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Tuber

Tuber borchii

Truffles (Tuber spp.), fruiting bodies of symbiotic fungi which develop underground, are well known for their 
enticing and captivating aromas1. They are edible fungal-organ bearing spores, which result from sexual repro-
duction2–4. Indeed, truffles are heterothallic organisms, meaning that they need two mating types (maternal and 
paternal) for reproduction. Mating occurs once the maternal mating type that colonizes plant roots in a symbiotic 
organ known as ectomycorrhizas encounters an individual of opposite (paternal) mating type. This results in 
the formation of a haploid fruiting body containing spores of both mating types4. Molecular based data suggest 
the existence of about 180 truffle species in various regions of the world5, of which about 30 are commercially 
traded. Prices range from a few hundred Euros per kg for the cheapest truffle species up to thousands of Euros for 
the most expensive ones such as the white Piedmont truffle Tuber magnatum or the Périgord black truffle Tuber 
melanosporum.

Truffle fruiting bodies are considered a food delicacy, mostly due to their unique aromas1. Volatiles respon-
sible for their distinctive smells are a blend of alcohols, ketones, aldehydes, aromatic and sulfur compounds. As 
with any other food products6, only a small fraction of all volatiles emitted by truffles (the so-called odorants) are 
responsible for the smell perceived by humans7–9. In terms of composition, certain odorants are common to many 
truffle species while others are species specific or limited to a few species only. For example, 2-methylbutanal, 
3-methylbutanal, 2- methylbutan-1-ol, 3-methylbutanol and oct-1-en-3-ol are common to most truffle species10

while 2,4-dithiapentane and 3-methyl-4,5-(2 H)thiophene have been exclusively described in fruiting bodies of 
the white species T. magnatum, and Tuber borchii, respectively7,11,12. The volatile composition can vary through-
out the various stages of a truffle’s life cycle. This is for instance illustrated by 3-methyl-4,5-(2 H)thiophene that 
seems to be exclusively emitted during the sexual stage (fruiting bodies) of T. borchii. This compound is indeed 
not detectable from axenic mycelial cultures, even when they are re-inoculated with bacteria that produce this
volatile in fruiting bodies12. Overall, the volatile profile of axenic cultures of truffle mycelium tends to be less com-
plex in terms of the number of compounds than one of truffle fruiting bodies13,14. This disparity is possibly caused
by differences in developmental stages or the lack of interacting microbes as highlighted hereafter15.
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Truffle fruiting bodies are heavily colonized by bacteria and to a lesser extent by yeasts, filamentous fungi and 
viruses15. The origin of many truffle odorants is hence unclear, as they might be synthesized by the truffle itself or 
by its microbiome. The contribution of microbes to truffle aroma has indeed only been demonstrated in a single 
case, which links bacteria inhabiting the fruiting body of T. borchii to the production of thiophene derivatives 
(i.e. 3-methyl-4,5-(2 H)thiophene)7,12. Additionally, indirect evidence suggests that bacteria might be exclusively 
responsible for the emission of 2,4-dithiapentane in T. magnatum as well15. By contrast, the origin of odorants 
that are more common among truffles (i.e. dimethyl sulfide, 2- methylbutan-1-ol and 3-methylbutan-1-ol and 
their aldehydes derivatives, just to cite a few examples) remains elusive since, theoretically, they may be synthe-
sized by both truffles and their microbiomes15.

Uncertainties currently exist not only about the origins of truffle odorants, but also about their precursors. 
Indeed, the identity of aroma precursors in truffles is to a large extent based on speculation and indirect evidence. 
Following the sequencing of the genome of the black truffle T. melanosporum16, it has been suggested that numer-
ous truffle odorants were produced from amino acid catabolism through the Ehrlich pathway. In this pathway, 
an amino acid is first deaminated into an α-keto acid, followed by a decarboxylation into an aldehyde and either 
a reduction or oxidation into an alcohol or acid, respectively10,16,17. In this way, leucine, isoleucine, phenylala-
nine and methionine are respectively transformed into 3-methylbutanal, 2-methylbutanal, 2-phenylacetaldehyde 
and 3-methylsulfanylpropanal and their corresponding alcohols and acids17. Supplying axenic cultures of truffle 
mycelium with leucine, isoleucine, phenylalanine and methionine was shown to induce numerous volatiles of 
the Ehrlich pathway18–20, suggesting that these amino acids were either the direct precursors of those volatiles or 
indirectly induced them. Nevertheless, demonstrating the existence of the Ehrlich pathway beyond a reasonable 
doubt shall ultimately require feeding experiments with isotopically-labelled amino acids, which has not been 
performed to date.

Differences in the aroma profiles of truffles do not only exist among species and/or developmental stages as 
highlighted earlier, but also within truffles of the same species. Indeed, a major variability in the concentration of 
four and eight carbon-containing volatiles (i.e. oct-1-en-3-ol and 2-butanone) has been documented for Tuber 
aestivum fruiting bodies collected a few centimeters apart in the same truffle orchards21,22. This aroma variability 
has been linked to genetic differences21,22. Considering that strain selection has been successfully performed in 
microbes to improve the final flavour of fermented food products (i.e. cheese and wine) or to eliminate off-flavour 
compounds23–26, a similar approach might improve the characteristics of truffle flavour produced through axenic 
truffle mycelium cultures.

The main aim of this study was to assess whether strain selection could be used for improving human-sensed 
truffle flavour produced through mycelial fermentation. To answer this, nine strains of the white truffle T. borchii 
were tested in various feeding experiments and sensory tests (see Fig. 1 for the experimental design). This species, 
endemic to Europe and introduced in New Zealand5 was chosen because of the good growth of its mycelium com-
pared to other truffle species27. Specifically, in the first set of experiments, the extent of aroma variability among 
strains was assessed and volatiles responsible for this variability were identified. Subsequently, the existence of 
the Ehrlich pathway was tested with isotopically labelled amino acids and finally, sensory tests were performed to 
assess whether the human nose was capable of differentiating among strains.

T. borchii The aim of this first experiment was to assess the
variability in aroma profiles of mycelial cultures of T. borchii. For this purpose, the aroma profiles of nine strains 
(axenic cultures grown in malt extract) and one fruiting body (included here for completeness) of T. borchii
(Table 1) were analysed by solid-phase microextraction gas chromatography-mass spectroscopy (SPME-GC/MS).
Volatile profiles, generated for three independent replicates of all strains/fruiting body, were processed for peak 
realignment with the Tagfinder software28. This resulted in a data matrix of specific TAGs (volatiles) in each sam-
ple (Supplementary Table S1 illustrates the raw data of TAGs normalized to the total ion current (TIC)). Principle 
Component Analysis (PCA) applied to the volatile profile in Supplementary Table S1 could explain 59% of the
data variability as seen in Fig. 2A, highlighting differences among strains.

TAGs which significantly differed in concentrations among strains were identified using the non-parametric 
Kruskal-Wallis statistical test performed in R29. Those TAGs could be assigned to 29 compounds, which are 
represented in a heat map in Fig. 2B. These include one sulfur-containing volatile, alkenes, alcohols, aldehydes, 
ketones, aromatic compounds and eight unidentified volatiles. Both qualitative and quantitative differences 
were detected among strains. Interestingly, one-third of the volatiles that varied in concentrations among strains 
might be products of the Ehrlich pathway. Common volatiles produced by most T. borchii strains included 2- and 
3-methylbutanal, benzaldehyde, 2-phenylethan-1-ol whereas other volatiles such as 2-phenylacetaldehyde, 2- and
3-methylbutan-1-ol and 2-methylpropan-1-ol were specific to two or three strains and 3-methylsulfanylpropanal 
was detected from a single strain (strain 2) only (Fig. 2B).

Our data demonstrated that the largest part of aroma variability among strains was due to quantitative differ-
ences in volatiles possibly derived from amino acids catabolism (Ehrlich pathway).

T. borchii
Considering the important variability in volatiles possibly derived from amino 

acid catabolism, we tested the existence of the Ehrlich pathway in truffles. With this aim in mind, three myce-
lial strains (strains 2, 3 and 5) were supplied with four amino acids separately, namely leucine, isoleucine, phe-
nylalanine, and methionine (unlabelled and 13C labelled) and their aromas were profiled by pressure-balanced 
headspace-GC/MS. Pressure-balanced headspace extraction and subsequent trapping on a charcoal cartridge was 
chosen in favour of SPME for its improved reproducibility. In all strains, leucine induced 3-methylbutanal and 
3-methylbutan-1-ol; isoleucine: 2-methylbutanal and 2-methylbutan-1-ol; phenylalanine, 2-phenylacetaldehyde, 
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2-phenylethan-1-ol, and benzaldehyde; methionine, 3-methylsulfanylpropanal, dimethyl disulfide (DMDS),
dimethyl trisulfide (DMTS) (Fig. 3). Comparison of the mass spectra of all three mycelial strains supplemented 
with 13C labelled and unlabelled amino acids gave comparable results for all strains and showed that all the
labelled carbon atoms were fully incorporated in target volatiles (Fig. 3 and Supplementary Fig. S1), hence con-
firming the existence of the Ehrlich pathway in T. borchii.

T. borchii. Having confirmed the existence of the Ehrlich 
pathway in truffles, and documented an important concentration variability in resulting volatiles, we next 
questioned whether strains differed in their ability to produce those volatiles in the presence of amino acids. 
With this aim, nine mycelial strains were supplemented with non-labelled amino acids (leucine, isoleucine, 

Figure 1. Experimental design. This figure highlights the number of replicates used for each experiment and 
the techniques employed.

Mycelium strain or 
fruiting body

Accession number 
(GenBank - NCBI)

Accession number 
reported in Origin

Strain 1 DQ679802 Bonuso et al.53 Emilia-Romagna, Italy
Strain 2 FJ554505 Bonuso et al.53 Emilia-Romagna, Italy
Strain 3 FJ554476 Bonuso et al.53 Emilia-Romagna, Italy
Strain 4 MF686459 Current work Piedmont, Italy
Strain 5 KP244305 Splivallo et al.7 Piedmont, Italy
Strain 6 KF414978 Splivallo et al.12 Piedmont, Italy
Strain 7 KP244306 Splivallo et al.7 Piedmont, Italy
Strain 8 KP244307 Splivallo et al.7 Piedmont, Italy
Strain 9 MF686460 Current work Canterbury, New Zealand
Fruiting body* — — Piedmont, Italy

Table 1. T. borchii strains and their origins. *Identified based on spores’ morphology.
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phenylalanine, and methionine) and the concentration of induced volatiles was compared to the one produced 
by un-supplemented strains. For illustration, chromatograms of strains 5 and 7, both supplemented with Met 
and unsupplemented (water control) is shown in Fig. 4. Strain 5 displayed a considerably higher level of vola-
tiles induction (DMDS, 3-methylsulfanylpropanal and DMTS) compared to strain 7. Quantifying volatiles in 
all samples highlighted that supplementing amino acids induced the production of volatiles to different extents 
depending on the strain. In Fig. 5, statistical differences in the concentrations of nine volatiles among supple-
mented and unsupplemented samples are indicated above bars when significant (i.e. 3-methylbutanal was 152 
times higher in strain 2 supplemented with leucine compared to the unsupplemented H2O sample). Comparing 
relative concentrations among samples that emitted the highest or lowest concentration of a specific volatile 
compound similarly highlights statistical differences (i.e. 3-methylsulfanylpropanal was induced 41 times: strain 
2MAX = 1.46 ± 0.67, strain 1MIN = 0.04 ± 0.03, p = 0.02, Kruskal-Wallis test with α = 0.05); 2-phenylacetaldehyde 
was induced 55 times: strain 3MAX = 26.99 ± 1.73, strain 6MIN = 0.48 ± 0.09, p = 0.02, Kruskal-Wallis test with 
α = 0.05). Altogether, a high variability in the production of volatiles compounds derived from the Ehrlich path-
way was observed among strains upon amino acid addition, resulting in inductions of up to 1327 times compared 
to control samples (3-methylbutanal, strain 9).

T. borchii Considering the differences in aroma profile exem-
plified among strains of T. borchii in our earlier experiments, we questioned if these differences would impact 
human-sensed aroma perception. Indeed, to have a possible impact on the overall aroma, a volatile compound 
needs to be detectible by the human nose (some volatile compounds are odourless) and be present above its 
detection threshold. A total of three sensory tests were performed to address various questions. The first test was 
carried out to investigate the ability of the human nose to perceive induced volatiles in T. borchii strains upon 
amino acid supplementation. A second test aimed at exploring the capability of the human nose to differentiate 
between aromas induced by a single amino acid or a mixture using a single strain. In the third test, the ability of 
the human nose to distinguish among strains supplemented with the same amino acid was examined. All tests 
were performed by 14 panellists and consisted of a triangle test (discrimination test) and an assessment of aroma 
attributes as described in the material and methods section.

In the first test, mycelial 
strain 2 was supplemented with methionine or water (control). The result of the triangle test illustrated that the 
panellists were able to distinguish between unsupplemented and methionine supplemented samples (p = 0.02 < α, 
one-sided binomial proportions test with α = 0.05), hence confirming that sulfur containing volatiles (hereafter 
“sulfur volatiles”) of the Ehrlich pathway were perceived by the human nose.

In terms of aroma attributes, differences between samples could be ascribed to sulfur and fermented/roasted 
notes that were highest in methionine supplemented samples and floral notes that were the highest in unsup-
plemented samples (Fig. 6A). Samples also differed in terms of intensity with methionine supplemented sam-
ples being the most intense (Fig. 6A). The samples were further analysed by pressure-balanced headspace-GC/
MS to relate volatile profiles to the aroma impressions of the panellists (Fig. 6A). The marked sulfurous/gar-
licky notes reported by the panellists in the methionine supplemented sample, corresponded to the induction 
of sulfur volatiles, whereas the flowery notes of the unsupplemented sample corresponded to the induction of 
2-phenylacetaldehyde and 2-phenylethan-1-ol.

Figure 2. Volatile profiles of nine T. borchii mycelial strains. (A) PCA (based on Supplementary Table S1) 
illustrates the variability in volatile profile for nine T. borchii mycelial strains and one fruiting body (n = 3 
replicates per sample). (B) The heatmap highlights volatile compounds which concentrations significantly 
differed among strains (n = 3 replicates per strain, p < 0.05, Kruskal-Wallis test with α = 0.05). Volatile 
compounds derived from the Ehrlich pathway are highlighted in bold.
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A second triangle test was performed to estimate the overall importance of sulfur volatiles compared to other 
(non-sulfur) aroma compounds. Essentially, the aromas induced in a single strain (strain 2 as used in the first 
trial) by methionine were compared to those induced by a mixture of amino acids that included methionine and 
also leucine, isoleucine and phenylalanine. The triangle test of the second trial illustrated that the human nose 
was unable to distinguish among samples supplemented with methionine only compared to those supplemented 
with a mixture of amino acids (that included methionine as well) (p = 0.86 > α, one-sided binomial proportions 
test with α = 0.05). Similarly, no significant difference in overall aroma intensity among the samples was detected 
(Fig. 6B). However, quantification of volatiles by pressure-balanced headspace-GC/MS highlighted the marked 
differences in DMDS and benzaldehyde, that were significantly higher in the sample supplemented with the 
amino acid mixture (Fig. 6B).

