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Truffles (Tuber spp.) are ascomycete subterraneous fungi that form ectomycorrhizas in a symbiotic relationship with plant
roots. Their fruiting bodies are appreciated for their distinctive aroma, which might be partially derived from microbes. Indeed,
truffle fruiting bodies are colonized by a diverse microbial community made up of bacteria, yeasts, guest filamentous fungi, and
viruses. The aim of this minireview is two-fold. First, the current knowledge on the microbial community composition of truffles
has been synthesized to highlight similarities and differences among four truffle (Tuber) species (T. magnatum, T. melanospo-
rum, T. aestivum, and T. borchii) at various stages of their life cycle. Second, the potential role of the microbiome in truffle
aroma formation has been addressed for the same four species. Our results suggest that on one hand, odorants, which are com-
mon to many truffle species, might be of mixed truffle and microbial origin, while on the other hand, less common odorants
might be derived from microbes only. They also highlight that bacteria, the dominant group in the microbiome of the truffle,
might also be the most important contributors to truffle aroma not only in T. borchii, as already demonstrated, but also in T.
magnatum, T. aestivum, and T. melanosporum.

Microbes can be found almost everywhere on our planet. They
colonize many different types of habitats, among them liv-

ing organisms, such as plant roots or insect and human guts. Clas-
sical microbiological methods have long offered a spotlight view
on microbial diversity. Recent high-throughput molecular tech-
niques have revolutionized the field of microbial ecology by un-
raveling an enormous microbial diversity in numerous organisms
and highlighting the deep impact of microbiomes of their host
physiology and behavior (1, 2). Truffle fungi are no exception,
since they are colonized by a complex microbial community made
up of bacteria, yeasts, guest filamentous fungi, and viruses (3–14).

Truffles are subterranean ascomycete fungi that form ectomy-
corrhizas in symbiotic relationship with plant roots (15). Their
fruiting bodies are appreciated for their distinctive aroma, which
is partially derived from microbes (6, 14, 16). The aim of this
minireview is to synthesize the current knowledge on the compo-
sition of the microbial community of truffles and discuss their
potential role in truffle aroma formation, specifically focusing on
volatiles that are responsible for human-perceived truffle aroma
(defined as odorants).

TRUFFLE MICROBIOMES

Truffles are colonized by microbes at all stages of their life cycle,
which include a symbiotic stage in association with a host plant
(ectomycorrhiza), a sexual stage (fruiting bodies), and a free-liv-
ing mycelial stage, which might serve an exploratory purpose in
the soil. To date, microbes and microbial communities have been
characterized in truffles with culture-dependent and -indepen-
dent techniques in �15 papers (3–14, 17–21). Various life cycle
stages of four commercially relevant Tuber species have been in-
vestigated: the white truffles T. magnatum and T. borchii and the
black species T. melanosporum and T. aestivum. Similarities and
differences in the compositions of the microbial community of
truffle species are highlighted here for bacteria, fungi (yeast and
filamentous), and viruses.

BACTERIAL COMMUNITIES

Most studies investigating microbes in truffles have been per-
formed on bacteria. These bacteria can heavily colonize the inner
and outer parts of truffle fruiting bodies, as their densities range
from a million to a billion cells per gram (dry weight) of fruiting
bodies (4, 5, 19–22). The aims of these studies ranged from the
characterization of taxonomic and/or functional community
composition to the influence of specific variables. Indeed, bacte-
rial community composition has been investigated in relation to
fruiting body maturation, aging, season or life cycle (i.e., mycor-
rhizas versus fruiting body), and tissue specificity (the gleba [the
inner part of the fruiting bodies] versus the peridium [the outer
protective layer]).

Combinations of culture-dependent and -independent meth-
ods have demonstrated that all truffle species analyzed so far are
colonized by complex bacterial communities made mostly of Pro-
teobacteria, Bacteroidetes, Firmicutes, and Actinobacteria (Fig. 1)
(4, 5, 12–14, 19). Similarities among fruiting bodies of the three
truffle species investigated to date include a dominance of Alpha-
proteobacteria and a relative paucity of Firmicutes and Actinobac-
teria. On the contrary, differences among truffle species might
exist for Betaproteobacteria, Gammaproteobacteria, and Bacte-
roidetes, which might be more abundant in T. borchii than in T.
melanosporum and T. magnatum (Fig. 1). As a matter of fact, a
Bacteroidetes strain might even coexist inside T. borchii mycelia
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grown under axenic laboratory conditions (18), suggesting a pos-
sible tight association between bacteria and truffles. The occur-
rence of endosymbionts has not been described so far in other
truffle species.

