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Abstract

The aroma is critical in the reproductive biology of truffles and in their commercial quality.
However, previous research has almost exclusively focused on characterizing ripe ascocarps.
We characterized the volatilome of the highly-prized black truffle (Tuber melanosporum)
ascocarps from July, in an early development stage, to March, in the late harvesting season,
and investigated the relationships among aroma, ascocarp growth and morphogenetic
development. The aroma profile was analyzed using a head space gas chromatography
technique coupled with mass spectrometer. Seventy-one volatile compounds were identified,
with thirty of them being associated to specific development stages. Amongst those with
higher occurrence, 4-penten-2-ol, dimethyl sulfide, ethyl acetate, 2-pentanol and 2-butanone
were associated to ripe truffles, whereas methanethiol, isobutyl isobutyrate, butanedione and
3-methylanisole were associated to unripe truffles. Although each volatile showed specific
temporal patterns, three development stages were clearly distinguished: unripe ascocarps of
July-September, unripe ascocarps of October-December and ripe ascocarps of December-

March.

Keywords: truffle, volatile organic compounds, ripening, aroma, morphogenesis,

metabolomics, dimethyl sulfide
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1. Introduction

The European black truffle (Tuber melanosporum Vittad.) is an ectomycorrhizal fungus that
grows wild in northwestern Mediterranean countries, although nowadays practically all its
production comes from cultivation (Garcia-Barreda, Camarero, et al., 2020; Reyna & Garcia-
Barreda, 2014). These artificially-inoculated orchards have spread to many other countries,
such as Australia or Argentina (Reyna & Garcia-Barreda, 2014; Tejedor-Calvo et al., 2023). It
grows below ground, developing an intense aroma to attract animals that consume it and
disperse its spores (Urban, 2016). The unique aroma of ripe black truffle is highly appreciated
in high cuisine and has extensively been characterized. More than 100 volatile organic
compounds (VOCs) have been identified, with the highest abundances being achieved by 2-
methylbutanal, 3-methylbutanal, acetone, dimethyl sulfide (DMS) or methanethiol (Bellesia et
al., 1998; Culleré et al., 2010; Talou et al., 1987; Tejedor-Calvo et al., 2021). This aroma can
be affected by both pre-harvest and post-harvest practices (Campo et al., 2017; Hou et al.,
2024; Tejedor-Calvo et al., 2023).

Truffle aroma is a critical component of truffle commercial quality and is key in the
chemical ecology of truffles (Campo et al., 2017; Splivallo et al., 2011). Despite this, previous
research has almost exclusively focused on characterizing the ripe stage (December-March),
when ascocarps of commercial quality are harvested with the aid of trained dogs. Research on
the evolution of the volatilome profile of truffles throughout ascocarp ontogeny is very scarce
and mainly addresses species other than T. melanosporum (Caboni et al., 2020; Li et al., 2022;
Zeppa et al., 2004). Studies on T. melanosporum ascocarp growth or evolution of biochemical
parameters and gene expression are also scarce (Caboni et al., 2020; Harki et al., 2006;
Montant et al., 1983; Pacioni et al., 1995; Zarivi et al., 2011, 2015).

The development of the truffle ascocarp has been explained with six morphogenetic

stages, beginning with fruiting induction, mating and the very early stage of the ascocarp,
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then followed by several stages during which the ascocarp develops and quickly swells, and
completed with a stage in which the ascocarp matures and ripens (Garcia-Barreda, Camarero,
et al., 2020; Le Tacon, 2017; Zarivi et al., 2015). Investigating the evolution of the volatilome
profile throughout ascocarp ontogeny could help unraveling the complex relationships among
ascocarp growth, maturity (linked to spore melanization) and ripeness (development of the
typical aroma of ripe ascocarps), as well as the metabolic processes involved (Biintgen et al.,
2021; Caboni et al., 2020; Martin et al., 2010). In this regard, the formation of the major T.
melanosporum ascocarp odorants has been related to the truffle amino acid metabolism and
fatty acid metabolism (Hou et al., 2024; Martin et al., 2010; Splivallo et al., 2011), although
for some of them it has also been proposed some role of the microorganisms living in the
truffle (Vahdatzadeh et al., 2015).

The main limitation for investigating truffle ascocarp ontogeny is its hypogeous habit,
which makes it difficult to localize the samples, together with the destructive nature of these
samplings and the high price of black truffle. In this regard, truffle nests provide unique
opportunities for research, as already demonstrated (Murat et al., 2016; Taschen et al., 2022).
Truffle nests is a cultivation practice consisting of amending the soil with peat in several
points near the host tree (Garcia-Barreda, Marco, et al., 2020). These points frequently
produce truffle ascocarps two or three years after establishing the nests (Murat et al., 2016;
Taschen et al., 2022), thus making easier the ascocarp samplings and possible monitoring.
Besides, in nests it is frequent to harvest clusters of ascocarps (ascocarps growing in close
proximity, and thus being harvested together, when the trained dog localizes and marks one of
them). These clusters are not exclusive of nests, but they are more frequent in them than in the
bulk soil (Garcia-Barreda, Marco, et al., 2020). The occurrence of clusters in nests is subject
to criticism from some growers, who think that clusters harbor ascocarps with contrasting

levels of maturity and ripeness that are harvested and marketed together. Nests provide an
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opportunity for the in-depth examination of the relationship among ascocarp development,
maturation and ripeness.

