http://dx.doi.org/10.1016/j.lwt.2014.09.054
http://dx.doi.org/10.1016/j.foodchem.2010.02.024
http://dx.doi.org/10.1016/j.ifset.2011.09.003
http://dx.doi.org/10.1016/j.ifset.2011.09.003
http://dx.doi.org/10.1016/j.foodchem.2013.03.027
http://dx.doi.org/10.1016/j.foodchem.2012.08.030
http://dx.doi.org/10.1007/BF00189634
http://dx.doi.org/10.1016/j.chroma.2003.08.016
http://dx.doi.org/10.1016/j.chroma.2003.08.016
http://dx.doi.org/10.1016/j.lwt.2009.02.017
http://dx.doi.org/10.1021/jf0636418
http://dx.doi.org/10.1038/srep12629
http://dx.doi.org/10.1016/j.chroma.2014.07.011
http://dx.doi.org/10.1016/j.chroma.2014.07.011
http://dx.doi.org/10.1074/jbc.M808665200

23 The Smell of Truffles: From Aroma Biosynthesis to Product Quality 405

Gerbersmann C, Lobinski R, Adams FC (1995) Determination of volatile sulfur compounds in
water samples, beer and coffee with purge and trap gas chromatography—microwave-induced
plasma atomic emission spectrometry. Anal Chim Acta 316(1):93-104. doi:10.1016/0003-
2670(95)00344-Y

Gioacchini AM, Menotta M, Bertini L, Rossi I, Zeppa S, Zambonelli A, Piccoli G, Stocchi V
(2005) Solid-phase microextraction gas chromatography/mass spectrometry: a new method for
species identification of truffles. Rapid Commun Mass Spectrom 19(17):2365-2370. doi:10.
1002/rcm.2031

Gioacchini AM, Menotta M, Guescini M, Saltarelli R, Ceccaroli P, Amicucci A, Barbieri E,
Giomaro G, Stocchi V (2008) Geographical traceability of Italian white truffle (Tuber
magnatum Pico) by the analysis of volatile organic compounds. Rapid Commun Mass
Spectrom 22(20):3147-3153. doi:10.1002/rcm.3714

Hall IR, Haslam W (2012) Truffle cultivation in the southern hemisphere. In: Zambonelli A,
Bonito GM (eds) Edible ectomycorrhizal mushrooms, soil biology, vol 34. Springer, Berlin, pp
191-208

Harki E, Bouya D, Dargent R (2006) Maturation-associated alterations of the biochemical
characteristics of the black truffle Tuber melanosporum Vitt. Food Chem 99(2):394—400.
doi:10.1016/j.foodchem.2005.08.030

Hazelwood LA, Daran JM, van Maris AJA, Pronk JT, Dickinson JR (2008) The Ehrlich pathway
for fusel alcohol production: a century of research on Saccharomyces cerevisiae metabolism.
Appl Environ Microbiol 74(8):2259-2266. doi:10.1128/AEM.02625-07

Jansen O, Raynaud C, Talou T, Gaset A (2003) Flavour profiling of protected black truffle
flavourings issued from black truffle industry by-products. In: Le Quéré JL, Etiévant PX
(eds) Flavour research at the dawn of the twenty-first century. Proceedings of the 10th
Weurman flavour research symposium, Editions Tec & Doc, Beaune, June 2002, p 638-641

Jaworska G, Bernas E (2009) The effect of preliminary processing and period of storage on the
quality of frozen Boletus edulis (Bull: Fr.) mushrooms. Food Chem 113(4):936-943. doi:10.
1016/j.foodchem.2008.08.023

Jeandroz S, Murat C, Wang Y, Bonfante P, Tacon FL (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

Lefevre C (2012) Native and cultivated truffles of North America. In: Zambonelli A, Bonito GM
(eds) Edible Ectomycorrhizal Mushrooms, Current knowledge and future prospects, vol
34, Soil Biology. Springer, Berlin, pp 209-226. doi:10.1007/978-3-642-33823-6_12

Lemfack MC, Nickel J, Dunkel M, Preissner R, Piechulla B (2014) mVOC: a database of
microbial volatiles. Nucleic Acids Res 42(D1):D744-D748. doi:10.1093/nar/gkt1250