The bacterial community composition of truffle fruiting bod-
ies might evolve over time and in relation to the physiology of the
truffle host. Indeed, truffle fruiting bodies mature as their inner
part (gleba) undergoes melanization due to the spore-forming
process taking place inside the fungal asci. This maturation/
melanization process generally lasts a few months and occurs in
late autumn/winter for T. borchii, T. melanosporum, and T. mag-
natum harvested in Europe. Using fluorescence in situ hybridiza-
tion (FISH) in the latter species, a slight but significant decrease in
total bacterial count was observed with increasing maturity; nev-
ertheless, no difference in the relative community composition
was detectable for Alphaproteobacteria, Betaproteobacteria, Gam-
maproteobacteria, Bacteroidetes, Firmicutes, or Actinobacteria (5).
A different pattern was observed in T. melanosporum using high-
throughput sequencing methods (13). The composition of the
bacterial community present inside the gleba and in the peridium
significantly changed along the course of the maturation of the
ascocarps. The community composition in the peridium was very
close to that of the soil community in young ascocarps but
strongly diverged from the soil community in mature ascocarps.
The differences were mainly in the peridium, due to a progres-
sive increase in the abundance of Bacteroidetes and Alphaproteo-
bacteria, while the abundance of Betaproteobacteria members
decreased. In contrast, the glebal bacterial community was
dominated very early by Alphaproteobacteria. Moreover, this

dominance kept increasing with the maturity level, just as it did in
the peridium. All together, these data prompted Antony-Babu et
al. (13) to propose the following model: soil bacteria would colo-
nize truffle primordia before the differentiation of ascocarpic tis-
sues would occur. Next, the bacteria would be trapped in the gleba
and partly protected from soil exchanges by the warted peridium.
Because of this compartmentalization, bacterial community com-
position would mainly evolve in response to changes in the phys-
iology of the maturing ascocarp. In contrast, the peridium would
remain in contact with the soil all along the development process
of the ascocarp, due to cracks that open during growth of the
ascocarp (13).

In addition to natural variations, the harvest of truffle fruiting
bodies is likely to induce changes in the composition of the asso-
ciated bacterial community. This might be due to modifications in
physicochemical parameters, such as temperature and CO2 level
(23). For example, Splivallo et al. (14) observed the appearance of
colonies belonging to Firmicutes and Actinobacteria, while the
abundance of members of Alphaproteobacteria and Betaproteobac-
teria decreased in fruiting bodies of T. borchii after 6 days of post-
harvest storage at room temperature (14).

The composition of bacterial communities associated with
truffles is influenced not only by the stage of maturity of the fruit-
ing bodies but also by the stage of the life cycle of the fungus.
Comparative analysis of the bacterial communities associated
with fruiting bodies and ectomycorrhizae (EcM) of T. melanospo-
rum showed striking differences, suggesting that the fungus might
provide two different habitats to bacteria. For example, Actinobac-
teria are dominant in EcM but rare in fruiting bodies of T. mela-

FIG 1 Bacterial communities in fruiting bodies, ectomycorrhizas, and soil. The most abundant bacterial communities associated with four truffle species based
on culture-independent methods are shown. The bars represent the minimum and maximum values reported in the literature, whereas the points display a single
literature value (T. aestivum, reference 12; T. magnatum [T. mag.], reference 5; T. borchii, references 4 and 14; and T. melanosporum [T. melano.], reference 24
[and for the period from December to January, reference 13 for the gleba). Cells for which no literature data were available were left empty.
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nosporum (13). Interestingly, enrichment in several genera of Ac-
tinobacteria has also been demonstrated for specific zones within
orchards of T. melanosporum, referred to as brûlés (24), which are
especially rich in truffle mycelia (25).