In this study, we aim to characterize the evolution of the volatilome profile of T.
melanosporum throughout the ascocarp ontogeny. For this, we took advantage of the ease to
sample ascocarps in truffle nests. The VOC profile was determined for ascocarps harvested
from July, in an early development stage, to March, in the late harvesting season, using a head
space gas chromatography technique coupled with mass spectrometer (HS-GC-MS). We
hypothesized that the VOC profile would be different in unripe and ripe ascocarps, and that
ripeness markers could be identified. As a secondary aim, we characterized the temporal
evolution of ascocarp weight and morphogenetic stages throughout this period. Finally, we
examined ascocarp clusters to evaluate within-cluster differences in the VOC profile and the
morphogenetic stages. We hypothesized that, during the harvesting season (December-

March), clusters would harbor ascocarps with different VOC profiles.

2. Experimental procedures

2.1. Experimental site

The study was conducted in a truffle orchard in El Toro (Castelldn province, eastern Spain,

1000 m a. s. I.), in the piedmont of Javalambre mountain range. The climate is Continental

Mediterranean, with a mean annual temperature of 12.4 °C and a mean annual rainfall of 510

mm. The soil is calcareous, with pH 7.9 and clay-loam texture, developed on a Quaternary

colluvium consisting of locally derived clay, red sand and angular rock clasts (Table S1). The

site lies within the natural distribution area of T. melanosporum (Garcia-Barreda et al., 2019).
A 1.5-ha plot of this orchard was used as an experimental plot in our study. The plot

was planted in 2004 with holm oaks (Quercus ilex L. subsp. ballota Samp.) inoculated with T.

melanosporum. The seedlings were planted at a density of 278 trees ha™ (6 x 6 m planting
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pattern). Since then, the soil has been shallowly tilled once a year in early spring. From the
fifth year, the trees have been pruned every 3-4 years, and from the moment the plantation
begun to produce truffles, at year six, the plantation has been irrigated with sprinkling during
spring, summer and early autumn (April to October) each 3-4 weeks if there was no rainfall
during those weeks. In the spring of 2015, the owner set up four truffle nests around each tree,
at 1.2 m of distance from the host tree trunk. The installation of the nests consisted of digging
holes about 30 cm deep, filling them with 1.5 L of a Sphagnum peat-based substrate (Especial
Truficultura ® from Gramoflor: a 60% black peat — 40% white peat mix with pH raised to
7.5) and re-covering the substrate with soil. Ground ripe T. melanosporum ascocarps (1 g dry
ascocarp per nest) were applied to the bulk soil — nest interphase before filling the hole with
substrate. During the harvesting season November 2016 — March 2017 these nests produced

their first truffles.

2.2. Experimental design and truffle sampling
The experimental plot was visited once a month from July 2017 to March 2018 and T.
melanosporum ascocarps were harvested from the nests (sampling dates: 14 July, 7 August, 7
September, 9 October, 6 November, 17 December, 15 January, 20 February and 20 March).
From July to November (before the harvesting season), we sampled unripe ascocarps. In
December, (in the early harvesting season) we sampled both unripe and ripe ascocarps. From
January to March (late harvesting season), we only sampled ripe ascocarps.

In each sampling, we randomly selected 12 trees. The sampling of unripe ascocarps
(from July to December) consisted of carefully digging nests in the selected trees with a
handheld shovel, after a dog trained to find truffles had looked over the nests without
localizing any ripe or rotten ascocarp. The sampling of ripe ascocarps (from December to

March) was done by an experienced truffle harvester with the aid of trained dogs. For the sake
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of homogeneity of conditions between ripe and unripe ascocarps, only ascocarps growing in
truffle nests were sampled.

In the field, the truffle ascocarps were kept refrigerated (4 °C) immediately after being
harvested. They were carried to the laboratory and cleaned by gently brushing under fresh tap
water and by 15 min of ultrasound treatment. Then the ascocarps were surface air dried and
cooled at 7 °C on separate containers until further analyses. Only healthy ascocarps without
abiotic or biotic damages (resulting in rotting, softened texture or galleries) were selected for
the study, thus resulting in a total of 83 truffle ascocarps: 47 unripe and 36 ripe ones (Table
S2).

For each ascocarp, the following data were collected: date of sampling, whether the
dig was marked by the dog (the aroma was developed at least in one ascocarp) or not, and the
ascocarp weight. When digging a nest, sometimes only one ascocarp was found (single dig),
whereas in other cases several truffles growing in close proximity (ascocarp clusters) were
found. This was also annotated (Table S2) and ascocarps in clusters were used to assess the
variability in VOC profiles and morphogenetic stage within an ascocarp cluster. Sixteen
clusters (eight unripe and eight ripe), including 47 ascocarps (25 unripe and 22 ripe), were
used for this aim (Table S2). Finally, the morphogenetic stage of the ascocarp was assessed
from a gleba sample, following the criteria of Zarivi et al. (2015) and Le Tacon (2017) (Table

1).