A third triangle test was performed to examine 
the ability of the human nose to distinguish between strains 3 and 9 supplemented here with phenylalanine only.

The triangle test results demonstrated that the human nose could differentiate between strains supplemented 
with phenylalanine (p = 0.004, one-sided binomial proportions test, α = 0.05). These findings were corroborated 
by the sensory test since higher floral notes were attributed to strain 3 (Fig. 6C). Profiling of volatiles revealed 

Figure 3. Amino acids catabolism in Tuber borchii. The scheme on top illustrates the three steps of the Ehrlich 
pathway. Specific structures of amino acids and volatile compounds detected in our experiments (with the 
exception of MTL which was not detected but is shown here for completeness) are shown below with 13C label 
incorporation. Labelling experiments with three mycelial strains (strains 2, 3 and 5) gave comparable results. 
Refer to Supplementary Fig. S1 for details.
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that the concentrations of six volatiles significantly differed among strains 3 and 9, with 2-phenylacetaldehyde, 
2-phenylethan-1-ol and benzaldehyde being the highest in strain 3 (p < 0.05, Kruskal-Wallis test with α = 0.05)
(Fig. 6C).

Genetics is a powerful tool to improve flavour and aroma of food products and/or eliminate off-flavours23–26. 
The present study demonstrated how strain selection could be used to improve truffle mycelium flavour. Type of 
strain however is not the only means of flavour improvement in truffles since Xiao et al.20 illustrated that desirable 
sulfurous, mushroom and earthy aromas could also be induced in the black truffle T. melanosproum by repeated 
freeze-thaw cycles.

The aroma emitted by axenic cultures of three truffle species (T. borchii, T. melanosporum, T. formosanum) 
have been described earlier by various groups13,14,19,20,30,31, yet none of those studies investigated aroma varia-
bility within the same species. Here, we used nine strains of T. borchii for the latter purpose. Of the 21 volatiles 
identified from T. borchii mycelia grown on malt extract (Fig. 2B), only five have been previously reported from 
two T. borchii strains including 3-methylbutan-1-ol, oct-1-en-3-ol, 2-phenylethan-1-ol, phenylmethanol and 
2,4-bis(1,1-dimethylethyl)-phenol13,14. Tirillini et al.14 could nevertheless detect 28 additional volatiles including 
dimethyltrisulfide through dynamic headspace sampling. Similarly, ten volatiles reported in Fig. 2B have been 
described from axenic cultures of T. melanosporum or T. formosanum, which also produced numerous volatiles 
not reported here30,31. These similarities and discrepancies in volatile emission among our results and literature 
might be attributed to various factors. For example, cultural conditions might have a major impact on fungal 
volatiles32,33. In the case of axenic cultures of different truffle species (T. melanosporum, T. sinense, T. indicum, 
and T. aestivum), Tang et al.34 demonstrated that cultural conditions indeed had a stronger influence on the com-
position of emitted volatiles than species itself. Besides media composition, volatile sampling techniques might 
also influence volatile profiles35, and so does sample processing (i.e. freezing)1,20,36. Nevertheless, considering that 
in our study, all strains of T. borchii were handled in the same way, the aroma variability observed among strains 
(Fig. 2A,B) was without a doubt attributed to genetic differences among strains.

The influence of genetics on truffle aroma had been reported earlier in T. aestivum21,22 fruiting bodies for 
specific groups of volatiles, namely four (C4) and eight (C8) carbon-containing compounds (i.e. C8: oct-1-en-
3-one, oct-1-en-3-ol and t-2-octenal; C4: butan-2-one and butan-2-ol). Our data support the influence of genet-
ics on the 29 volatiles reported in Fig. 2B, and particularly on volatiles of the Ehrlich pathway, which could not
be shown in earlier work by our group21,22. This apparent contradiction between our earlier results and those
presented here can be explained by differences in study systems (axenic mycelial cultures versus fruiting bod-
ies). Indeed, fruiting bodies are heavily colonized by microbes (i.e. bacteria and yeasts), which, in addition to

Figure 4. Sulfur volatile compounds induced by methionine in T. borchii. Chromatograms are shown for two 
strains supplemented with Met (20 mM) or water (control). The y-axis is comparable for all chromatograms. 
Note the stronger S-volatile induction of strain 5 compared to strain 7. Volatile compounds: (1) 3-methylbutan-
1-ol; (2) 2-methylbutan-1-ol; (3) DMDS; (4) 3-methylsulfanylpropanal; (5) benzaldehyde; (6) unidentified; (7)
DMTS and IS (internal standard).
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truffles, are able to produce volatiles from the Ehrlich pathway15. The production of the Ehrlich-derived volatiles 
2-methylbutan-1-ol, 3-methylbutan-1-ol along with some sulfur volatiles (3-methylsulfanylpropanal, dimethyl
sulfide (DMS), DMDS and DMTS) have been reported from yeasts directly isolated from truffle fruiting body37.
Besides microbes, other factors might influence fruiting body aroma (i.e. maturation38, geographical location39).
Many of those factors often co-vary (i.e. genetics and geography), thus using fruiting bodies for investigating the 
factors behind aroma variability in truffles can only lead to limited conclusions.

The Ehrlich pathway, first described in the budding yeast Saccharomyces cerevisiae, consists of a three-step 
process, in which an amino acid is first deaminated into a α-keto acid, followed by a decarboxylation into an alde-
hyde and a reduction or oxidation into an alcohol or acid17. We demonstrated here the existence of this pathway 
in T. borchii using amino acids with 13C labelled carbons, yet, proving the origin of non-carbon atoms (i.e. sulfur, 
oxygen) was beyond the scope of our study. According to the “conventional Ehrlich pathway”, phenylalanine 
leads to two volatiles, 2-phenylacetaldehyde and 2-phenylethan-1-ol17. In our data (Fig. 3), the incorporation of 
13C labels into a third volatile (benzaldehyde) hints at possible pathway differences between Saccharomyces yeasts 
and truffles. Considering that benzaldehyde might be produced from phenylalanine through both enzymatic and 
chemical reactions in some bacteria40, suggests that this might similarly occur in truffles. Identifying the exact 
pathway in truffles shall be the focus of further studies.

Methionine catabolism leads to the formation of sulfur volatiles through two hypothetical pathways for 
which candidate enzymes have been identified in the genome of T. melanosporum10,16. Indeed, in the “stand-
ard” Ehrlich pathway, methionine might be converted into 4-methylthio-2-oxobutyric acid (KMBA) via 

Figure 5. Induction of volatiles compounds derived from the Ehrlich pathway in T. borchii. Bars represent the 
normalised concentrations (average ± standard error for four biological replicates) of volatile compounds in 
nine strains of T. borchii – either unsupplemented (H2O) or supplemented with 20 mM amino acids namely 
leucine (violet), isoleucine (green), phenylalanine (orange), and methionine (blue). Concentrations of specific 
volatile compounds that differed between supplemented and unsupplemented strains are indicated above bars 
(as the “induction” x) when statistically significant (p < 0.05, Kruskal-Wallis test with α = 0.05).
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transamination. Subsequently, KMBA decarboxylation might lead to 3-methylsulfanylpropanal which might 
further non-enzymatically decompose to methanethiol (MTL). The latter might also be produced from KMBA 
through both chemical and enzymatic reactions by C-S lyase enzymes (i.e. cystathionine β- and γ-lyases). In the 
alternative “non-standard” Ehrlich pathway, methionine might directly be converted into MTL by enzymatic 
reactions (i.e. methionine γ-lyase). In both standard and non-standard pathways, MTL can spontaneously oxidize 
to DMS, DMDS and DMTS10. The induction of 3-methylsulfanylpropanal observed in our data (Fig. 3) supports 
the existence of at least the standard Ehrlich pathway for methionine catabolism in T. borchii. By contrast, the 
absence of DMS, a typical sulfur volatile of many truffle species10 from our mycelial cultures might be interpreted 
in two ways. On one side, DMS might not be induced by the cultural conditions used here, and different condi-
tions might have favoured it as reported for T. melanosporum and T. formosanum30,31. On the other side, DMS 
in truffle fruiting bodies might actually be exclusively produced by bacteria (and not by the truffle mycelium), 
as demonstrated for some cyclical sulfur volatiles in T. borchii12. Either hypothesis will require a more detailed 
characterization of methionine catabolism pathway to be tested.

Volatiles produced through the Ehrlich pathway are well-known food odorants6. For example, taken as pure 
compounds, 2-phenylethan-1-ol has a rose-like odour, 3-methylbutan-1-ol is reminiscent of cheese and whis-
key and sulfur volatiles (i.e. DMS, DMDS, DMTS and 3-methylsulfanylpropanal) smell like garlic, rotten food, 
and cooked potatoes8,15. Aroma perception of specific food depends on the interplay among odorants and on 
their respective concentrations6, yet, typically, only a small fraction of all volatiles contribute to human-perceived 
aroma. Our sensory tests illustrated the importance of methionine in the formation of sulfur containing odor-
ants in axenic truffle cultures. Indeed, sulfur volatiles are also major odorants in truffle fruiting bodies7,8,15. In 
our sensory tests, panellists predominantly used sulfur/garlicky and fermented/roasted notes to describe the 
aroma of mycelium supplemented with methionine. Even if not determined here, this strongly suggests that the 
concentration of sulfur volatiles were higher than their detection threshold (odour activity value (OAV) > 1) in 
methionine supplemented samples. This is further supported by the fact that sulfur volatiles tend to have much 
lower odour thresholds compared to other volatiles of the Ehrlich pathway (i.e. odour threshold in water (part 
per billion) of sulfur volatiles DMDS (0.16–12)41–43 and DMTS (0.005–0.01)41,43 versus non-sulfur volatiles such 
as 2-phenylethan-1-ol (750–1100)44,45 and 3-methyl-1-butanol (250–300))44,45.

Figure 6. Results of sensory tests. From top to bottom, graphs illustrate aroma descriptors (spider chart), 
aroma intensities (box plot) and concentration of volatile compounds (bar chart), respectively. Refer to the main 
text for details. Statistical differences between samples (i.e. for each aroma descriptor or for aroma intensity 
or the concentration of specific volatile compounds) are marked with a star or with different letters (box plot) 
(p < 0.05, Kruskal-Wallis test with α = 0.05).
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Panellists could further differentiate among mycelial strains supplemented with the same amino acids. This 
illustrates that genetics does not only influence volatile production in truffles as highlighted earlier, but that 
those differences have an impact on the overall aroma characteristics. Similar findings of strains influence on 
aroma characteristics have been also demonstrated for strawberries and baker’s yeast46,47, among numerous other 
examples. Specifically, in domesticated strawberries, an insertional mutation was shown to result in flavour loss 
compared to wild strawberries46. Similarly, some non-conventional yeast strains markedly vary in aroma profile 
(i.e. concentrations of 2-phenylacetaldehyde and 2-phenylethan-1-ol) compared to the S. cerevisiae strain tradi-
tionally used in bakery47.

Our findings illustrate how strain selection might be used to identify truffle strains with more desirable aroma 
and flavour. This is specially promising since T. borchii is the first species that has been successfully used to myc-
orrhize seedlings with axenic mycelial cultures instead of ascospores48. Overall, our results might also lead to the 
production of better quality truffle flavour and a higher consumer acceptance of truffle-flavoured food products 
(i.e. truffle-flavoured olive oil) that currently predominantly contain synthetic flavours.

A total of 9 strains (axenic cultures) of T. borchii and one fruiting body (FB) were used 
in this study as described in Table 1.

For preparation of liquid cultures, T. borchii mycelia were pre-grown on malt extract (ME) agar (pH 7.0) [for-
mula used per liter: malt extract 10 g (Difco & Becton Dickinson, Heidelber, Germany) and agar 15 g (Carl Roth, 
Karlsruhe, Germany)] for two months as described by Splivallo et al.21, and half a colony transferred to 100 ml 
Erlenmeyer flasks containing 30 ml of ME broth (1%, pH 7.0). Liquid cultures were homogenized with a sterile 
grinder at 17,000 rpm (T 18 digital ULTRA-TURRAX, IKA, Staufen, Germany) for 10 s, and incubated at 23 °C 
for two months. Sample handling for subsequent experiments is illustrated in Fig. 1. along with the number of 
replicates used for each experiment.

T. borchii Two-month-old myce-
lial cultures and malt extract broth without mycelium (negative controls) were homogenized at 17,000 rpm as 
described above, an aliquot of 5 ml in a 50 ml tube was subsequently pelleted by centrifugation (12,000 g for 
10 min at 4 °C). The supernatant was discarded and a biomass of 200 ± 0.002 mg (wet weight) was transferred to a 
20 ml SPME vial sealed with a screw cap and a silicon/polytetrafluoroethylene (PTFE) septum (VWR, Germany). 
Medium control samples were prepared by transferring 100 μl of malt extract to SPME vials. One fruiting body 
sample (originally frozen, but allowed to equilibrate to room temperature for 2 h before analysis) was also 
included for volatile analysis (300 ± 0.002 mg per SPME vial).

Volatiles extraction was performed by SPME in an autosampler (PAL RSI 85, CTC Analytics AG, Switzerland). 
Samples were first preheated to 60 °C for 20 min prior to extraction. Extraction was then done with an SPME fibre 
(PDMS/DVB/CARB Agilent Technologies, Waldbronn, Germany) exposed for 15 min in the headspace of the 
sample. Empty SPME vials were regularly inserted between samples to make sure no carry-over occurred. Volatiles 
were profiled by GC/MS (Agilent 7890B GC system equipped with a 5977B quadrupole MS detector (Agilent 
Technologies, Waldbronn, Germany). The SPME fibre was desorbed in the GC inlet (250 °C) in splitless mode 
and volatiles were separated on a capillary column (HP-5MS Agilent 19091S-433UI 0.25 mm × 30 m × 0.25 μm) 
by using the following program: start at 40 °C and hold for 5 min, ramp at a rate of 3 °C min−1 to 160 °C, ramp at a 
rate of 50 °C min−1 to 260 °C, hold for 1 min (total run time: 53 min). The carrier gas was helium with a flow rate 
of 1.2 ml min−1. MS parameters were adjusted to a mass-to-charge ratio (m/z) scan range from 50 to 350, in an 
etune mode, ion M+, with electron energy of 70 eV (MS source 230 °C, MS quad 150 °C).

Chromatograms were visualized with the Agilent Mass Hunter Qualitative Analysis software (version: 
B.07.00). To eliminate the shift in retention time due to the machine drifts, peaks were aligned using Tagfinder
software version 4.128. The intensity threshold was set to 3,000 but other parameters were the same as previously 
described in Sherif et al.49. As an output, Tagfinder created a matrix with sample names in columns, and TAGs
(specific m/z values within a specific retention time window) in rows. Background noise (three times the values of 
the medium control samples (ME without mycelium)), was subtracted from all samples and TAGs for each sam-
ple were normalized by dividing their intensity by the total ion current (TIC) (Supplementary Table S1). Based
on Supplementary Table S1, principal component analysis (PCA) was produced using the Past software version 
3.0450. To create the heat map in Fig. 2B from Supplementary Table S1, a non-parametric test in R (version 3.2.3)29

was used to identify TAGs that significantly differed among samples (p < 0.05, Kruskal-Wallis with α = 0.05). 
Moreover, to avoid a biased representation in the heatmap towards tags with the highest intensities, TAG in single 
rows were divided by their maximum TAG intensity in that row. This resulted in relative concentrations between 
0 and 1.