Liu RS, Li DC, Li HM, Tang YJ (2012) Evaluation of aroma active compounds in Tuber fruiting
bodies by gas chromatography-olfactometry in combination with aroma reconstitution and
omission test. Appl Microbiol Biotechnol 94(2):353-363. doi:10.1007/s00253-011-3837-7

Liu RS, Zhou H, Li HM, Yuan ZP, Chen T, Tang YJ (2013) Metabolism of L-methionine linked to
the biosynthesis of volatile organic sulfur-containing compounds during the submerged fer-
mentation of Tuber melanosporum. Appl Microbiol Biotechnol 97(23):9981-9992. doi:10.
1007/s00253-013-5224-z

Lépez R, Lapena AC, Cacho J, Ferreira V (2007) Quantitative determination of wine highly
volatile sulfur compounds by using automated headspace solid-phase microextraction and gas
chromatography-pulsed flame photometric detection: critical study and optimization of a new
procedure. J Chromatogr A 1143(1-2):8-15. doi:10.1016/j.chroma.2006.12.053

March RE, Richards DS, Ryan RW (2006) Volatile compounds from six species of truffle-head-
space analysis and vapor analysis at high mass resolution. Int J] Mass Spectrom 249:60-67.
doi:10.1016/j.ijms.2005.12.038

Martin F, Kohler A, Murat C, Balestrini R, Coutinho PM, Jaillon O, Montanini B, Morin E,
Noel B, Percudani R, Porcel B, Rubini A, Amicucci A, Amselem J, Anthouard V, Arcioni S,
Artiguenave F, Aury JM, Ballario P, Bolchi A, Brenna A, Brun A, Buée M, Cantarel B,


http://dx.doi.org/10.1016/0003-2670(95)00344-Y
http://dx.doi.org/10.1016/0003-2670(95)00344-Y
http://dx.doi.org/10.1002/rcm.2031
http://dx.doi.org/10.1002/rcm.2031
http://dx.doi.org/10.1002/rcm.3714
http://dx.doi.org/10.1016/j.foodchem.2005.08.030
http://dx.doi.org/10.1128/AEM.02625-07
http://dx.doi.org/10.1016/j.foodchem.2008.08.023
http://dx.doi.org/10.1016/j.foodchem.2008.08.023
http://dx.doi.org/10.1111/j.1365-2699.2007.01851.x
http://dx.doi.org/10.1111/j.1365-2699.2007.01851.x
http://dx.doi.org/10.1007/978-3-642-33823-6_12
http://dx.doi.org/10.1093/nar/gkt1250
http://dx.doi.org/10.1007/s00253-011-3837-7
http://dx.doi.org/10.1007/s00253-013-5224-z
http://dx.doi.org/10.1007/s00253-013-5224-z
http://dx.doi.org/10.1016/j.chroma.2006.12.053
http://dx.doi.org/10.1016/j.ijms.2005.12.038

406 R. Splivallo and L. Culleré

Chevalier G, Couloux A, Da Silva C, Denoeud F, Duplessis S, Ghignone S, Hilselberger B,
Iotti M, Mello M, Miranda M, Pacioni G, Quesneville H, Riccioni C, Ruotolo R, Splivallo R,
Stocchi V, Tisserant E, Viscomi AR, Zambonelli A, Zampieri E, Henrissat B, Lebrun MH,
Paolocci F, Bonfante P, Ottonello S, Wincker P (2010) Perigord black truffle genome uncovers
evolutionary origins and mechanisms of symbiosis. Nature 464(7291):1033-1038. doi:10.
1038/nature08867

Mauriello G, Marino R, DAuria M, Cerone G, Rana GL (2004) Determination of volatile organic
compounds from truffles via SPME-GC-MS. J Chromatogr Sci 42(6):299-305. doi:10.1093/
chromsci/42.6.299

Molinier V, Murat C, Frochot H, Wipf D, Splivallo R (2015) Fine-scale spatial genetic structure
analysis of the black truffle Tuber aestivum and its link to aroma variability. Environ Microbiol
17(8):3039-3050. doi:10.1111/1462-2920.12910