Overall, these observations demonstrate that truffles provide
several habitats to complex bacterial communities. Among the
Alphaproteobacteria, members of the Bradyrhizobiaceae and Rhi-
zobiaceae families mainly seem to form the core component of
these communities, whatever the truffle species considered. The
parameters that control the selection of this very specific commu-
nity are still to be discovered. A tempting hypothesis is that truffle
fruiting bodies would be more than a habitat for bacteria and that
mutualistic interactions might occur between the fungi and their
microbiota. Some members of the Rhizobiales order are well
known for their ability to fix atmospheric nitrogen either as free-
living organisms or in symbiosis with plants (26). Barbieri et al.
(27) demonstrated that nitrogen fixation occurs inside fruiting
bodies of the white truffle T. magnatum. Nif genes encoding the
enzymes responsible for nitrogen fixation were also detected in
bacteria associated with T. melanosporum (13). Thus, it is tempt-
ing to speculate that part of the nitrogen captured by bacteria in
fruiting bodies might benefit the host fungus. However, it remains
to be demonstrated that the nitrogen fixed by bacteria inside truf-
fle fruiting bodies is indeed transferred to the fungus.

YEAST COMMUNITIES

Besides bacteria, yeasts are ubiquitous organisms that occupy
most terrestrial ecological niches. Yeast community composition
has been investigated in fruiting bodies (T. aestivum, T. melano-
sporum, and T. magnatum), ectomycorrhizas, and truffle orchard
soil (T. aestivum) (3, 6, 21). These studies were based on culture-
dependent methods and might hence miss the real diversity that
exists; nevertheless, they also do provide useful insights. In a study
comparing yeast distribution within an orchard of T. aestivum,
Zacchi et al. (3) demonstrated that yeasts were enriched on truffle
ectomycorrhizas and fruiting bodies, reaching up to 3 � 107

CFU/g of fruiting bodies (dry weight) compared to that in bulk
soil (1 � 102 CFU/g of fruiting bodies [dry weight]). The total
yeast diversity was made of five species, namely, Cryptococcus al-
bidus, Cryptococcus humicola, Rhodotorula mucilaginosa, Debaryo-
myces hansenii, and Saccharomyces paradoxus (3). Interestingly,
Cryptococcus spp., R. mucilaginosa, D. hansenii, and Saccharomyces
spp. were also isolated by others (6, 21) from T. melanosporum, T.
magnatum, or T. aestivum and might therefore be common to
distinct truffle species. Yeast density might also vary between the
peridium and gleba. Indeed, based on culture-dependent meth-
ods, yeasts were isolated only from the peridium of T. aestivum
and T. melanosporum (103 to 104 CFU/g of fruiting bodies [fresh
weight]) but not from the gleba of intact truffles (21).

These observations suggest that, as with bacteria, yeast com-
munity composition might vary with tissues, and a “core yeast
community” might exist among truffle species. Culture-indepen-
dent techniques will nevertheless be necessary to confirm these
hypotheses and get a better view of the variability in space and
time of the yeast communities associated with truffles.

GUEST FILAMENTOUS FUNGI AND VIRUSES IN TRUFFLES

Besides being colonized by yeasts and bacteria, truffles may also be
colonized by filamentous fungi (guest filamentous fungi as op-
posed to the host truffle mycelia) and viruses. As in the case of

yeasts, only a few reports exist on the occurrence of viruses in
truffles. Guest filamentous fungi, mostly ascomycetes, have been
isolated from the Tuber species T. rufum, T. brumale, T. magna-
tum, T. melanosporum, T. nitidum, T. excavatum, T. aestivum, T.
borchii, and T. puberulum (7). However, their occurrence in fruit-
ing bodies might be seldom, since guest filamentous fungi were
isolated from only 26% of all truffles (n � 30), suggesting a loose
association. The density of guest filamentous fungi might vary
between the gleba and peridium. In T. melanosporum and T. aes-
tivum, corresponding with what has been observed for yeasts,
guest filamentous fungi (ascomycete molds) predominantly colo-
nized the peridium, with a density of 102 CFU/g of fruiting bodies
(fresh weight), but they seem to be absent from the gleba (21).
Similarly, a recent report described the occurrence of viruses (To-
tivirus, Mitovirus, and Endornavirus from T. aestivum and Mitovi-
rus from T. excavatum) without, however, addressing their fre-
quency of occurrence within fruiting bodies or in orchards (8–11).
Some authors have also suggested viral gene integration in the
genome of T. melanosporum (28). Surely, guest filamentous fungi
and viruses might interact with truffles in nature; however, addi-
tional ecological data are needed at this stage to understand how
frequently they might occur and to assess how relevant they are in
the microbiome of truffles.