Volatiles were identified by comparison of their mass fragmen-
tation patterns with mass spectra databases (National Institute of Standards and Technology (NIST) library 
v. 2.0, Gaithersburg, USA), and by comparison of Kovats retention indices (calculated from n-alkanes) to lit-
erature values (http://www.pherobase.com/database/kovats/kovats-index.php, http://webbook.nist.gov/
chemistry/gc-ri/). Moreover, authentic standards were used to confirm the identity of the following volatiles
by GC/MS: 2-methylpropan-1-ol, 2-methylbutan-1-ol, 3-methylbutan-1-ol, oct-1-en-3-ol, 2-methylbutanal,
3-methylbutanal, 2-phenylethan-1-ol, benzaldehyde, 2-phenylacetaldehyde, DMDS, DMTS.

T. borchii  
Supplementation experiments with 13C isotope labelled amino acids were performed with three mycelial strains 
(2, 3 and 5 in Table 1). Mycelial strains pre-grown in 30 ml malt extract liquid cultures were homogenised with 
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a grinder and washed and pelleted three times with 5 ml minimal medium. Minimal medium contained the 
following components (concentrations are given in mg/l): MgSO4.7H2O: 731, KNO3: 80, KCl: 65, KH2PO4: 
5, MnCl2.4H2O: 6, ZnSO4.7H2O: 4.52, H3BO3: 1.5, CUSO4. 5H2O: 0.26, (NH4)6Mo7O24.4H2O: 0.0046, Ca 
(NO3)2.4H2O: 288, NaFeEDTA: 8, glycine: 3, thiamine: 0.1, pyrodoxine: 0.1, nicotinic acid: 0.5, myo-inositol: 50, 
KI: 0.75, sucrose: 10,000. After washing, mycelial pellets were dissolved in 5 ml minimal medium and 1.5 ml of 
this culture was transferred to an SPME vial. Vials were supplemented with 0.5 ml of an aqueous solution (sterile 
filtered) containing 13C labelled L-methionine, L-leucine, L-isoleucine and L-phenylalanine (labels are shown 
in Fig. 3, final concentration of 5 mM in SPME vials) (Cambridge isotope laboratories, Andover, USA). Samples 
were incubated at room temperature on a 100 rpm orbital shaker (Neolab, Heidelberg, Germany) for 24 h in the 
dark. After incubation, mycelial volatiles were profiled by pressure-balanced headspace-GC/MS as described 
hereafter.

Volatiles were profiled using a Clarus 680 GC coupled to quadrupole Clarus SQ 8 C MS detector (PerkinElmer, 
MA, USA) equipped with a pressure-balanced headspace- autosampler (Headspace Sampler TurboMatrix 40, 
Perkin Elmer, MA, USA). Volatiles were extracted by pressure-balanced headspace in trap mode using the fol-
lowing program: 20 ml SPME vials sealed with a septum were pre-heated for 20 min at 70 °C (to increase the vol-
atility of the analytes), then the vials were pressurized with helium (to 105 kPa for 2 min). 4-Bromofluorobenzene 
(100 μl of a 27.2 ppm IS in N2 (mol/mol)) was used as an internal standard (IS). The IS gas was injected into the 
vials prior to volatile adsorption by the trap (TurboMatrix air monitoring trap, Perkin Elmer) (loop load: 0.5 min, 
loop equilibration: 0.4 min, inject time 0.5 min). Volatiles were thermally desorbed from the trap and injected 
in the GC by increasing the temperature from 30 °C to 280 °C. Separation was performed on a capillary column 
Elite-5MS (30 m × 0.25 mm i.d., 1.00 μm film thickness, Perkin Elmer). The GC oven temperature program was: 
start at 50 °C and hold for 1 min, 15 °C min−1 to 180 °C and hold for 1 min, 100 °C min−1 to 300 °C and hold for 
5 min (total run time: 16.87 min). The carrier gas was helium with constant pressure at 75 kPa. MS operated 
electron impact ionisation (EI) conditions (70 eV) with scan range from m/z 50-300 (MS source 200 °C). Turbo 
Mass software (version: 6.1.0, PerkinElmer) was used to visualize the chromatograms and the mass spectrums. 
Mass spectra of mycelial strains supplemented with 13C labelled amino acids was compared to the mass spectra 
of non-labelled amino acids supplemented mycelia to inspect whether the labels were integrated into the targeted 
volatiles (see Supplementary Fig. S1).

T. borchii. The supplementation experiment with 
non-labelled amino acids was carried out using all the nine mycelial strains of Table 1. Mycelial cultures and con-
trols with no mycelium in ME broth were homogenized with a sterile grinder and were divided into aliquots of 
2 ml in SPME vials. Vials were supplemented with 0.4 ml of an aqueous solution containing non-labelled methio-
nine, leucine, isoleucine and phenylalanine (sterile filtered, with a final concentration of 20 mM in SPME vials) 
(Carl Roth, Karlsruhe, Germany) or water (control). Samples were kept at room temperature on a 100 rpm orbital 
shaker for 24 h in the dark. Mycelial volatiles were profiled as for the samples containing labelled amino acids. 
To determine the mycelial biomass, 3 ml of each homogenized culture was transferred to 50 ml Falcon tube, the 
mycelium was separated by centrifugation from its supernatant and wet weight was recorded. Peak areas (PA) of 
target volatiles were subsequently normalized to the peak area of the internal standard and to the biomass of each 
sample (Fig. 5).

T. borchii Three sensory tests were performed in total, aimed at 
various objectives. A first test was done to evaluate if the human nose perceived induced volatiles in T. borchii 
strains supplemented with methionine (comparison: strain 2 either unsupplemented (water control)) or supple-
mented with 5 mM methionine. The second test was performed to investigate whether the human nose could dif-
ferentiate between the aromas induced by methionine (strain 2, 5 mM) or a mixture of amino acids (strain 2 and 
leucine, isoleucine, phenylalanine, and methionine, each 5 mM) in the same strain. A third test assessed the ability 
of the human nose to distinguish between strains (strains 3 and 9, both supplemented with 5 mM phenylalanine).

For all the sensory tests, panellist (14 individuals, 6 women and 8 men) were presented with a questionnaire 
comprising two parts: a discriminatory test (“triangle test” as described in O’Mahony et al.51) and assessment of 
aroma attributes. For the triangle test, each panellist was presented with three samples (two identical and one “dif-
ferent”) and asked to identify the two samples judged the most similar by their smells. Results of the triangle test 
were analysed using a one-sided binomial proportions test52. For the assessment of aroma attributes, each panellist 
was presented with four samples (two replicates of each sample). They were asked to indicate the presence of the 
following aroma attributes; sulfur/garlic, mushroom, floral, straw/malt, fermented/roasted, followed by rating the 
“overall aroma intensity” using a four-point category scale (0 indicating ‘no smell’ and 3 ‘very intense smell’). These 
aroma attributes were provided to the assessors as representative aroma attributes typically used to describe the 
volatiles of Fig. 5. For each aroma descriptor, frequencies were expressed as a percentage of total possible counts (14 
panellist × 2 replicates = 28 counts), yielding values between zero and one. Volatile profiles from the samples used 
for sensory analysis were generated by pressure-balanced headspace -GC/MS as previously described.

Use of human subjects for this study was reviewed by the Ethics Committee of the med-
ical department of the University of Frankfurt and was granted exempt status. Informed consent was obtained 
from all participants.

The data generated or analysed during this study are included in this published article 
(and its Supplementary Information files).
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The Role of the Microbiome of Truffles in Aroma Formation: a Meta-
Analysis Approach

Maryam Vahdatzadeh,a,b Aurélie Deveau,c,d Richard Splivalloa,b

Goethe University Frankfurt, Institute for Molecular Biosciences, Frankfurt, Germanya; Integrative Fungal Research Cluster (IPF), Frankfurt, Germanyb; INRA, Interactions
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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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Truffle fungi are well known for their enticing aromas partially emitted by microbes

colonizing truffle fruiting bodies. The identity and diversity of these microbes remain

poorly investigated, because few studies have determined truffle-associated bacterial

communities while considering only a small number of fruiting bodies. Hence, the

factors driving the assembly of truffle microbiomes are yet to be elucidated. Here

we investigated the bacterial community structure of more than 50 fruiting bodies

of the black truffle Tuber aestivum in one French and one Swiss orchard using 16S

rRNA gene amplicon high-throughput sequencing. Bacterial communities from truffles

collected in both orchards shared their main dominant taxa: while 60% of fruiting

bodies were dominated by α-Proteobacteria, in some cases the β-Proteobacteria or the

Sphingobacteriia classes were the most abundant, suggesting that specific factors (i.e.,

truffle maturation and soil properties) shape differently truffle-associated microbiomes.

We further attempted to assess the influence in truffle microbiome variation of factors

related to collection season, truffle mating type, degree of maturation, and location

within the truffle orchards. These factors had differential effects between the two truffle

orchards, with season being the strongest predictor of community variation in the French

orchard, and spatial location in the Swiss one. Surprisingly, genotype and fruiting body

maturation did not have a significant effect on microbial community composition. In

summary, our results show, regardless of the geographical location considered, the

existence of heterogeneous bacterial communities within T. aestivum fruiting bodies

that are dominated by three bacterial classes. They also indicate that factors shaping

microbial communities within truffle fruiting bodies differ across local conditions.

Keywords: Tuber aestivum, amplicon sequencing, bacterial communities, microbiome, multilocus genotype,

mating type
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INTRODUCTION

Truffles are ascomycete ectomycorrhizal fungi that associate
with the roots of a large number of trees and shrubs and that
produce hypogeous fruiting bodies. Some truffle species such as
Tuber melanosporum (Périgord black truffle) and T. aestivum
(Burgundy truffle) are renowned worldwide for their delicate
aroma and are considered as culinary delicacies. Although these
truffles can be harvested in wild forests, over 80% of the truffles
harvested in France are nowadays originating from artificially
inoculated orchards (Murat, 2015). In this context, the controlled
production of truffles is an economically important goal of
research. Major progress has been made over the past 30 years to
improve methods of truffle cultivation and to better understand
the life cycle of these peculiar fungi (Paolocci et al., 2006; Rubini
et al., 2007, 2011a,b; Murat, 2015; Molinier et al., 2016). The
most comprehensive knowledge about truffle biology exist about
T. melanosporum (Rubini et al., 2014; Le Tacon et al., 2016;
Selosse et al., 2017) which was the first Tuber genome to be
sequenced (Martin et al., 2010). However, mounting evidence
based on genetics of T. aestivum (Molinier et al., 2013a,b, 2016)
and the genomics of T. aestivum and T. magnatum suggests high
similarities in terms of life cycle to T. melanosporum (Murat
et al., 2018). In truffles, the life cycle starts with the germination
of haploid spores. Hyphae produced from germinated spores
colonize the fine roots of host plants and form ectomycorrhizae.
This symbiotic mixed organ is the place of nutrients exchange
between the two mutualistic partners (Smith and Read, 2008).
Ectomycorrhizae also provide the maternal mycelium that will
give birth to the fruiting body (or ascocarp) after mating with
a paternal gamete of opposite mating type (Rubini et al., 2014;
Selosse et al., 2017; Murat et al., 2018). In contrast to many
other ectomycorrhizal fungi that produce fruiting bodies within
a few days, the development of truffle fruiting bodies generally
takes several months and occurs entirely belowground. In the
case of T. melanosporum, it has been demonstrated that nutrients
required for the development of the fruiting bodies are provided
by the host plant all along fruiting body genesis (Le Tacon et al.,
2013, 2015) and a similar process likely occurs for T. aestivum
(Deveau et al., 2019). The production of fruiting bodies in
all Tuber species varies greatly from year to year, ranging
from none to several per tree. Additionally, considering trees
with a sufficient degree of mycorrhization with T. aestivum or
T. melanosporum, the yield of harvested truffles was shown to be
unrelated to the host tree mycorrhization degree (Molinier et al.,
2013a; De la Varga et al., 2017).

Beside the symbiotic association between the fungus and its
host, it is now clear that complex microbial communities interact
with truffle fungi both in the ectomycorrhizosphere and in the
ascocarp. Based on a number of studies on truffle-associated
bacterial communities, we know that the surface (peridium) and
the inner tissues (gleba) of truffle fruiting bodies are colonized
by complex bacterial communities composed of a few hundreds
of species that can reach up to 107–108 cells per gram of truffle
(Barbieri et al., 2007; Antony-Babu et al., 2014; Vahdatzadeh
et al., 2015). The effects of these bacteria and of their interactions
on the biology of truffles are still poorly understood. Yet, some

bacteria have been shown to participate in the elaboration of
some of the volatile organic compounds produced by the whitish
truffle Tuber borchii (Splivallo et al., 2015), and it has been
hypothesized that bacteria could be involved in the elaboration
of the complex aroma of truffles (Vahdatzadeh et al., 2015). In
addition, some bacteria of the Bradyrhizobiaceae family isolated
from T. magnatum have shown the ability to fix nitrogen
(Barbieri et al., 2010). It has been proposed that they could
participate in the nutrition of the fungus during fruiting body
development (Barbieri et al., 2010). Additional putative effects
such as inhibition of pathogenic fungi, stimulation of the growth
of Tuber mycelium, and ascocarp degradation have also been
suggested based on potential functional activities of bacteria
isolated from fruiting bodies (Citterio et al., 2001; Sbrana et al.,
2002; Dominguez et al., 2012; Gryndler et al., 2013, 2015; Antony-
Babu et al., 2014; Saidi et al., 2015; Deveau et al., 2016).

Despite differences between truffle species (Benucci and
Bonito, 2016), the truffle microbiome is commonly dominated
by bacteria belonging to the Rhizobiales order together with,
to a lesser extent, members of the orders Actinomycetales,
Burkholderiales, Enterobacteriales, Flavobacteriales, and
Pseudomonadales (Barbieri et al., 2016). Yet, important
variations in the composition of truffle microbiomes have
been reported (Barbieri et al., 2016). Part of the discrepancies
may be explained by the evolution of methodologies used to
study microbial diversity, which cover from culture-dependent
to various generations of culture-free methodologies (Sbrana
et al., 2002; Barbieri et al., 2010; Deveau et al., 2016). Another
part of this variability could be due to natural variation in
microbiome composition among fruiting bodies of single Tuber
species. Among the different factors that could influence truffle
microbiome composition, the level of fruiting body maturation
has been proposed as a potential driver of the microbiome
composition in T. borchii, T. indicum, and T. melanosporum
(Citterio et al., 2001; Antony-Babu et al., 2014; Splivallo et al.,
2015; Ye et al., 2018). However, the extent to which other
intrinsic (i.e., maturity, genotype, mating type) and extrinsic
(i.e., season, location, spatial distance) factors drive the truffle
microbiome is not known.