Mottram DS, Madruga MS (1994) Important sulfur-containing aroma volatiles in meat. In: Sulfur
compounds in foods, ACS symposium series. American Chemical Society, pp 180-187

Murat C, Rubini A, Riccioni C, De la Varga H, Akroume E, Belfiori B, Guaragno M, Le Tacon F,
Robin C, Halkett F, Martin F, Paolocci F (2013) Fine-scale spatial genetic structure of the black
truffle (Tuber melanosporum) investigated with neutral microsatellites and functional mating
type genes. New Phytol 199(1):176-187. doi:10.1111/nph.12264

Ney K, Freitag W (1980) Triiffel-aroma. Gordian 9:214

Pacioni G, Leonardi M, Aimola P, Ragnelli AM, Rubini A, Paolocci F (2007) Isolation and
characterization of some mycelia inhabiting Tuber ascomata. Mycol Res 111(12):1450-1460.
doi:10.1016/j.mycres.2007.08.016

Pacioni G, Ragnelli A, Stagnini E (2011) Un film edibile e realizzato per preservare la vitalita e le
caratteristiche organolettiche dei tartufi freschi. Italian Patent Application AQ2011000001

Pelusio F, Nilsson T, Montanarella L, Tilio R, Larsen B, Facchetti S, Madsen J (1995) Headspace
solid-phase microextraction analysis of volatile organic sulfur compounds in black and white
truffle aroma. J Agric Food Chem 43(8):2138-2143. doi:10.1021/jf00056a034

Piloni M, Tat L, Tonizzo A, Battistutta F (2005) Aroma characterisation of white truffle by
GC-MS and GC-O. Ital J Food Sci 17(4):463-468

Rubini A, Belfiori B, Riccioni C, Arcioni S, Martin F, Paolocci F (2011) Tuber melanosporum:
mating type distribution in a natural plantation and dynamics of strains of different mating
types on the roots of nursery inoculated host plants. New Phytol 189(3):723-735. doi:10.1111/
j-1469-8137.2010.03493.x

Segurel MA, Razungles AJ, Riou C, Salles M, Baumes RL (2004) Contribution of dimethyl sulfide
to the aroma of Syrah and Grenache Noir wines and estimation of its potential in grapes of
these varieties. J Agric Food Chem 52(23):7084—7093. doi:10.1021/jf049160a

Smet E, Van Langenhove H, De Bo I (1999) The emission of volatile compounds during the
aerobic and the combined anaerobic/aerobic composting of biowaste. Atmos Environ 33
(8):1295-1303. doi:10.1016/S1352-2310(98)00260-X

Splivallo R, Ebeler SE (2015) Sulfur volatiles of microbial origin are key contributors to human-
sensed truffle aroma. Appl Microbiol Biotechnol 99(6):2583-2592. doi:10.1007/s00253-014-
6360-9

Splivallo R, Maier C (2011) Production of natural truffle flavours from truffle mycelium. US
Patent Application No PCTIB2010052913

Splivallo R, Bossi S, Maffei M, Bonfante P (2007) Discrimination of truffle fruiting body versus
mycelial aromas by stir bar sorptive extraction. Phytochemistry 68(20):2584-2598. doi:10.
1016/j.phytochem.2007.03.030

Splivallo R, Ottonello S, Mello A, Karlovsky P (2011) Truffle volatiles: from chemical ecology to
aroma biosynthesis. New Phytol 189(3):688-699. doi:10.1111/j.1469-8137.2010.03523.x