INVOLVEMENT OF MICROBES IN PRODUCTION OF AROMA
THAT HUMANS PERCEIVE AS THE TRUFFLE SMELL

Unique and delightful aromas are partially responsible for the
high demand of truffles in the world market. The particular aro-
mas of truffles are made up of a mixture of various volatiles,
namely alcohols, esters, ketones, aldehydes, and aromatic and sul-
fur compounds. To date, the number of identified volatiles from
various truffle species is �200; however, only a small fraction of
these, the so-called odorants, are responsible for what humans
perceive as the truffle smell (16, 29, 30).

Historically, the aroma of the white truffle T. magnatum was
the first one characterized and ascribed to a single sulfur com-
pound (2,4-dithiapentane) (31). In the 1980s, a mixture of two
constituents, 2-methylbutanal and dimethyl sulfide, were pat-
ented to reproduce the smell of the Périgord truffle T. melanospo-
rum (32). Essentially, due to increasingly sensitive techniques in
sensory science, the number of key odorants in T. melanosporum
was recently revised to �15 volatiles (29). A comparable number
of odorants (about 10 to 20) have also been described in four black
truffle Tuber species (T. aestivum, T. himalayense, T. indicum, and
T. sinense [29, 30]) and in the white truffle T. borchii (16). Inter-
estingly, most of these odorants are common to almost all truffle
species (i.e., methylthiomethane, 3-methyl-1-butanol, and oct-1-
en-3-ol), and only a few are species specific or occur in a rather
small number of species (i.e., thiophene derivatives and 2,4-di-
thiapentane) (Fig. 2). The exact origin of truffle volatiles and spe-
cifically of most odorants reported in Fig. 2 is unclear. It has been
speculated that truffle aroma might result from the intimate in-
teraction of truffles and their microbiomes (6, 33, 34). Indeed,
some volatiles might be produced by both truffles and microbes,
while others might be derived from a single player (i.e., yeasts,
bacteria, or truffles). Only recently has the role of bacteria in the
formation of thiophene derivatives, odorants unique to T. borchii,
been demonstrated. In the latter species, only bacteria and not
truffles metabolize a precursor of unknown origin into volatile
thiophene derivatives (14). As the matter of fact, the biosynthetic
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pathway leading to thiophene derivatives remains elusive (14),
and this is also the case for 2,4-dithiapentane, the major odorant
of T. magnatum. In contrast, based on the genome of T. melano-
sporum, pathways leading to odorants commonly produced by
yeasts and bacteria most likely exist in truffles as well (34, 35). This
is the case, for example, for the Ehrlich pathway, which consists of
the catabolism of specific amino acids and results in dimethyl
sulfide, 2-phenylethanol, 2- and 3-methylbutanol, and numerous
other volatiles common to microbes and truffles (35). The Ehrlich
pathway consists of a three-step process involving the initial
transamination of an amino acid, followed by decarboxylation

and reduction steps (36). Indeed, enzymes fulfilling these steps
most likely exist in T. melanosporum (34, 35); their functions have
nevertheless not yet been demonstrated. At this stage, however,
genomes provide limited insights on the possible identity of the
producer of specific odorants, because either the pathways leading
to those odorants are highly conserved among yeasts, bacteria, and
truffles (i.e., the Ehrlich pathway) or the biosynthetic pathways are
not known (i.e., thiophene derivatives and 2,4-dithiapentane).