In this study, we filled this gap in knowledge by analyzing
and comparing the microbiomes of more than 50 fruiting
bodies of T. aestivum harvested over several years in two
spatially distant orchards in Europe. T. aestivum is harvested
and cultivated in numerous regions of the world (i.e., all over
Europe, in Iran, Northern Africa) and its microbiome has not
been extensively studied despite the fact that it represents one
of the most relevant truffles in terms of traded volumes. We
hypothesized that the microbial communities of T. aestivum
would be dominated by bacteria of the Bradyrhizobiaceae family
as in other truffle species but also that noticeable differences
in microbial assemblages would be detectable between the
two study sites due to variable environmental factors. To test
and answer those hypotheses, (1) the “core” composition of
the T. aestivum microbiome in both study sites was defined,
(2) the variability in the truffle microbiome across orchards
was assessed, and (3) the intrinsic factors (maturity, genotype,
mating type) and extrinsic ones (season, location, spatial
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distance) determining the assembly of truffle-associated bacterial
communities were evaluated.

MATERIALS AND METHODS

Biological Material and Sampling
Fruiting bodies of Tuber aestivum (Vittad.) were collected from
two artificially inoculated truffle orchards in France (FR) and
Switzerland (SW). Exact GPS coordinates are not given here at
the request of the orchard’s owners, but the closest city nearby is
provided as an approximate location. These orchards have been
described earlier (Splivallo et al., 2012; Molinier et al., 2013a,
2015). The French orchard, located near Daix/Dijon (FR), is a 30-
year old truffle orchard that comprises two rows of inoculated
hazels (Corylus avellana) at its center and two outer rows of
fruit trees on the outer margins (see for details Molinier et al.,
2013a). All hazel trees in the French orchard were inoculated
with T. melanosporum in 1976 and produced T. melanosporum
fruiting bodies for nine seasons from 1980 to 1989 (a few hundred
grams to 12 kg per year; Molinier et al., 2013a). During 1990–
1993 production was gradually and eventually fully replaced by
native T. aestivum and in subsequent years, production ranged
from a few hundred grams to a few kilograms of T. aestivum per
year (Molinier et al., 2013a). The soil of the French truffle orchard
has a calcareous nature and a pH of 7.9 (Molinier et al., 2013a).
The Swiss orchard, located in Valais, near St-Triphon (CH),
contains 42 trees – oaks (Quercus robur) and pines (Pinus nigra)
that were commercially inoculated with T. aestivum and planted
in 1999. In this orchard, pH of the soil is 7.6 and production of
T. aestivum started in 2008/2009 and ranged since then to a few
hundred grams to approximately 1 kg per year.

A total of 62 T. aestivum fruiting bodies were collected from
the two artificially inoculated truffle orchards. Seventeen truffles
were collected in the French orchard in 2010 and 2011, whereas
45 truffles were collected from the Swiss orchard during four
consecutive years (2009–2012). The precise location of truffles
was recorded at the time of the harvest (Figure 1). To avoid post-
harvest drifts of microbial populations, all truffles were cooled
to 4◦C after collection and frozen to −20◦C within 24 h for
subsequent DNA extraction.

Truffles were identified by spore morphology and via
molecular methods (see the section “DNA Extraction and
Truffle Genotyping”). The stage of fruiting body maturation
was determined by estimating the percentage of ascii containing
melanized spores, as previously described (Splivallo et al., 2012).
An overview of the samples used in this study along with the
analyses performed is shown in Table 1.

DNA Extraction and Truffles Genotyping
Genomic DNA was extracted from the gleba (50–100 mg fresh
weight excised from the central part of the gleba) of each
fruiting body using the DNeasy R© Plant Mini Kit (Qiagen,
Hilden, Germany) following the manufacturer’s instructions.
Even though this kit might have been used here for characterizing
truffle’s microbiome for the first time, earlier works have
demonstrated that various DNA extraction methods yielded

FIGURE 1 | Location of truffle samples within the French and Swiss orchards.

Location of truffles, their maturity, mating type, collection year, and identical

multilocus genotypes (MLGs, connected by lines) are shown in the French and

Swiss orchards, along the position of truffle-mycorrhized trees (small gray

dots) and fruit trees surrounding the orchard (crosses). Black arrows in the

lower left corner of each orchard represent a distance of 5 m.

comparable microbiome compositions for different truffle
species (Antony-Babu et al., 2013; Benucci and Bonito, 2016).
DNA qualities and concentrations were checked using a
NanoDrop spectrometer and gel electrophoresis. Mating type
identification was performed using the specific primers aest-
MAT1-1f/aest-MAT1-1r and aest-MAT1-2f/aest-MAT1-2r as
described elsewhere via multiplex polymerase chain reaction
(PCR) (Molinier et al., 2016). In short, PCRs were carried out
using 3μl of template DNA (diluted 10 times) in a final volume of
20 μl containing 10 μl of JumpStart REDTaq ReadyMix (Sigma-
Aldrich: P1107), 0.4 μl of each primer (0.2 μM each), and water
to adjust to the final volume. Thermal cycles were conducted
using the following program: an initial denaturation of 2 min at
94◦C, 28 cycles at 94◦C for 30 s, 57◦C for 30 s, and 72◦C for 1min,
followed by 72◦C for 7 min. PCR products were checked on a
1.5% agarose gel and visualized after ethidium bromide staining
by a UV transilluminator.

A total number of 14 SSR loci (aest01, aest06, aest07, aest10,
aest15, aest18, aest24, aest25, aest26, aest28, aest29, aest31, aest35,
and aest36) (Molinier et al., 2013b) were chosen for genotyping.
The genotyping procedure followed that described by Molinier
et al. (2016) but with a slightly modified PCR program: one cycle
of 15 min at 95◦C, 30 cycles of 30 s at 94◦C, 90 s at 60◦C, and
60 s at 72◦C, and a final elongation cycle of 30 min at 60◦C. To
identify multilocus genotypes (MLGs) and true clones based on
the 14 SSR markers, the software MLGSIM (Stenberg et al., 2003)
was used as described elsewhere (Molinier et al., 2016).

Microbiome Analysis
Bacterial communities of Swiss fruiting bodies were analyzed
by 454 pyrosequencing, while French samples were analyzed
by MiSeq Illumina sequencing, because 454 pyrosequencing
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technique was no longer available at the time of the analysis. In
both cases, the isolated DNA from the gleba of fruiting bodies
was used to generate 16S rRNA gene amplicon libraries using
the primers 787r (ATTAGATACCYTGTAGTCC) (Nadkarni
et al., 2002) and 1073F (ACGAGCTGACGACARCCATG)
(On et al., 1998), modified to include specific linkers and
identification barcode sequences for the respective sequencing
method. The same procedure as described by Antony-Babu et al.
(2014) was used to generate 454 pyrosequencing amplicons.
Briefly, the PCRs contained 10 μl of PCR Mastermix (5 PRIME),
1 μl of each forward and reverse primers (each 0.2 μM), and 2 μl
of template DNA (or sterile water for negative control) in a final
volume of 25 μl. For each truffle DNA sample, amplifications
were performed in three parallel PCR tubes under the following
conditions: an initial denaturation at 94◦C for 10min followed by
30 cycles of denaturation at 94◦C for 30 s, annealing at 48◦C for
45 s, extension at 72◦C for 90 s, and a final extension at 72◦C for
10 min. The three PCR products were pooled and quantified by
gel electrophoresis and an equimolar mix of amplicons was used
for pyrosequencing. Amplicon sequencing was performed by the
GS-FLX 454 Titanium platform of Beckman Coulter Genomics
(Danvers, MA, United States). Illumina MiSeq amplicons were
produced using the same amplification protocol except that the
identification barcode sequences were added through a second
round of amplification as described by Barret et al. (2015). PCR
cycling conditions were 94◦C for 2 min, followed by 12 cycles of
amplification at 94◦C for 1 min, 55◦C for 1 min, and 68◦C for
1 min each, and a final extension step at 68◦C for 10 min. All
amplicons were purified with the Agincourt AMPure XP system
and quantified with QuantIT PicoGreen. The purified amplicons
were then pooled in equimolar concentrations, and the final
concentration of the library was determined using a quantitative
PCR (qPCR) next-generation sequencing (NGS) library
quantification kit (Kapa Biosystems, Boston, MA, United States).
Amplicon libraries were mixed with 10% PhiX control according
to the 2 × 250 bp Illumina protocols. The second round of PCRs,
the purification steps, and sequencing was performed by the GeT
PLAGE sequencing platform according to standard procedures
(INRA Toulouse). The standard procedure to generate libraries
for Illumina Miseq is available here: https://support.illumina.
com/documents/documentation/chemistry_documentation/16s/
16s-metagenomic-library-prep-guide-15044223-b.pdf.

Both 454 pyrosequencing and MiSeq Illumina 16S rRNA
sequences were analyzed using FROGS (Escudié et al., 2018).
After quality control and demultiplexing, sequences were
preprocessed by removing primers from sequences, sequences
out of the amplicon size range (250–300 bp), sequences with
only one primer, with at least one homopolymer longer than
7 bp and a Phred quality score <10, and replicates of identical
sequences. For the MiSeq Illumina run, 16S rRNA paired-
end sequences were first merged (289 bp). Sequences were
clustered into operational taxonomic units (OTUs) at 97%
sequence similarity based on the iterative Swarm algorithm,
with subsequent removal of chimeras for further analysis.
Taxonomy assignment to each cluster was carried out by
BLAST comparisons against the SILVA database and using
the RDP Classifier (Ribosomal Database Project; Cole et al.,

2009). OTUs with poor affiliation or higher abundance in
negative controls than samples were deleted for further analysis.
Finally, OTUs with a total number of reads inferior to
0.01% of the total number of all samples were discarded.
The raw data are deposited in the NCBI Sequence Read
Archive website1 under the BioProject study accession number
PRJNA506316 and the SRA accession numbers SRX5059925–
SRX5059959 (454 sequences) and SRX5073276–SRX5073292
(Illumina sequences).

Statistical Analyses
All statistical analyses were performed in R (R Core Team,
2017) with the aid of relevant packages. The datasets from
FR and SW were processed independently, but using the
same procedure. The datasets were only combined to generate
a joint heat tree using the R package Metacoder v0.1.3
(Foster et al., 2017), to summarize the overall taxonomic
composition obtained and compare the relative proportion of
taxa between both studies. Differences between sites in the
relative abundances of the main bacterial taxa were assessed via
one-way ANOVA followed by Tukey’s HSD post hoc test, after
verifying normality of data with Shapiro–Wilk test. Overall and
per-sample rarefaction curves were calculated in each dataset
to assess sampling completeness, using function rarecurve() in
package Vegan v3.5-1 (Oksanen et al., 2015). Based on these,
subsequent analyses of diversity and community structure were
performed on datasets where samples had been rarefied with
the Phyloseq package (McMurdie and Holmes, 2013) to achieve
equal read numbers of 26,295 for the FR dataset and 3,855
for the SW dataset. Rarefaction curves were used to verify
that the subsampling was performed as close as possible to
the asymptotes to allow comparison between samples in both
French and Swiss sites (Supplementary Figure 1). Values of
OTU richness and diversity based on Shannon’s index were
calculated using functions available in Vegan. Effective numbers
of species were calculated using Simpson index as proposed by
Jost (2006).

Non-metric multidimensional scaling (NMDS) was used
to visualize differences in community composition among
samples. NMDS is an ordination method that represents pairwise
(dis)similarities between samples in a low-dimensional space, so
that samples placed closer in the graph are more similar than
those further apart (Clarke, 1993; Legendre and Legendre, 2012).
NMDSs were based on Bray–Curtis dissimilarities calculated
among samples after a Hellinger transformation of data
(Legendre and Gallagher, 2001).

We investigated the potential influence of factors on
microbiome variation using variation partitioning based on
distance-based redundancy analysis (db-RDA; Borcard et al.,
2011; Legendre and Legendre, 2012), with the Hellinger-
transformed dissimilarity matrix as response variable.
db-RDA is a constrained ordination method in which
a matrix of pairwise (dis)similarities between samples is
modeled as a function of a set of explanatory variables
(Legendre and Legendre, 2012). Variation partitioning

1http://www.ncbi.nlm.nih.gov/sra
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can then be applied to measure the relative contribution
of individual explanatory variables to overall community
variation while accounting for the effects of other variables,
by sequentially removing components from the db-RDA
model and recording the resulting changes in the total
variance explained.

The explanatory variables to be included in the variation
partitioning analysis were selected, when possible, by means of
permutational analysis of variance (PERMANOVA; Anderson,
2001), so that only those with a significant correlation with
community variation (P < 0.05) in at least one dataset were
retained. The potential influence on community structure
of spatial distance among samples was first examined using
Mantel correlograms (Legendre and Legendre, 2012), which
enable to test whether samples that are spatially close are
more similar than those farther apart. Then, to allow their
inclusion in the variation partitioning analysis, the spatial
relationships were summarized as principal coordinates of
neighbor matrices (PCNM) vectors (Legendre and Legendre,
2012), calculated from the coordinates of each sample
within the orchard using the function pcnm() of vegan.
PCNMs describe non-random patterns in dissimilarity
matrices at different scales, which can then be used to
model potential sources or variation not accounted for
by the measured explanatory variables, such as dispersal,
species interactions, or historical causes (Peres-Neto and
Legendre, 2010). PCNM vectors significantly associated with
community variation in our datasets were forward-selected
using package Packfor v0.0-8 (Dray et al., 2009). Because no
PCNMs were significantly correlated with the FR dataset, in
this case, we manually selected the first four to match the
number of PCNMs retained for SW. As done with spatial
distances among samples, the factor truffle genotype was
assessed by summarizing Euclidean distances among SSR
profiles with PCNM vectors and testing their association
with microbiome variation by forward selection. After the
selection of factors, the final db-RDA models included as
explanatory variables truffle mating type, degree of maturity,
year of collection, and spatial distance. Truffle maturity and
SSR genotypes were excluded because they did not explain
an important nor significant amount of microbiome variation
in any location.

RESULTS

High-Throughput Sequencing
A total of 661,164 and 757,177 quality-passed sequences were
obtained for the French (Illumina sequencing) and Swiss (454
sequencing) orchards, respectively, with averages of 38,892 (±807
SE) and 21,033 (±1,209) reads per sample (Table 1). After
quality filtering and removal of chimeric reads, a total of
623,440 and 362,697 sequences were retained, with an average of
36,673 (±1,023) and 10,075 (±610) reads per sample across the
French and Swiss samples, respectively (Table 1). After taxonomy
assignment, elimination of contaminants and of OTUs present
in <0.01% of the total number of reads (128 and 1,177 OTUs,

respectively), 183 and 147 OTUs were considered for further
analyses in the French and Swiss samples, respectively.