Splivallo R, Rittersma R, Valdez N, Chevalier G, Molinier V, Wipf D, Karlovsky P (2012a) Is
climate change altering the geographical distribution of truffles? Front Ecol Environ 10
(9):461-462. doi:10.1890/12.WB.020


http://dx.doi.org/10.1038/nature08867
http://dx.doi.org/10.1038/nature08867
http://dx.doi.org/10.1093/chromsci/42.6.299
http://dx.doi.org/10.1093/chromsci/42.6.299
http://dx.doi.org/10.1111/1462-2920.12910
http://dx.doi.org/10.1111/nph.12264
http://dx.doi.org/10.1016/j.mycres.2007.08.016
http://dx.doi.org/10.1021/jf00056a034
http://dx.doi.org/10.1111/j.1469-8137.2010.03493.x
http://dx.doi.org/10.1111/j.1469-8137.2010.03493.x
http://dx.doi.org/10.1021/jf049160a
http://dx.doi.org/10.1016/S1352-2310(98)00260-X
http://dx.doi.org/10.1007/s00253-014-6360-9
http://dx.doi.org/10.1007/s00253-014-6360-9
http://dx.doi.org/10.1016/j.phytochem.2007.03.030
http://dx.doi.org/10.1016/j.phytochem.2007.03.030
http://dx.doi.org/10.1111/j.1469-8137.2010.03523.x
http://dx.doi.org/10.1890/12.WB.020

23 The Smell of Truffles: From Aroma Biosynthesis to Product Quality 407

Splivallo R, Valdez N, Kirchhoff N, Ona MC, Schmidt JP, Feussner I, Karlovsky P (2012b)
Intraspecific genotypic variability determines concentrations of key truffle volatiles. New
Phytol 194(3):823-835. doi:10.1111/j.1469-8137.2012.04077.x

Splivallo R, Deveau A, Valdez N, Kirchhoff N, Frey-Klett P, Karlovsky P (2014) Bacteria
associated with truffle-fruiting bodies contribute to truffle aroma. Environ Microbiol 17
(8):2647-2660. doi:10.1111/1462-2920.12521

Stielow B, Menzel W (2010) Complete nucleotide sequence of TaV1, a novel totivirus isolated
from a black truffle ascocarp (Tuber aestivum Vittad.). Arch Virol 155(12):2075-2078. doi:10.
1007/s00705-010-0824-8

Talou T, Delmas M, Gaset A (1987) Principal constituents of black truffle (Tuber melanosporum)
aroma. J Agric Food Chem 35(5):774-777. doi:10.1021/jf00077a03 1

Talou T, Delmas M, Gaset A (1989) Black Perigord truffle: from aroma analysis to aromatizer
formulation. In: Flavors and off-flavors, Proceedings of the 6th international flavor conference,
Rethymnon, pp 715-728

Tirillini B, Verdelli G, Paolocci F, Ciccioli P, Frattoni M (2000) The volatile organic compounds
from the mycelium of Tuber borchii Vitt. Phytochemistry 55(8):983-985. doi:10.1016/S0031-
9422(00)00308-3

Vahdatzadeh M, Deveau A, Splivallo R (2015) The role of the microbiome of truffles in aroma
formation: a meta-analysis approach. Appl Environ Microbiol 81(20):6946-6952. doi:10.
1128/AEM.01098-15

Zeppa S, Gioacchini AM, Guidi C, Guescini M, Pierleoni R, Zambonelli A, Stocchi V (2004)
Determination of specific volatile organic compounds synthesised during Tuber borchii fruit
body development by solid-phase microextraction and gas chromatography/mass spectrome-
try. Rapid Commun Mass Spectrom 18(2):199-205. doi:10.1002/rcm.1313


http://dx.doi.org/10.1111/j.1469-8137.2012.04077.x
http://dx.doi.org/10.1111/1462-2920.12521
http://dx.doi.org/10.1007/s00705-010-0824-8
http://dx.doi.org/10.1007/s00705-010-0824-8
http://dx.doi.org/10.1021/jf00077a031
http://dx.doi.org/10.1016/S0031-9422(00)00308-3
http://dx.doi.org/10.1016/S0031-9422(00)00308-3
http://dx.doi.org/10.1128/AEM.01098-15
http://dx.doi.org/10.1128/AEM.01098-15
http://dx.doi.org/10.1002/rcm.1313

	Chapter 23: The Smell of Truffles: From Aroma Biosynthesis to Product Quality
	23.1 Introduction
	23.2 Do Truffles or Microbes Produce Truffle Aromas?
	23.3 Which Factors Influence Truffle Aroma?
	23.4 Human-Sensed Truffle Aroma
	23.5 Truffle Conservation Methods and Substitutes
	23.6 Conclusions
	References