By combining knowledge about the structure of truffle micro-
biomes (Fig. 1) with literature data on the ability of specific mi-
crobes to produce odorants, we speculate here on the origin of

FIG 2 Ability of microbes to produce typical odorants of truffle fruiting bodies. List of odorants and aroma descriptors from T. melanosporum (T. melano.) and
T. aestivum (29), T. indicum, T. himalayense, and T. sinense (30), T. borchii (16), and T. magnatum (31). Occurrences in fungal and bacterial phyla/classes are
derived from the mVOC database (37) and the data from a review on fungal volatiles (38). They are shown as a heatmap representing the percent occurrence in
each class, with n being the total number of organisms in each class (for Ascomycetes [Asco.]: 1, Dothideomycetes [n � 4]; 2, Eurotiomycetes [n � 29]; 3,
Pezizomycetes [n � 26]; 4, Saccharomycetes [n � 4]; and 5, Sordariomycetes [n � 47]; for Basidiomycetes [Basidio.]: 6, Agaricomycetes [n � 135]; 7, Exobasidi-
omycetes [n � 3]; and 8, Pucciniomycetes [n � 4]; for Actinomycetes [Actino.]: 9, Actinobacteria [n � 62]; for Bacteroidetes [Bactero.]: 10, Bacteroidetes [n � 17];
11, Bacteroidia [n � 24]; and 12, Flavobacteria and Sphingobacteria [n � 3]; for Firmicutes [Firmi.]: 13, Bacilli [n � 55]; and 14, Clostridia [n � 10]; for
Proteobacteria [Proteo.]: 15, Alphaproteobacteria [n � 25]; 16, Betaproteobacteria [n � 43]; 17, Deltaproteobacteria [n � 16]; and 18, Gammaproteobacteria [n �
61]). Occurrence in axenic cultures of truffle (Tr. mycel.) is shown as the presence/absence for T. borchii (33, 40, 48), T. melanosporum (41), T. formosanum (T.
formo.) (42). Origin refers to the speculative origin of the odorants in truffle fruiting bodies, where some odorants could be produced by microbes only
(microbes), by truffle only at its sexual stage (Tr. sex. st.), or by both microbes and truffles (mixed). The frequency represents the percent occurrence of each
odorant in fruiting bodies of 13 truffle species (T. aestivum, T. brumale, T. himalayense, T. indicum, T. sinense, T. melanosporum, Tuber mesentericum, T. borchii,
T. excavatum, T. magnatum, Tuber oligospermum, Tuber panniferum, and T. rufum [16, 29–31, 37]).
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these volatiles in truffles. For this purpose, we first established a list
of all odorants described in truffles and reported in four publica-
tions (16, 29–31). We then used the mVOC database (37) and the
data from a review on fungal volatiles (38) to understand which
organisms had the ability to produce those volatiles, specifically
focusing on the phyla and classes reported in Fig. 1. For the pur-
pose of this review, volatile occurrence is expressed for bacterial
and fungal phyla/classes and presented as a heatmap in Fig. 2.

SULFUR-CONTAINING VOLATILES

Sulfur-containing volatiles (sulfur volatiles) represent the most
important group of odorants in truffles, since they confer the typ-
ical garlicky and sulfurous notes that characterize all truffle species
(see the aroma descriptors in Fig. 2). The most common sulfur-
containing volatile in truffle fruiting bodies is dimethyl sulfide,
which has been detected in 85% of the species investigated to date
(Fig. 2). Along with dimethyl disulfide, dimethyl trisulfide, and
3-(methylsulfanyl)propanal, dimethyl sulfide might be derived
from the catabolism of methionine through the Ehrlich pathway
(36, 39, 48). According to the mVOC database on microbial vola-
tiles (37), the last four volatiles occur in the fungal classes of Pe-
zizomycetes (i.e., truffles) and Agaricomycetes and in eight bacterial
classes (Fig. 2). Since most of these volatiles are also produced by
axenic cultures of truffle mycelia (40–42, 48), they might be syn-
thesized in truffle fruiting bodies by both bacteria and truffle my-
celia. Of special interest is dimethyl sulfide, since it might be pro-
duced by some Alphaproteobacteria and Betaproteobacteria (Fig.
2), which are also dominant in truffle fruiting bodies (Fig. 1).