Truffles From Two Distant Orchards Have

Similar Microbiomes
We first compared the microbiome composition of truffles
collected from the French and Swiss orchards. An average of
66 ± 6 (SE) OTUs were detected in the French samples, while
23± 3 were recorded in average in the Swiss ones. This important
difference could be a bias due to the use of MiSeq Illumina
sequencing (French orchard) and 454 pyrosequencing (Swiss
orchard). Indeed, Illumina sequencing allows for larger numbers
of reads per sample and may provide a better access to rare
OTUs. This hypothesis was confirmed on another set of data
obtained from T. melanosporum fruiting bodies analyzed both by
454 and MiSeq Illumina sequencing (Deveau et al., unpublished
data). The two samples that were analyzed by both methods
strongly differed in richness (21 vs. 98 OTUs for 454 and Illumina
MiSeq, respectively) but the relative abundance of the dominant
genera that were found in this study was similar no matter
which methodology was used (Supplementary Figure 2). In
accordance with this observation and despite the two different
sequencing methods used, the general composition of the truffle
microbiomes detected at each site was alike, as shown in
Figure 2. In both locations, communities were dominated by
OTUs affiliated to the α-Proteobacteria (FR: 67 ± 9% SE, CH:
63 ± 7%; P > 0.05) followed by closely related proportions
of Bacteroidetes (FR: 9 ± 4%; CH: 14 ± 5%; P > 0.05),
β-Proteobacteria (FR: 9 ± 6%, CH: 17 ± 5%; P > 0.05), and
γ-Proteobacteria (FR: 10 ± 4%, CH: 4 ± 2%; P > 0.05).
Overall, Actinobacteria (FR: 2.5 ± 0.7%, CH: 0.6 ± 0.2%;
P < 0.01) and Firmicutes (FR: 2.7 ± 1.7%, CH: 0.1 ± 0.02%;
P > 0.05) were less frequent, with Actinobacteria being the
only phylum with a significantly different abundance between
the two orchards. OTUs of d-Proteobacteria, Acidobacteria, and
Verrucomicrobia were found at very low levels in some samples
of the two sites. Strong similarities between the two orchard’s
samples were also observed at the genus level, since the most
represented OTUs belonged to the same genera: Bradyrhizobium
(FR: 65.1 ± 8.8%, CH: 58.6 ± 6.9%), Pseudomonas (FR:
8.1 ± 3.4%, CH: 3.4 ± 1.4%), Pedobacter (FR: 4.3 ± 3.3%, CH:
13.8± 4.9%), Polaromonas (FR: 5.4± 5.0%, CH: 9.2± 4.4%), and
Flavobacterium (FR: 2.5 ± 1.2%, CH: 0.8 ± 0.7%). Twenty-three
additional genera were shared between the two datasets. This
“core” microbiome contained genera belonging to five different
Phyla (Supplementary Table 1). Differences nevertheless also
existed between the two localities at the genera level as several
dozens of genera were also specifically found on one of the
two orchards. Yet it is here difficult to discriminate the part of
sequencing methodology bias from true data.

α-, β-Proteobacteria, and

Sphingobacteriia Dominate Single

Fruiting Bodies
Having compared the overall microbiomes of the French and
Swiss orchards, our next aim was to assess the variability in
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FIGURE 2 | Bacterial community structure within T. aestivum fruiting bodies collected from two orchards. Each heat tree represents bacterial community structure as

a taxonomic hierarchy up to genus level. The gray tree serves as a key for the smaller unlabeled trees, node labels highlight the most abundant taxa detected at both

orchards. The smaller colored trees show community structure for each orchard, assessed with different amplicon sequencing technologies [MiSeq for France (FR),

454 for Switzerland (SW)]. Node and edge sizes are proportional to the number of OTUs within each taxon, whereas color represents taxon abundances (square root

of read numbers).

bacterial community structure and taxonomic composition
among fruiting bodies. The bacterial community structure
and composition was highly variable among single fruiting
bodies collected within the same orchard. In both the French
and Swiss orchards, the number of OTUs detected per truffle
samples varied from a few OTUs to more than a hundred
(Table 1). Such variation was independent from the sequencing
depth obtained for each sample (Table 1). It is thus likely not
due to a bias of sequencing depth but rather reflects different
patterns of bacterial community structures, some truffles
being colonized by a small number of species while others
harbored a larger number of species. The evenness of the
bacterial communities also deeply differed between samples
in both orchards as illustrated by the strong variability of
the Shannon and the effective species value (Table 1). While
most truffle-associated bacterial communities were dominated
by a few abundant OTUs and numerous rare OTUs, a few
fruiting bodies of both sites showed more balanced patterns
(data not shown). Such heterogeneity was also reflected when

looking at the composition of the bacterial communities
at different taxonomic levels (Figure 3). Overall, at the
phylum level, 57% of the fruiting bodies showed communities
dominated by α-Proteobacteria while 13% of the fruiting
body communities were dominated by β-Proteobacteria, and
11% by Bacteroidetes. Eight percent of the fruiting bodies
harbored balanced communities in which several phyla were
co-dominants. A similar pattern was maintained at the genus
level, with Bradyrhizobium (α-Proteobacteria), Polaromonas
(β-Proteobacteria), and Pedobacter (Sphingobacteriia) being
the most abundant genera depending on the fruiting body
considered. To a lesser extent, OTUs from the Variovorax
genus (β-Proteobacteria), Pseudomonas (g-Proteobacteria),
Sphingomonas (α-Proteobacteria), and Flavobacterium
(Flavobacteria) formed a significant part of the communities in
some fruiting bodies. Thus, the large sampling effort realized over
several years in the two truffle orchards revealed the existence of
an unsuspected important variability in the composition of the
microbiome of truffle ascocarps.
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FIGURE 3 | The microbiome of T. aestivum. Distribution of major bacterial classes (top panel) and genera (intermediate and bottom panels) in the French and Swiss

truffle fruiting bodies analyzed here. Each column represents a single sample. For each sample, three pile-up plots are given: the relative distribution of reads among

the major bacterial classes (top panel) and of the different genera forms the Bacteroidetes (intermediate panel) and Proteobacteria phyla (bottom panel). Samples

were ordered according to the year and month of collection, and maturity degree (from low to high).

Mating Type and Multilocus Genotype

Distribution of Truffle Fruiting Bodies

Within the Orchards
Truffle fruiting bodies result from the fertilization of two
individuals of opposite mating type (Martin et al., 2010; Rubini
et al., 2011b). Whereas the truffle gleba (maternal tissue) is made
up by one individual, the spores contain meiotic products of the
two mating partners (Paolocci et al., 2006; Rubini et al., 2011b;
Selosse et al., 2017). Here, we determined the genetic profile
of the truffle gleba (maternal genotype) only, since the gleba

harborsmost of the trufflemicrobiome (Antony-Babu et al., 2014;
Splivallo et al., 2015).

Genotyping of the truffles from the French orchard had
been done in a previous study (Molinier et al., 2016). A large
proportion of unique genotypes (i.e., genotypes that were
recorded only once) was observed: eight truffles had unique
genotypes and only two pairs with the same MLG (here
FR12 and FR20) were detected over the 2010–2011 seasons
(Table 1). Truffles of opposite mating types appeared to
be evenly spread over the French orchard. In the Swiss
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FIGURE 4 | Microbial community similarities among truffles within orchards. (A, FR; B, SW) Non-metric multidimensional scaling (NMDS) ordinations based on

Bray–Curtis dissimilarities of the OTU composition of microbiomes in truffle samples. The closer the samples, the more similar their microbiomes are. Different

symbols denote mating type, symbol sizes represent maturity of fruiting bodies, and symbol colors represent collection year. Points linked with lines are fruiting

bodies belonging to the same MLG. (C, FR; D, SW) Correlograms showing correlation of microbiome similarity among samples (y-axis, Mantel’s R) with spatial

distance (x-axis). Solid and empty points denote significant (P < 0.05) and non-significant correlations for each distance class based on Bonferroni adjustment for

multiple testing, indicating that space affects the truffles microbiomes in the Swiss but not the French site.

orchard, out of the 44 fruiting bodies for which the MLG
was identified, 26 had unique MLGs, whereas other MLGs
were shared among the remaining 18 samples. In particular,
four MLGs (namely CH_5, CH_9, CH_18, and CH_31) were
shared between two individuals, two (CH_22 and CH_34)
among three individuals, and only one (CH_27) among four
individuals (Figure 1). In terms of collection season, five
out of seven shared MLGs were found in truffles harvested
in the same season, while only two MLGs were shared by
truffles harvested 2–3 years apart. Last and by contrast to
the French orchard, truffles of mating type 1 were strongly
aggregated in one corner of the Swiss field, whereas the
rest of the orchard was dominated by truffles of mating
type 2 (Figure 1).

Different Factors Affect Truffle’s

Microbial Communities in the French and

Swiss Orchards
Having observed important differences in microbial community
composition and structure within truffles of the same orchard,

we explored whether this variability could be linked to a
series of biotic and abiotic factors inherent to truffle ascocarps
and to truffle orchards. Specifically, we considered seasonality,
space (the location of truffles within an orchard), fruiting body
genotype, mating type, and maturation as potential factors
affecting the microbiome.

Non-metric multidimensional scaling was used to visualize
pairwise dissimilarities between each truffle-associated
microbiome and to explore their relationships with intrinsic
(maturation, genotype, mating type) and extrinsic factors
(collection season, year, or spatial distance) potentially
explaining microbial community structure. NMDS ordinations
based on Bray–Curtis dissimilarities among samples in each
field showed no evident sample groupings related to truffle
maturity, mating type, or MLGs (Figures 4A,B). However,
in the Swiss orchard, mating type was significantly associated
with microbiome variation based on PERMANOVA analysis
(Figure 4B; F(1,35) = 4.6, Adj. R2 = 0.12, P < 0.002), whereas in
the French field, a significant effect was found for the collecting
year (F(1,16) = 3.2, Adj. R2 = 0.17, P = 0.016). Likewise, a
different effect of spatial distance on bacterial communities was
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TABLE 2 | Variation in microbial community composition explained by mating, year of collection, and space.

France Switzerland

df Percentage of variation

explained (Adj. R-square)

P df Percentage of variation

explained (Adj. R-square)

P

Mating 1 0.03 0.154 1 0.09 0.001

Year 1 0.11 0.010 1 0.01 0.169

Space 4 −0.09 0.872 4 0.18 0.001

Residuals n.d. 0.82 n.d. n.d. 0.81 n.d.

For each orchard (FR, SW), the table lists the proportion of overall variation exclusively explained by each factor based on variation partitioning analysis of db-RDA models.

Significant values (P < 0.05) are shown in bold typeface. The factors maturation and genotype were not included in this analysis since they were previously shown not to

influence the microbiome composition. n.d. = not determined.

found in each site: whereas no association was found in the
French orchard (Figure 4C), in SW, similarities among truffle
microbial communities appeared to be significantly influenced
by distance, with a strong aggregation pattern up to a distance of
approximately 2 m (Figure 4D).

Distance-based redundancy analysis ordinations were
applied to model the variation in truffle microbiomes in the
French and Swiss orchards as a function of the explanatory
variables that significantly influenced the microbiome: truffle
mating type, year of collection, and spatial distribution of
samples (PCNMs). Other factors (maturation and genotype)
were excluded as they did not have a significant effect as
demonstrated earlier (see also the section “Materials and
Methods”). The db-RDAs models constrained by truffle
mating type, year of collection, and spatial distribution
explained 19% (F2 = 2.3, P = 0.002) and 18% (F2 = 1.5,
P = 0.048) of overall community variation for the Swiss
and French orchards, respectively. In the Swiss orchard, the
associations of community structure with mating type and
spatial factors previously reported were confirmed (Figure 4B),
with spatial distance and mating type explaining an overall
18 and 9% of total variation, respectively, after accounting
for the effects of other variables (Table 2). These values
contrasted with a comparably low contribution (1.0%) of
collection year (Table 2). In FR, the only variable with a
significant correlation with microbiome structure was the
collection year, with an overall 11% (P = 0.010) of the variance
explained (Table 2).

DISCUSSION

Host-associated microbiomes are important for the nutrition
and health of their hosts: plants, animals, and macrofungi are
extensively colonized by microorganisms that play key roles
in their life cycles (Berg et al., 2014; Bahrndorff et al., 2016;
Webster and Thomas, 2016; Pent et al., 2018). Studies on
animals and plants have revealed that host identity, genotype, and
environmental variables all contribute to shaping the microbial
communities colonizing eukaryotic tissues (Bulgarelli et al.,
2012; Lundberg et al., 2012; Bouffaud et al., 2014; Hacquard
et al., 2015; Glynou et al., 2016), but the relative importance
of each factor varies depending on the host and on the type of

environment. Fungi also host complex microbial communities
that can associate to various fungal structures (i.e., mycorrhizas,
mycelium, fruiting bodies) and colonize either the surface
of hyphae or the intracellular compartments (Deveau et al.,
2018). However, the factors that drive the assembly of these
communities are poorly documented. A recent study on the
microbiome structure of the epigeous fruiting bodies of the
saprophytic fungusMarasmius oreades revealed that host genetic
differences could be responsible for 25% of bacterial community
structure variation (Pent et al., 2018). The authors thus proposed
that, similarly to what’s known for animals and plants, host
genetics could be an important driver of the structure and
function of the microbiome of fungal fruiting bodies (Bulgarelli
et al., 2012; Chaston et al., 2016). This was however not the case
in this study for T. aestivum suggesting that microbiome drivers
might thus differ in different fungal species.

Unexpected Truffle Microbiome

Variations Revealed Through Extensive

Sampling
The relevance of truffle microbiomes lies in their involvement
in aroma production (Splivallo et al., 2015; Splivallo and
Ebeler, 2015; Vahdatzadeh et al., 2015) and impact on truffle’s
shelf-life/freshness (Rivera et al., 2010). We provide here the
first extensive description of the microbiome of the summer
black truffle T. aestivum. The overall structure of the bacterial
communities observed in Swiss and French T. aestivum truffles
corroborates earlier results obtained from other species of
black and white truffles originating from Europe, China,
and the United States (Antony-Babu et al., 2014; Barbieri
et al., 2016; Benucci and Bonito, 2016; Ye et al., 2018). We
confirmed that the T. aestivum fruiting body microbiome is
characterized by an overall dominance of the α-Proteobacteria
mainly affiliated to the Bradyrhizobium genus. However, unusual
patterns were obtained for about 30% of the fruiting bodies
from both Swiss and French truffle orchards. In these cases,
microbiomes were dominated by OTUs affiliated to the genera
Pedobacter (Bacteroidetes), Polaromonas (β-Proteobacteria), or
Pseudomonas (γ-Proteobacteria), and not by α-Proteobacteria.
The richness of the communities tended to be reduced to 10–
20 OTUs when these genera dominated, suggesting that these
particular genera massively invaded the gleba of the fruiting
bodies and replaced or competed with Bradyrhizobium. By
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contrast, a few fruiting bodies were characterized by quite diverse
and even bacterial communities containing up to 100 different
OTUs (e.g., FR_34, CH_55, CH_78). These different microbiome
patterns and the occasional preponderance of particular taxa have
so far not been reported for any white and black truffle species
(Antony-Babu et al., 2014; Vahdatzadeh et al., 2015; Benucci and
Bonito, 2016; Ye et al., 2018) but it is in agreement with the
discrepancies noticed between studies performed on identical
species by different research groups (Barbieri et al., 2016). These
differences might be explained by the low numbers of fruiting
bodies of diverse truffle species analyzed so far (a few fruiting
bodies vs. >50 in our study). Such variability in community
composition between fruiting bodies is likely not a specificity of
T. aestivum truffles, as preliminary results obtained on a large
survey of T. melanosporum suggest the same trend (Deveau et al.,
unpublished data).

