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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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