In contrast to the relatively common sulfur volatiles just de-
scribed, other sulfur odorants might be more specific (i.e., specific
to a single or a limited number of species). Four sulfur volatiles,
namely, 2-methyl-4,5-dihydrothiophene, 3-methyl-4,5-dihydro-
thiophene, 2,4-dithiapentane, and 2-methylfuran-3-thiol, occur
in one or two truffle species only (Fig. 2). As for the common
sulfur-containing volatiles, they might be derived from methio-
nine; however, this has not yet been appropriately demonstrated
(i.e., through feeding with labeled precursors). Interestingly, none
of these specific sulfur odorants have been reported in axenic cul-
tures of truffle mycelia, but some microbes have the ability to
produce them (Fig. 2). Based on this observation, 2,4-dithiapen-
tane might be produced by Betaproteobacteria in T. magnatum
fruiting bodies. Interestingly, this might be a case similar to the
one of thiophene derivatives, which were recently shown to orig-
inate from bacteria inhabiting T. borchii (14). 2-Methylfuran-3-
thiol has been reported in fruiting bodies of T. melanosporum and
T. aestivum (29), but this volatile has been not detected in either
axenic mycelial cultures or microbes (Fig. 2). Its origin, therefore,
remains elusive; nevertheless, it can be speculated that the latter
odorant might be specifically produced during the sexual stage of
truffles.

Overall, this suggests that common sulfur volatiles might be
produced inside truffle fruiting bodies by both truffles and mi-
crobes (mixed origin), whereas more specific sulfur volatiles
might be derived from truffles or microbes only.

ALCOHOLS, ESTERS, KETONES, AND ALDEHYDES

Another important group of truffle odorants is made of alcohols,
esters, ketones, and aldehydes that are possibly derived from
amino acid and fatty acid catabolism (36). As for sulfur volatiles,
some commonly occur in numerous truffle species, while others

are more specific (Fig. 2). Axenic cultures of truffle mycelia and
numerous fungal and bacterial phyla are able to produce the most
common volatiles (3-methylbutanal, octan-3-one, oct-1-en-3-ol,
3-methyl-1-butanol, hexanal, and acetaldehyde) which occur
in �50% of all species. Interestingly enough, eight-carbon-
containing volatiles (i.e., octan-3-one and oct-1-en-3-ol) were
believed to be strictly of fungal origin, but Fig. 2 suggests that like
3-methylbutanal, 3-methyl-1-butanol, hexanal, and acetalde-
hyde, they might also be produced by specific bacterial classes.
Eight-carbon-containing volatiles are important contributors to
fungal aroma and have a characteristic mushroom flavor (43).

The remaining less common alcohol, ketone, ester, and alde-
hyde odorants found in truffle fruiting bodies have not been de-
tected in truffle mycelia and are potentially produced only by
guest filamentous fungi, yeasts, and/or bacteria. This is the case,
for example, with 3-hydroxybutan-2-one, which potentially is
produced by fungi of the Sordariomycetes class or the Betaproteo-
bacteria class, which is a dominant group in the truffle micro-
biome (Fig. 1). Other rare volatiles might not be produced by
microbes or by axenic cultures of truffle mycelia. It can be hypoth-
esized that they are specific to the sexual stage of truffle fruiting
bodies.

Similar to sulfur volatiles, the trend with alcohols, esters, ke-
tones, and aldehydes is that common volatiles might be of mixed
origins, while more specific ones might be produced either by
microbes or truffles.

AROMATIC COMPOUNDS

Aromatic odorants produced by truffles include, for example, the
volatile 2-phenylethanol with a characteristic rose smell, and ben-
zaldehyde, an odorant with a characteristic bitter almond flavor
(Fig. 2). Aromatic odorants might be derived from the catabolism
of phenylalanine (36). Interestingly, with the exception of benzal-
dehyde and 2-phenylethanol, none of these volatiles have been
detected in truffle mycelia (Fig. 2). These common aromatic odor-
ants are potentially also synthesized by numerous fungal and or
bacterial phyla and might therefore be of mixed origin (Fig. 2).
The less common aromatic odorant 2-methoxy-4-methylphe-
nol is potentially produced by the two bacterial classes Bacilli
and Gammaproteobacteria, whereas some rare odorants might be
derived from the sexual stage of truffles.