The ecological function of bacteria colonizing truffle fruiting
bodies remains speculative but it has been hypothesized that they
might contribute to truffle nutrition as well as aroma variability
(Barbieri et al., 2010; Splivallo et al., 2015; Splivallo and Ebeler,
2015; Vahdatzadeh et al., 2015). It is tempting to speculate that
differences in microbial communities might explain variability
in aroma documented for T. aestivum truffles collected from
the same orchard (Splivallo et al., 2012; Molinier et al., 2015).
However, aroma variability in T. aestivum was linked earlier to
truffle genotype, yet genotype did not contribute in the present
study to microbial community structuring. This suggests that
microorganisms might after all not play a major in the aroma
variability of T. aestivum. Clearly, this hypothesis will need to be
tested in the future, for example, by characterizing the volatile
profiles of single major OTUs in the presence of truffle substrate
(Splivallo et al., 2015).

The data presented here highlight the importance of three
bacterial genera in truffles, namely Bradyrhizobium, Pedobacter,
and Polaromonas. Even though the specific functions of these
genera in truffles remain to be demonstrated, it has been
suggested that Bradyrhizobium could be involved in the nutrition
of the fruiting bodies since the role of this genus as nitrogen-
fixing symbionts is well established in plant roots (Sulieman
and Tran, 2014; Coba de la Peña et al., 2018). Nitrogen
fixation by Bradyrhizobium strains isolated from the white truffle
T. magnatum has been previously detected (Barbieri et al.,
2010), even though several lines of evidence suggest that this
might not occur in the black truffle T. melanosporum (Barbieri
et al., 2016; Le Tacon et al., 2016) where Bradyrhizobium
strains might be missing the nifH genes involved in nitrogen
fixation (Antony-Babu et al., 2014; Deveau et al., unpublished
data). This corroborates the recent proposition based on
genome comparisons that symbiosis was not the dominant
lifestyle of Bradyrhizobium but rather on form of specialization
(VanInsberghe et al., 2015). Bradyrhizobium might also be
involved in the production of specific sulfur volatile compounds
responsible of truffle aroma perceived by humans (Splivallo et al.,
2015). Bacteria of the Pedobacter genus have been reported
to dominate microbial communities of decomposing fungal
mycelium in forest soil and litter (Brabcová et al., 2016). These
bacteria regroup generalists that possess a wide array of enzymes

allowing degradation of diverse carbon sources. Additionally,
some Pedobacter produce chitinases to degrade chitin of fungal
cell wells. Although no obvious sign of degradation of the fruiting
bodies was visible in our samples at the time of harvest, it is
tempting to speculate that these bacteria could participate to the
degradation of truffle fruiting bodies. Last, the role played by
Polaromonas in truffles remains elusive. The genus comprises
nine commonly occurring species that were originally reported
from cold environments. Some members of the Polaromonas
have the ability to fix nitrogen, hydrogen, and carbon dioxide
(Sizova and Panikov, 2007; Hanson et al., 2012), suggesting that
they could have similar functions in truffles. Demonstrating the
exact function in truffles of these three bacterial genera will be
the focus of future work.

Site-Specific Factors Drive Truffle’s

Microbiome Assemblages
Multiple biotic and abiotic factors could drive the composition
of the bacterial communities colonizing fruiting bodies of
truffles. As the biochemical composition of fruiting bodies
strongly changes during several months of maturation of
T. melanosporum fruiting bodies (Harki et al., 2006), the level of
maturity could be an important intrinsic driver of the bacterial
communities. Indeed, a correlation was noticed between the
bacterial community composition and the level of maturity of
fruiting bodies of T. borchii, T. melanosporum, and T. indicum
(Citterio et al., 2001; Antony-Babu et al., 2014; Ye et al., 2018).
In contrast, the community composition of the white truffle
T. magnatum remained stable along the maturation according
to Barbieri et al. (2007). Such correlation between maturity
degree and the composition of themicrobiomewas not evidenced
in the present study, nor did we observe any link with the
abundance of β-Proteobacteria or Bacteroidetes as previously
reported by Antony-Babu et al. (2014) in T. melanosporum.
Whether this is a specificity of T. aestivum remains to be
determined. A possible reason might be the fact that T. aestivum,
unlike T. melanosporum and other fungi, seems to pass through
several lifecycles within a year with no clear seasonality, showing
ripe and unripe fruiting bodies uncorrelated with size almost
throughout a year (Büntgen et al., 2017). Such asynchrony of
maturation might allow to more clearly disentangle maturation
from spatial and temporal effects on bacterial communities in
truffles. In agreement with this hypothesis, our data highlight a
significant contribution of the spatial distance (Swiss orchard)
and, to a lesser extent, of the collection year (French orchard)
on the community composition of the bacterial communities
in fruiting bodies. In addition, since truffle fruiting bodies are
likely colonized by bacteria that thrive in the surrounding soil
when the embryos are formed (Antony-Babu et al., 2014), such
differences could be explained by variations in the bacterial
communities of the soil surrounding truffles. Soils properties
and climatic conditions likely differed between the two orchards.
Similarly, root microbiomes are initially strongly influenced by
the composition of the communities of the bulk soil and the
environmental factors that influence this “starter” community
(Zarraonaindia et al., 2015; Colin et al., 2017). Local pH,
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nutrients availability, or humidity levels have all been shown to
significantly alter soil bacterial community composition (Uroz
et al., 2016; Lladó et al., 2017). Although the general physico-
chemical properties of soil are likely to be rather homogenous
at the scale of a truffle orchard, it is well-known that small-scale
heterogeneity exists in soil (Vos et al., 2013). We cannot exclude
either that the differences between the factors influencing each
orchard’s microbiomes are due to divergent sampling strategies
in the two sites: firstly, samples were collected over 2 and 4 years,
respectively, and secondly, the two orchards differed in surface
area. Altogether this indicates that a better understanding of
the interactions between soil microbial communities and truffle
embryo at a microscopic scale is required to foresee the process
of colonization of truffle fruiting bodies by bacteria.

Taken together, our results provide an unprecedented view
of the microbiome associated to the black truffle T. aestivum.
Microbiomes dominated by either the α-Proteobacteria class,
and in some cases the β-Proteobacteria or the Sphingobacteriia
classes could be evidenced regardless of geographical origin.
The consistent occurrence of those microbes in fruiting bodies
from orchards separated by hundreds of kilometers suggests
that these bacteria might be highly relevant for truffles ecology
and life cycle. Our results also highlight that factors shaping
truffle’s microbiomes might differ based on local conditions,
but unlike in other fungi, fruiting body maturation and genetic
background did not seem to influence the microbiome. Overall,
the findings presented here highlight the need to improve
our understanding of truffle fruiting body development, of
how the truffle microbiome is shaped, and what benefits it
provides to truffles (or vice-versa). Complementary studies
deploying large sampling efforts and functional studies of main
bacterial players of the microbiome will be required to better
understand these points.
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A B S T R A C T

Truffle fungi, luxurious food items with captivating aromas, are highly valued in the culinary world. However,
truffles are perishable and their aroma undergoes deep changes upon storage. Additionally, truffle aroma might
be partially derived from microbes. Hence, we investigated here the influence of storage on two factors, namely
the volatile profile and bacterial community composition in the black truffle Tuber aestivum. The possible linkage
among those factors was further explored.

Our results demonstrate important changes in the volatile profiles of truffles over nine days of storage at room
temperature. In the same time frame, dominant bacterial classes characteristic of fresh truffles (α-Proteobacteria,
β-Proteobacteria, and Sphingobacteria classes) were gradually replaced by food spoilage bacteria (γ-Proteobacteria
and Bacilli classes). Freshness and spoilage volatile markers (i.e. dimethyl sulfide (DMS), butan-2-one, 2- and, 2-
and 3-methylbutan-1-ol, and 2-phenylethan-1-ol) were identified. Lastly, network analysis showed correlations
between those markers and specific bacterial classes typical of fresh and spoiled truffles.

Overall, our results demonstrate the profound effect of storage on the aroma and bacterial community
composition of truffles and highlight how the gradual replacement of the commensal microbiome by spoilage
microbes mirrors shifts in aroma profile and the possible loss of fresh truffle flavor.

1. Introduction

Truffles (Tuber spp.) are the fruiting bodies of Ascomycete fungi that
develop underground in close association with the roots of trees and
shrubs (Fassi and Fontana, 1967; Selosse et al., 2017). Unique orga-
noleptic properties confer truffles the status of standalone luxury food
often served in the most prestigious restaurants (i.e. the white truffles
Tuber magnatum, or the black truffles Tuber melanosporum and Tuber
aestivum) (Splivallo and Culleré, 2016). Worth thousands of euros per
kilogram, truffle prices are exorbitantly high, partially owing to limited
seasonal availability (a few months per year), a short shelf-life (1–2
weeks) and the lack of proper preservation methods that would keep
aroma intact.

Truffle aroma is made of hundreds of volatile compounds (hydro-
carbons with various functional groups and sulfur atoms) (Culleré et al.,
2010; Liu et al., 2012; Splivallo and Ebeler, 2015) of which, as with
other food, only a small percentage is detectable by humans (Dunkel
et al., 2014). In the specific case of truffles, 15 to 20 aroma active

compounds (odorants) per species are responsible for the typical truffle
smell perceived by humans (Culleré et al., 2010; Schmidberger and
Schieberle, 2017). Some of these odorants are common to several truffle
species (i.e. 2- and 3-methylbutanal, 2- and 3-methylbutan-1-ol and oct-
1-en-3-ol), whereas others are species-specific (i.e. 2,4-dithiapentane in
T. magnatum, thiophene derivatives in T. borchii) (Fiecchi et al., 1967;
Splivallo et al., 2011; Splivallo and Ebeler, 2015).

Truffle aroma is deeply affected by storage as highlighted in the
scientific literature (Aprea et al., 2007; Bellesia et al., 1998; Culleré
et al., 2013; Falasconi et al., 2005; Pennazza et al., 2013; Splivallo
et al., 2015). For instance, the concentration of dimethyl sulfide (DMS),
a key contributor to truffle smell in many truffle species (Splivallo et al.,
2011), was shown to decrease in fruiting bodies of the black truffle T.
melanosporum during two months of cold storage (Culleré et al., 2013).
By contrast, the concentration of other sulfur-containing volatiles such
as thiophene derivatives characteristic of T. borchii fruiting bodies were
reported to increase within weeks at 25 °C but remained unchanged at
0 °C (Bellesia et al., 2001). Besides temperature, several other
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preservation techniques (i.e. sterilization, freezing, freeze-drying, hot-
air drying, canning, gamma-ray irradiation, and modified atmosphere
packaging) have been applied to truffles for shelf-life extension (Campo
et al., 2017; Culleré et al., 2012, 2013; Nazzaro et al., 2007; Palacios
et al., 2014; Reale et al., 2009; Rivera et al., 2010b, 2011a; 2011b;
Saltarelli et al., 2008). For instance, Campo et al., (2017) compared the
influence of canning, hot air-drying, freezing and freeze-drying on the
aroma composition of the black truffle T. melanosporum and concluded
that freeze-drying was the best method to preserve the “fresh” aroma of
T. melanosporum (Campo et al., 2017). Yet, according to another study,
freeze-drying caused substantial changes in the flavour of T. aestivum
(Palacios et al., 2014). These contrasting results highlight that a single
preservation technique might not be appropriate for all truffle species.

Truffle fruiting bodies harbour complex commensal microbial
communities, overall dominated by bacteria that can reach densities of
billions of bacterial cells per gram of truffles fruiting bodies (Barbieri
et al., 2007, 2005; Gryndler et al., 2013; Rivera et al., 2010a; Sbrana
et al., 2002; Vahdatzadeh et al., 2015). Comparing bacterial commu-
nities in the soil of truffle orchards or at the surface (peridium) or
within (gleba) fruiting bodies of T. melanosporum revealed similarities
between bulk soil and peridium but stark contrasts between peridium
and gleba (Antony-Babu et al., 2014). Additionally, the characterization
of the bacterial communities colonizing the gleba of many truffle spe-
cies (i.e. T. aestivum, T. melanosporum, T. borchii, T. magnatum) evi-
denced the presence of a “core truffle microbiome” predominantly
made of bacteria of the α-Proteobacteria class and the Bradyrhizobium
genus (Antony-Babu et al., 2014; Barbieri et al., 2007, 2005; Benucci
and Bonito, 2016; Splivallo et al., 2015; Vahdatzadeh et al., 2015).
Recently, however, extensive sampling of a large number of T. aestivum
fruiting bodies in two distant orchards highlighted that about 10–20%
of truffles were predominantly colonized by members of the β-Proteo-
bacteria or Sphingobacteria classes instead of α-Proteobacteria (Splivallo
et al., 2019).

As with most artisanal and non-sterile food products, storage con-
ditions most likely affect microbial communities living within truffles.
This has only been addressed in a few cases using culture-dependent
methods. For instance, the population of cultivable bacteria rapidly
grew by two orders of magnitude in fresh fruiting bodies of T. borchii, T.
melanosporum and T. aestivum stored at 4 °C after 15 days (Saltarelli
et al., 2008). Similarly, a steady increase in the population of spoilage
bacteria of the Enterobacteriaceae family was observed in T. aestivum
conserved at 4 °C during 21 days (Rivera et al., 2010b). The latter
studies documented shifts during storage in the fraction of cultivable
bacteria colonizing truffles. Yet, how these observed changes affect the
overall truffle microbiome or whether distinct starting microbiomes
(i.e. α-Proteobacteria, β-Proteobacteria or Sphingobacteria) react differ-
ently to food spoilage bacteria remains unknown. Neither is it known
how shifts in microbial populations impact truffle aromas.

The aim of this study was threefold. Our first aim was to assess the
extent to which storage at room temperature affected microbiome and
volatilome of truffle fruiting bodies of the black truffle T. aestivum. To
do so, changes in the volatile profiles and bacterial community struc-
tures were measured by GC/MS and high-throughput amplicon se-
quencing. A second aim was to identify freshness and spoilage “mar-
kers” (bacteria or volatiles) that might be useful to assess truffles'

quality. The third aim was to highlight microbial groups that might be
particularly relevant in modifying truffle aroma during storage by
correlating the concentration of single volatiles to the relative propor-
tions of microbes.

2. Material and methods

2.1. Biological material

A total of twelve Tuber aestivum fruiting bodies were collected from
four different geographical regions that included three truffle-orchards
in France and one in Switzerland (three truffles per each location, see
Table 1 for details). Each truffle was washed and the outer part (peri-
dium) was peeled off to focus in this work on the microbiome of the
gleba, which is the most characteristic of truffles as highlighted in the
introduction (Antony-Babu et al., 2014; Vahdatzadeh et al., 2015). The
inner part of the fruiting body (gleba) was divided into four subsamples
of comparable size. Volatile fingerprinting and DNA extraction (for
microbiome analysis) was performed either immediately (one sub-
sample, t= 0 days of storage) or after storage of 3,6 or 9 days at room
temperature. Specifically, for the storage trials, the three subsamples
per truffle were placed in a 50ml tube, the tube was closed with a screw
cap and stored in the dark. Subsamples were then removed at days 3, 6
and 9 and processed as described hereafter. Even though truffles are
generally stored at cold temperatures, room temperature was used here
to speed up the spoilage process and maximize microbial shifts as well
as the drift in the volatile profile. Under these conditions, samples
clearly spoiled within 9 days and emitted an unpleasant smell at the last
time point.

2.2. Volatile profiling of T. aestivum fruiting bodies during storage and
identification of truffle freshness and spoilage markers

Volatile compounds of gleba samples (300 ± 5mg) were analyzed
using solid-phase microextraction gas chromatography-mass
Spectrometry (SPME-GC/MS) as described earlier (Vahdatzadeh and
Splivallo, 2018). All the volatile analyses were performed with three
technical replicates per fruiting body (3×300mg samples per truffle
and time point). GC/MS output peaks were aligned using Tagfinder
software version 4.1 (Luedemann et al., 2011) using the following
parameters: Timescale: 2, Low Mass: 40, High Mass: 400. Peak finder
tool; Smooth Width Apex Finder: 1, Low Intensity Threshold: 4500
(Smooth Apex), Smooth Width ± Apex Scan: 1 (Merge Peaks), Max
Merging Time Width 1.0 (Large File Mode). Peak alignment; Time Scan
Width 2.0; Gliding Median Group Count 1; Min Fragment Intensity 50.
Tagfinder resulted in a matrix containing mass tags (the intensity of
particular masses within certain retention time intervals) in rows for all
samples in columns. Background noise was removed by removing any
signal that was less than three times the signals detected from empty
SPME vials. Additionally, any signal emitted from the 50ml tubes, used
for storage, was similarly removed from the aroma profile of the
fruiting bodies. Subsequently, normalization was conducted by dividing
the intensity of each tag to the total ion current (TIC) for each sample.
The non-parametric Kruskal-Wallis statistical test (p < 0.05, α=0.05)
performed in R (version 3.2.3) (Gentleman and Ihaka, 1996) was used

Table 1
Detailed information about T. aestivum fruiting bodies.

Origin Truffle orchard/Host trees Harvest Truffle 1 Truffle 2 Truffle 3

[Region, Country] [Natural or Artificial/Species] [Month Year] [Weight/Maturation]
Puy-de-Dôme, France Natural/Quercus spp. & Corylus spp. July 2016 48g/70% 17g/67% 19g/12%
Var, France Natural/unknown July 2016 51g/10% 36g/78% 33g/64%
Dordogne, France Natural/Corylus spp. July 2016 27g/88% 24g/55% 18g/60%
Wallis, Switzerland Artificial/Pinus nigra & Quercus robur November 2016 40g/100% 11g/81% 13g/95%

Maturity ranging from 0 (fully immature) to 100 percent (fully mature) (maturity was determined as described earlier (Splivallo et al., 2012)).
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to identify tags (volatile compounds) that significantly differed in re-
lative concentration among storage times. For further analysis, a vola-
tile compound was considered to be present in a location when it was
detected in at least two-thirds of the total number of samples (both
technical and biological replicates) of that location.

Principal component analysis (PCA) was created with the Past
software version 3.04 (Hammer et al., 2001) based on the relative
concentration of tags that significantly varied in concentration in at
least one site (Fig. 2A). PCA was generated based on the average values
of three technical replicates and illustrates biological replicates (truffle
fruiting bodies). The heatmap in Fig. 4 was produced based on the re-
lative concentration of tags which significantly varied in concentration
in three or all four sites. For the heatmap, tag concentrations in each
row were divided by the maximum of the row to generate relative
concentrations between zero and one.

2.3. Identification of volatile compounds

Volatile compounds were tentatively identified using mass spectra
databases (National Institute of Standards and Technology (NIST) li-
brary v. 2.0, Gaithersburg, USA) and Kovats retention indices (calcu-
lated based on n-alkanes). Complete identification of volatile com-
pounds was achieved using authentic standards for the following
compounds purchased from Merck/Sigma-Aldrich (Darmstadt,
Germany): propan-2-one (= acetone), (methylsulfanyl)methane (=
DMS), butan-2-one, ethyl acetate, 2-methylpropan-1-ol, 3-methylbu-
tanal, 2-methylbutanal, 2-methylbutan-1-ol, dimethyl sulfone, benzal-
dehyde, oct-1-en-3-ol, 2-phenylacetaldehyde, 2-phenylethan-1-ol.

2.4. DNA extraction and characterization of bacterial composition of T.
aestivum fruiting bodies upon storage

DNA was isolated from truffle's gleba using DNeasy® Plant Mini Kit
(Qiagen, Hilden, Germany) following the manufacturer's instructions.
One sample of 100 ± 5mg was extracted from each fruiting body
subsamples at each time point. Quality and concentration of extracted
DNA was examined by both spectrometry method (NanoDrop, Thermo
Fisher) and gel electrophoresis. Microbial characterization was per-
formed using PCR-high throughput amplicon sequencing. Amplicon li-
braries of 16S rRNA were produced using 787r (5′-ATTAGATACCYT-
GTAGTCC- 3′) (Nadkarni et al., 2002) and 1073f
(5′-ACGAGCTGACGACARCCATG -3′) primers (On et al., 1998). Each
primer contained a linker and a barcode which were used for the
sample identification. Polymerase chain reactions (PCRs) were

performed in a final volume of 25 μl containing 2 μl of template DNA,
10 μl of PCR Mastermix (5 PRIME) and 1 μl of each forward and reverse
primers (0.2 μM). Amplification conditions were 94 °C for 10min, 29
cycles 94 °C for 30 s, 48 °C for 45 s, 72 °C for 90 s, followed by 72 °C for
10min. The concentration of PCR products was estimated by gel elec-
trophoresis and 50 μl of each amplicon was sent for MiSeq Illumina
sequencing at GeT PLAGE sequencing platform (INRA Toulouse).

Obtained sequences from amplicon sequencing were analyzed using
FROGS (Find Rapidly OTU with Galaxy Solution) (Escudié et al., 2017)
on the MIGALE Galaxy web platform (Afgan et al., 2018) by following
processes: quality control of sequencing (quality score≥ 30), demulti-
plexing (attributing each sequence to a sample), and pre-processing.
Pre-processing consisted of removal of primers from sequences, se-
quences with insufficient primers, with ambiguous bases, out of the
expected nucleotide length and identical sequences (dereplication).
Clustering of the remaining sequences into operational taxonomic units
(OTU) were conducted base on iterative Swarm algorithm. Chimaeras,
singletons and rare OTUs (≤5 sequences in all samples) were excluded
for further analyses. Clusters were affiliated to one taxonomy by
blasting OTUs against SILVA database (Quast et al., 2012) and the ri-
bosomal database project (RDP) classifier (Cole et al., 2009). OTUs
bootstrap affiliation values of< 1 at phylum level or present in higher
abundance in the negative control were removed from the data.
Moreover, OTUs with bootstrap affiliation values of< 0.7 in other
taxonomic ranks below phylum, were considered as unidentified. Re-
maining OTUs were rarefied (adjusting sequences randomly to the total
abundance in the smallest sample) to 21,880 using Phyloseq package in
R (McMurdie and Holmes, 2013). The raw data are deposited in the
NCBI Sequence Read Archive website (http://www.ncbi.nlm.nih.gov/
sra) under the BioProject study accession number PRJNA523325.

A PCA showing the evolution during storage of the bacterial com-
munity at the class level (Fig. 2B) was generated using Past software
version 3.04 (Hammer et al., 2001). The bar chart in Fig. 3 representing
changes in the nine dominant genera during storage was produced from
the same matrix using Phyloseq package in R.

2.5. Quantification of the bacterial population within T. aestivum fruiting
bodies upon storage

Total DNA was used to quantify the total bacterial 16S using the 16S
rRNA gene-specific primers [10 μM each; 968F/1401R (total bacteria
(Felske et al., 1998);). The DNA samples were first adjusted at the same
concentration [5 ng/μl] after Nanodrop-1000 spectrometer (NanoDrop
Technologies, Wilmington, DE, USA) analysis. Absolute quantifications

Fig. 1. Changes in the volatile profiles of T. aestivum fruiting bodies during storage. The bar chart illustrates the total number of volatile signals (TAGs) detected
at each time point and site in at least one truffle. A strong increase in the total number of emitted volatiles (TAGs) is visible in days 3,6 and 9 compared to day 0. The
Venn diagram on the right highlights how volatiles (average percentage for all sites) were distributed during the time course of the experiment. Note that the sum of
all values adds up to a little more than 100% because of rounding.
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Fig. 2. Changes in volatile profiles and in the bacterial community of T. aestivum fruiting bodies during storage. (A) PCA based on volatiles which con-
centrations significantly varied during storage in truffles from at least one geographical origin (p < 0.05, Kruskal-Wallis test with α=0.05). Each point represents
one truffle fruiting body (average value of three technical replicates). The loading plot below highlights the top twelve volatiles driving the PCA. (B) PCA and loading
plot illustrating differences in microbial communities among samples and bacterial classes driving those differences. The loading plot below highlights the top five
bacterial classes driving the PCA.

Fig. 3. Evolution of the truffle microbiome during storage. Changes in the relative proportion of the nine most abundant bacterial genera within single T. aestivum
fruiting bodies. Each bar represents a single fruiting body.
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were performed using serial dilutions of standard plasmids containing
total bacterial 16S rDNA inserts (from 109 to 102 gene copies/μl) and
the SsoAdvanced Universal SYBR Probes Supermix (classical qPCR for
quantification of total bacteria) from Bio-Rad. The total bacterial
quantifications were performed using the following cycle parameters: 1
cycle of 98 °C for 3min followed by 40 cycles of 98 °C for 15 s, 56 °C for
30 s (AT: 56 °C. For each qPCR run using SYBR technology, a melting
curve was performed at the end. Bacterial cell density within truffle
gleba was expressed as number of 16S rRNA gene copies normalized to
ng of fungal DNA. Bacterial cell density was compared among different
time points considering each geographical location separately and using
the Kruskal-Wallis and Dunn post-hoc test (p < 0.05).

2.6. Linking volatile profiles to bacterial community structure by correlation
network analysis

To investigate the correlation between the evolution of bacterial
composition and change in volatile compounds during storage, corre-
lation network analysis was used. A linear correlation between sig-
nificant volatile compounds present in at least one cites and the most

abundant bacterial classes in the fruiting bodies were performed using
the CORREL function in Excel. Network in Fig. 6 was generated by
Cytoscape software (Shannon, 2003) with nodes representing volatile
compounds and bacterial class and edges colour and thickness represent
correlation coefficient. For the bacterial classes, nodes are size coded to
reflect their relative abundance in the samples.

3. Results

3.1. The aroma and microbial community of T. aestivum undergo deep
changes during storage

At first, we aimed at investigating the effect of storage on the vo-
latile profile of the black truffle T. aestivum. Volatile profiling, per-
formed on truffles from four geographical locations, generated a data
matrix of 3,978 mass tags, where each tag corresponds to a specific
mass fragment (m/z) in a specific time window. Comparing the number
of tags per sites and during the aging process revealed a stark increase
in the number of volatiles between day 0 (365 ± 58 (STE) tags) and
the later time points (day 3: 1,207 ± 307 tags, day 6: 1,198 ± 181

Fig. 4. Evolution of bacterial density during sto-
rage. Changes in bacterial cell density (number of
16S rRNA gene copies normalized to ng of fungal
DNA) in T. aestivum fruiting bodies during storage.
Bars represent the average values of three fruiting
bodies per location and time point (days 0,3,6 and 9)
and are shown on a log10 scale. Time points of dif-
ferent locations were compared considering each site
independently (using non log transformed values).
Different letters above bars indicate statistically sig-
nificant differences (p < 0.05, Kruskal-Wallis test
followed by the Dunn post-hoc test for multiple
comparisons). Fold increase (based on the non-log
transformed data) is indicated between day 0 and
other time points where a significant change in bac-
terial cell density was detected.

Fig. 5. Evolution of the volatile profile of truffles during storage. The heatmap illustrates volatiles consistently emitted by truffles in at least three or all the four
geographical regions, and whose concentrations significantly decreased or increased with time (“freshness” and “spoilage marker”, respectively) (n=3 replicates per
fruiting body, p < 0.05, Kruskal-Wallis test with α=0.05).
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tags; day 9: 1,442 ± 66 tags) (Fig. 1). A Venn diagram was further-
more constructed to reflect the volatile profiles at each time point and
considering all sites together (Fig. 1). It illustrates for instance that 13%
(relative percentage of tags) of all volatiles were detectable at each time
point and also highlights the marked increase in the proportion of time-
point specific volatiles observed between day 0 (4%) and the other time
points (day 3: 17%, day 6: 9%, day 9: 14%). Statistically comparing the
relative concentrations of volatiles at each time point and separately for
each site revealed that overall 43% of all volatiles (1,701 out of 3,968
tags) were significantly (p < 0.05, Kruskal-Wallis test) affected in at
least one site during the time course of the experiment.

Our second aim was to identify the structure of volatiles, specifically
focusing on those that changed in concentration during storage. To this
end, the data matrix of 3,978 tags was filtered by keeping tags that
occurred in at least two third of the truffles per site and that

significantly varied in concentration in at least one site. A final filtering
step was then applied to keep a single tag per volatile leading to a final
matrix containing 71 volatiles (Table S1). PCA applied to this reduced
matrix exemplified the important shift in volatile compounds emitted
during storage (Fig. 2A). The PCA model explained 87% of the variance
in the data while its loading plot illustrates the twelve major volatiles
driving the shift observed in the volatile profile from day 0 to day 9
(Fig. 2A). Fresh truffles (day 0) contained more of the sulfur compound
(methylsulfanyl)methane (synonym dimethyl sulfide (DMS)), the ke-
tone butan-2-one and to a lesser extent, two esters (ethyl acetate and
butan-2-yl acetate) compared to older (day 3,6 and 9) samples. By
contrast, stored samples (days 3, 6, and 9) contained higher con-
centrations of aldehydes and alcohols including 2- and 3-methylbu-
tanal, but-2-enal, 2-methylbut-2-enal, 2- and 3-methylbutan-1-ol and 2-
phenylethan-1-ol (Fig. 2A).

Fig. 6. Correlation network among bacteria and volatiles. Correlation between volatile compounds and bacterial communities of T. aestivum. Nodes represent
most abundant bacterial classes and volatile compounds which significantly differed in concentration among storage times at least in one geographical location
(n=3 replicates per fruiting body, p < 0.05, Kruskal-Wallis test with α=0.05). In the case of bacterial classes, nodes are size coded to reflect their relative
abundance. Edge's colour and thickness illustrate various correlation coefficient. Volatile compounds which a correlation coefficient< 0.3 are not shown (For
interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.)
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Changes in bacterial community composition upon storage were
characterized by 16S rDNA Illumina Miseq high throughput amplicon
sequencing which resulted in 1,759,994 raw sequences. A total of
1,677,202 sequences remained after removal of low-quality sequences,
chimaeras, and singletons with an average of 35,685 sequences per
fruiting body throughout all locations. Sequences were clustered into
217 Operational Taxonomic Units (OTUs). Removal of potential con-
taminants and subsequent rarefaction of data to 21,880 reads per
sample resulted in 195 OTUs to be further analyzed. A PCA (Fig. 2B)
based on bacterial classes was created and explained 80% of the total
variance based on the first two axes. The loading plot displays the most
abundant bacterial classes in the truffle fruiting bodies during storage.
Fresh truffles (day 0), were dominated by either α- and β-Proteobacteria
or Sphingobacteria, whereas γ-Proteobacteria, and to a lesser extent Ba-
cilli prevailed in most stored samples (day 3, 6, and 9). Some notable
exceptions (i.e. some Swiss and French samples) were nevertheless
visible and are discussed in more detail in the following section. Ad-
ditionally, the PCA highlights that bacterial communities converge to-
wards γ-Proteobacteria with time despite the initial diversity of domi-
nant bacterial classes (α- and β-Proteobacteria or Sphingobacteria) at day
0 and regardless of the geographical origin of the truffles (Fig. 2B).
Overall, our data demonstrate that storage caused enormous changes in
aroma and bacterial community of T. aestivum, and most microbiomes/
volatilomes converged to a similar endpoint regardless of different in-
itial conditions.