Overall, common aromatic odorants might be of either mixed
fungal (truffle) or only microbial origin. The absence or rare oc-
currence in microbes of specific aromatic odorants suggests that
they might be synthesized by truffles only and possibly during
their sexual stage only.

OTHER VOLATILES

Butanoic acid and 4-hydroxy-2,5-dimethylfuran-3-one are odor-
ants specific to T. melanosporum and T. aestivum (29). Based on
what is seen in Fig. 2, they have been detected neither in truffle
mycelia nor, in the case of 4-hydroxy-2,5-dimethylfuran-3-one, in
microbes, which suggests that the latter volatile might be synthe-
sized only during the sexual stage of truffles. Numerous microbes
have the ability to produce butanoic acid, suggesting that it might
be of microbial origin in truffle fruiting bodies (Fig. 2).

Overall, we are well aware that the absence of evidence is not
evidence of absence. In other words, not having detected a volatile
in a given organism does not demonstrate that the organism in
question is not able to produce it under specific circumstances.
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For example, this might be the case with truffles, which might
produce specific odorants during their sexual stage only (fruiting
body) and not as free-living mycelia (axenic cultures). Our ap-
proach, nevertheless, allows the construction of a hypothesis on
the identity of the possible producers of specific odorants. Dem-
onstrating what produces what will not only require fully charac-
terizing pathways leading to specific odorants in truffles and mi-
crobes but also microbe-free truffles to be obtained. This is an
especially challenging task considering that to date, all truffle
fruiting bodies harvested from the wild contain microbes, and
microbe-free fruiting bodies cannot be obtained under axenic
conditions.

DO TRUFFLES OR ACTUAL MICROBES ATTRACT ANIMALS?

Truffles are hypogeous fungi, meaning that they form their fruit-
ing bodies below the soil surface. Since their belowground habitat
prevents them from dispersing spores through the air/wind, truf-
fles have developed intense aromas to attract small rodents and
larger mammals. These animals eat fruiting bodies and subse-
quently disperse truffle spores through their feces. Mammals are
not the only animals that are able to locate fruiting bodies below-
ground; a beetle (Leiodes cinnamomea Panzer) and a fly (Suillia
pallida) can achieve the same. However, it remains unclear
whether these insects participate in spore dispersal or whether
they just feed on truffles (44, 45).

Mammals are able to locate truffles belowground due to the
dimethyl sulfide emitted by fruiting bodies (46). Dimethyl sulfide
is obviously not the only volatile that animals can smell, since, for
example, dogs, like humans, are able to distinguish between truffle
species. Nevertheless, besides dimethyl sulfide, species-specific at-
tractants have not been identified in truffles, and the structures of
the compounds that attract flies and beetles to truffles are not
known (44). The question of what actually produces these attract-
ants raises interesting hypotheses about multitrophic interactions.
Indeed, dimethyl sulfide might be of mixed fungal (truffle) and
bacterial origin, since truffle mycelia and Alphaproteobacteria,
which are dominant in fruiting bodies, are able to produce it.
Assuming that dimethyl sulfide is partially derived from bacteria
would imply that bacteria participate in attracting mammals and
small rodents to truffles. A similar case has actually been demon-
strated for the fruit fly, Drosophila melanogaster, which is not at-
tracted by fruit volatiles but rather by microbial volatiles emitted
by the yeasts that colonize the surface of the fruit (47). Finding the
answer to what produces truffle attractants will require microbe-
free truffles to be obtained, and this has not yet been achieved.

CONCLUSION

Understanding to what extent the microbiomes of truffles partic-
ipate in truffle aroma formation promises to be a complex and
challenging task. Literature data on the ability of organisms to
produce volatiles suggests that truffles and microbes might be able
to produce common truffle odorants, whereas more specific com-
pounds might be of microbial origin only. Disentangling what
produces what within truffle fruiting bodies will require elucida-
tion of the biosynthetic pathways for specific odorants and the use
of innovative techniques to follow the fate of aroma precursors in
situ. Overall, truffles offer a unique opportunity to better under-
stand the ecological function of microbes associated with fungi
and their involvement in aroma formation.
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