3.2. The native bacterial community of T. aestivum is replaced within a few
days by food-spoilage bacteria

Having observed the massive shift in the dominant bacterial classes
upon storage, we subsequently assessed the changes in bacterial com-
munity structure within single fruiting bodies (Fig. 3). The most
abundant genera in the fresh truffles (day 0) were Bradyrhizobium (α-
Proteobacteria class) representing 51 ± 12% (average percentage based
on the number of reads ± standard error) of the total community,
followed by Pedobacter (Sphingobacteria) with 17 ± 10% and Polar-
omonas (β-Proteobacteria) with 12 ± 8% and Variovorax (β-Proteo-
bacteria) with 8 ± 8%. Those genera were replaced in most cases and
as early as day 3 by an unknown genus of the Enterobacteriaceae family,
Serratia and Citrobacter genera (all γ-Proteobacteria) as well as by lactic
acid bacteria (Carnobacterium and Lactococcus genera belonging to the
Bacilli class). Reads corresponding to spoilage bacteria were already
present at day 0 but in low abundance compared to other genera
(0.9 ± 0.4% for the Serratia, 7 ± 7% for the Enterobacteriaceae genera
and below 0.5% for the genera of lactic acid bacteria) and gradually
increased up to 9 days of storage (28 ± 7% for the Enterobacteriaceae
genera, 20 ± 5% for the Serratia, 10 ± 3% for Citrobacter, 9 ± 3%
for Lactococcus and 2 ± 1% Carnobacterium). Three truffles never-
theless displayed a relatively stable bacterial community during aging
and included one truffle from France (predominantly colonized by Po-
laromonas (β-Proteobacteria)) and two Swiss truffles, where Bradyrhi-
zobium (α-Proteobacteria) was still dominant after 9 days of storage.

Changes during storage were not only noticeable in bacterial com-
munity composition, but also in terms of bacterial count (measured by
quantifying 16S rRNA copies by qPCR). The average quantity of bac-
teria colonizing fresh truffle fruiting bodies from France and
Switzerland varied from approximately 130 to 118 thousand [16S rRNA
copies/ng of DNA] and mean bacterial density increased 12–40 times
during storage within truffles originating from a single location,
(Fig. 4). The data overall illustrate that storage lead to an increase in
bacterial cell density within truffle fruiting bodies and to the dom-
inance of food-spoilage bacteria.

3.3. T. aestivuḿs freshness and spoilage markers

Having demonstrated a shift in the volatile profiles of truffles during

storage, we aimed at identifying specific freshness and spoilage mar-
kers. Out of the 71 volatiles of Table S1, most (89%) increased in
concentration in at least one site compared to the initial time point of
the experiment while only a small proportion (11%) decreased in
concentration. The heatmap in Fig. 5 illustrates a subset of this data and
shows 18 volatiles that followed the same trend in at least three of the
four sites. Those volatiles can hence be considered as general freshness
or spoilage markers. Freshness volatile markers (compounds which
concentration decreased upon storage) included DMS, butan-2-one, 1H-
pyrrole, and ethyl acetate as well as pentane-2,3-dione as seen in Fig. 5.
By contrast, spoilage markers (compounds which concentration in-
creased upon storage) comprised for instance 3-methylsulfanylpropan-
1-ol, 2-phenylethan-1-ol and 2-phenylacetaldehyde, 2 and 3-methyl-
butan-1-ol, but-2-enal, along with butanoic acid and ethyl butanoate
(Fig. 5).

3.4. Changes in volatile profiles upon storage correlate to the dynamic in the
bacterial community

Considering the important shifts observed during storage in both
volatile profiles and bacterial communities, we questioned to which
extent these changes were linked to each other. A correlation network
analysis was performed among single volatile compounds and bacterial
classes. Specifically, the most abundant bacterial classes (with a relative
abundance of more than 8%) and volatile compounds which con-
centrations significantly varied upon storage in at least one location
were included in this analysis (Fig. 6). The network illustrates both
qualitative and quantitative differences in a way that bacteria and vo-
latile compounds are connected. For instance, freshness markers (i.e.
ethyl acetate, dimethyl sulfide (syn. (methylsulfanyl)methane), and
butan-2-one) are linked to many bacterial classes that also include some
of the classes typical of fresh truffles (α- and β-Proteobacteria or Sphin-
gobacteria). By contrast, Bacilli (i.e. Lactococcus, Carnobacterium genera
in Fig. 3) and γ-Proteobacteria that increased in abundance during sto-
rage (Figs. 2B and 3) were linked to many different volatile compounds.
Specifically, the abundance of Bacilli bacteria correlated with numerous
alcohols, ketones and aldehydes (i.e. four carbon-containing volatiles
(C4 compounds): ethyl butanoate, and 2-methylbutyl butanoate), as
well as aromatic compounds (i.e. 2-phenylethanol, and 2-phenylbut-2-
enal), and some other compounds (pyridine and pyrazine, Fig. 6). γ-
Proteobacteria were correlated with eight carbon-containing volatiles
such as octan-3-one, oct-2-en-1-ol and octan-1-ol. Overall, our data
suggest a potential link among distinct bacterial classes and specific
volatile compounds.

4. Discussion

Truffle fungi are highly perishable culinary delicacies that spoil
within a few weeks from harvest and lose their aroma due to dehy-
dration and microbial growth (Nazzaro et al., 2007; Rivera et al.,
2011b, 2011a; 2010b; Saltarelli et al., 2008). In this study, we in-
vestigated how storage influenced endemic microbial communities
within truffles and related this to changes in aroma profiles.

4.1. Food spoilage bacteria gradually replace the endemic truffle
microbiome upon storage

Our results evidenced that most fresh truffles were predominantly
colonized by bacteria of α-Proteobacteria class (Bradyrhizobium genus).
The microbiome of a smaller portion of fruiting bodies (about 25%)
were nevertheless dominated by members of the β-Proteobacteria
(Polaromonas genus) or Sphingobacteria (Pedobacter genus) classes.
These results corroborate recent findings on the same species (Splivallo
et al., unpublished results) as well as earlier findings describing the
importance of bacteria of the α-Proteobacteria class in various truffle
species (Antony-Babu et al., 2014; Benucci and Bonito, 2016; Splivallo
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et al., unpublished results; Vahdatzadeh et al., 2015; Ye et al., 2018).
The increase in bacterial population of 4–30 times during storage ob-
served here similarly mirrors earlier results obtained by culture de-
pendent methods (Saltarelli et al., 2008). A gradual replacement of the
endemic microbiome by members of the γ-Proteobacteria class (i.e. En-
terobacteriaceae family) and to a lesser extent by members of the Bacilli
class (different families belonging to the Lactic Acid Bacteria order) was
also evidenced by our data. The Enterobacteriaceae family include sev-
eral food-borne pathogens that have been described earlier in truffles
(Nazzaro et al., 2007; Reale et al., 2009; Rivera et al., 2010a, 2010b)
but also in many other foods (Blackburn, 2006; Lim et al., 2014).
Specifically, members of the Serratia genus that appeared already after
three days of storage include some known human pathogens (Mahlen,
2011) as well as food spoilage agents (i.e. causing off-note in meats and
clotting milk products (Blackburn, 2006; Hernández-Macedo et al.,
2011)). Lactic acid bacteria (genera of Lactococcus and Carnobacterium)
similarly appearing after three days of storage have been described in T.
aestivum as prevalent microorganisms involved in post-harvest spoilage
(Reale et al., 2009; Rivera et al., 2011b, 2011a, 2010b). Attempt to
delay spoilage by various post-harvest techniques have been applied to
T. aestivum (Nazzaro et al., 2007; Reale et al., 2009; Rivera et al.,
2011b; Saltarelli et al., 2008). For instance, combining modified at-
mosphere packaging with gamma-ray irradiation and refrigeration was
shown to extend the shelf-life of T. aestivum to 21 days by reducing the
population of cultivable food spoilage bacteria (Nazzaro et al., 2007).
Overall, this indicates that further improving the shelf-life of truffles
might be achievable by combining preservation techniques to si-
multaneously preserve the endemic truffle microbiome and limit the
growth of spoilage microbes.

4.2. Changes in aroma profiles might explain quality loss upon storage

Our results revealed the existence of five freshness and twelve
spoilage volatile markers in T. aestivum. Many of these volatiles are
known to contribute to human-sensed truffle aroma (Culleré et al.,
2010; Liu et al., 2012; Schmidberger and Schieberle, 2017; Splivallo
and Ebeler, 2015). Identified freshness markers, volatiles that decreased
in concentration during storage, included DMS, a compound with
characteristic truffely and sulfurous notes (Culleré et al., 2010), butan-
2-one (ethereal, camphor-like (Garg et al., 2018), pentane-2,3-dione
(buttery, caramel-like (Schmidberger and Schieberle, 2017)), ethyl
acetate (sweet, green (Garg et al., 2018)), and 1H-pyrrole (nutty, sweet
(Büttner, 2017)). Some of the identified spoilage markers, volatiles that
increased in concentration upon storage, included 2-phenylethan-1-ol
(rose-like (Splivallo and Culleré, 2016)) and 2-phenylacetaldehyde
(floral (Schmidberger and Schieberle, 2017)) and 2- and 3-methyl-
butan-1-ol (fermented, fusel (Schmidberger and Schieberle, 2017)).

Similar to what has been observed here, the concentrations of DMS
and butan-2-one were shown to decrease during storage or post-harvest
processing (i.e. gamma-ray irradiation, freeze-drying) in T. melanos-
proum, T. aestivum and T. magnatum (Aprea et al., 2007; Campo et al.,
2017; Culleré et al., 2013, 2012; Palacios et al., 2014, 2014). This
suggests that these volatiles might serve as freshness markers in nu-
merous truffle species. Similarly, the spoilage markers 2- and 3-me-
thylbutan-1-ol were reported to increase in concentrations in stored T.
melanosporum, T. magnatum and T. borchii stored at 0 °C (Aprea et al.,
2007; Bellesia et al., 2001, 1998), once again indicating that they might
be considered as universal spoilage markers in truffles. In terms of
human sensed aroma, stored samples of T. aestivum started developing
strong off-flavours noticeable to the human nose after six storage days
and had a dominant rotting smell after nine days (data not shown). It is
reasonable to argue that the decrease in freshness markers and the
appearance of spoilage markers were driving those changes in human
sensed aroma. Changes in aroma perception can result from a shift in
the proportion of odorants initially present in fresh samples or from the
appearance of new (spoilage) odorants (Ridgway et al., 2010). For

instance, an increase in the concentrations of pentan-2-one (fermented,
fruity), and ethyl butanoate (fruity (Culleré et al., 2010)), two of our
spoilage markers for T. aestivum, were reported to cause off-odours in
refrigerated smoked salmon (Joffraud et al., 2001). Similarly, high
concentrations of butanoic acid (rancid, cheesy note (Garg et al.,
2018)), another spoilage marker in our study, has been shown to con-
tribute to spoiled meat flavour (Ercolini et al., 2011; Jones, 2004).

Overall, our data suggest that the decrease in freshness markers and
appearance of spoilage markers might be responsible for the change in
aroma quality. Demonstrating the contribution of specific volatiles will
however require the use of proper sensory techniques (i.e. GC-olfacto-
metry) as well as the absolute quantification of odorants to determine
odour activity values.

4.3. Specific microbes might produce particular volatiles during storage

Fresh truffles emit a blend of cyclical sulfur volatiles which are
partially derived from bacteria as demonstrated in the specific case of T.
borchii (Splivallo et al., 2015). We further speculated that many other
volatile compounds typical of fresh truffle aroma could be partially
derived from microbes inhabiting truffle fruiting bodies, overall putting
forward the hypothesis of the mixed bacterial and fungal origin of
truffle aroma (Murat et al., 2018; Splivallo et al., 2015, 2011;
Vahdatzadeh et al., 2015). Indeed, both axenic cultures of truffles and a
wide range of bacteria have the ability to emit numerous volatiles that
make up fresh truffle aroma (Du et al., 2014; Lemfack et al., 2014; Li
et al., 2012; Vahdatzadeh and Splivallo, 2018). The data presented here
give further ground to that hypothesis since a strong correlation was
observed between specific microbial classes and volatiles. For instance,
the freshness markers DMS, butan-2-one, and ethyl acetate were cor-
related to bacterial classes typical of fresh truffles (α- and β-Proteo-
bacteria or Sphingobacteria). Similarly, some spoilage markers (2-phe-
nylethan-1-ol, but-2-enal, butanoic acid) were correlated to bacteria of
the Bacilli class, which relative abundance increased during storage.
Members of the Bacilli class have the ability to emit 2-phenylethan-1-ol
and butanoic acid, as many other bacterial classes do (Lemfack et al.,
2014). The strongest increase during storage was nevertheless observed
in the relative abundance of γ-Proteobacteria, which correlated to the
concentrations of three “eight carbon atoms” containing volatiles
(octan-3-one, octan-1-ol and oct-2-en-1-ol). Other “C8 volatiles” (i.e.
octan-3-one and oct-1-en-3-ol) are predominantly emitted by fungi,
including truffles (Lemfack et al., 2014; Splivallo et al., 2011). The
production of those volatiles might be induced by bacteria as recently
observed in the fungus Mortierella elongate (Uehling et al., 2017), sug-
gesting that a similar scenario might happen in truffles.

The notion that the microbiome of truffles fully produces truffle
aroma is tempting but one should be reminded that correlation does not
always imply causation. Indeed, three samples (25% of all samples) of
this study presented relatively resilient bacterial communities up to day
9 of storage, which was however not observable in terms of the vola-
tilome of the same samples. These differences might be explained by
unusually heterogeneous samples in terms of microbiomes or by the
possibility that the volatilome of T. aestivum is predominantly derived
from truffles and not from bacteria. Even though supported by a con-
trasting number of observations, the latter two hypotheses (bacteria or
truffle do most of the aroma) nevertheless begs for further experiments
to tell apart and resolve the bacterial and fungal contribution to truffle
aroma. Last, spoilage fungi might have also contributed to some of the
changes in aroma reported here and should hence be monitored in
further studies for providing a more holistic picture of the spoilage
process.

5. Conclusion

Altogether, our data highlight the dynamic and the deep changes
that truffle aroma and microbiome undergo during storage. Our
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findings also suggest that commensal and spoilage microbes might be
directly or indirectly driving the shift in aroma profile observed upon
aging, and hence pave the way towards new preservation techniques.
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