2.3. HS-GC-MS analysis

A total of 83 ascocarps were used for the HS-GC-MS analysis. Each sampling included a
minimum of three ascocarps except for July, when only one of the ascocarps found weighted
more than 10 g (Table S2). Ascocarps smaller than 10 g were excluded because they would be

problematic for the subsequent methodologies (that included six ascocarps found in July that
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weighted 0.08 to 3.0 g, and six in August that weighted 0.3 to 4.7 g). Only healthy ascocarps
were used, and in all cases the HS-GC-MS analysis was carried out during the 48 hours
following the field sampling.

The VOC profile was analyzed by static headspace technique using a Turbomatrix
HS16 sampler (PerkinElmer, Massachusetts, USA). Briefly, for each ascocarp 4 g of gleba
sample was placed in a 20 ml vial and hermetically closed. Headspace was programmed to
120 °C for 15 min and 1 min of pressurization time. The injection was carried out over 6 s at
20 psi and an inlet temperature of 220 °C. The headspace sampler was connected to a Clarus
500 Gas Chromatography system coupled with a Mass Spectrometer (PerkinElmer,
Massachusetts, USA) equipped with a DB-Wax capillary column (60 m x 0.25 mm i.d. x 0.25
pum film thickness) (Agilent Technologies, California, USA). A flow of 1 mL/min was used
with helium as a carrier gas. The oven temperature was 45 °C for 2 min, raised to 110 °C at a
rate of 7 °C/min, and finally to 225 °C at 25 °C/min, and held for 5 min. The mass
spectrometer used the electron impact mode with an ionization potential of 70 eV and an ion
source temperature of 200 °C. The interface temperature was 220 °C. The mass spectrometer
scanning was recorded in full scan mode (35-300 m/z). A TurboMass ver. 5.4.2 software was
used for controlling the gas chromatography — mass spectrometer system. Peak identification
of the volatile components was achieved by comparison of the mass spectra with mass
spectral data from the NIST MS Search Program 2.0 library and by comparison of previously
reported Retention Index (RI) with those calculated using an n-alkane (C6-C20) series under
the same analysis conditions. Semiquantification of the VOCs was done by integrating the
area of one ion characteristic of each compound and normalization by calculating the relative

percentage.

2.4. Statistical analysis
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To analyze the evolution of the VOC profile throughout the ascocarp development, partial
least-squares discriminant analysis (PLS-DA) was performed using R and the ropls
package(R Core Team, 2023; Thévenot et al., 2015). For the PLS-DA analysis, the truffle
ascocarps were grouped according to their development stage into: (a) unripe ascocarps
sampled from July to September (early development/swelling stage), (b) unripe ascocarps
sampled from October to December (late development/swelling stage), and (c) ripe ascocarps
sampled from December to March (maturation stage). This grouping yielded higher predictive
performance and goodness of fit than grouping ascocarps in ripe/unripe ascocarps or in
morphogenetic stages.

The existence of outliers in the PLS-DA model was explored with an observation
diagnostic plot, which shows the distances within and orthogonal to the projection plane, but
no outlier was identified. The predictive performance of the model was assessed with the
cumulative Q2Y parameter and its goodness of fit with the cumulative R2Y parameter. The
final number of components of the PLS-DA model was determined by the increase in Q2Y
and R2Y when a new component was added to the model (Thévenot et al., 2015). To avoid
overfitting, a permutation testing to estimate the significance of Q2Y and R2Y was used. To
complement the evaluation of the predictive performance of the model, we trained the model
on a randomly selected subset of 6/7 of the samples (n = 71). Then, we computed the
performance of this model on the training subset and on the validation subset (the remaining
1/7 of the samples, n = 12). The contribution of the different VOCs to the separation of the
three groups was determined with the VIP metric (variable importance in projection). The
VIPpred, Which measures the variable importance in prediction, was used in this case (Galindo-
Prieto et al., 2014). A VIP score higher than one was considered the threshold to determine

discriminant variables in the model (Kieffer et al., 2016).
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For the VOCs with VIPpred > 1, an additive model (AM) with a Gaussian (normal)
error distribution was used to analyze the evolution of the relative percentage area throughout
the ascocarp development. Time was treated as a smoothed predictor, specified using a
shrinkage smoother (cubic regression spline). The assumptions of normal distribution and
constant variance were tested, and the response variable was square-root or log-transformed
when necessary. In a few extreme cases, these transformations were not suitable and a
generalized additive model (GAM) with a Gamma error distribution was used. The AM and
GAM analyses were conducted with the package mgcv in R (Wood, 2011). An AM was also
used to analyze the evolution of ascocarp weight throughout ascocarp ontogeny.

Finally, in order to explore the hypothesis that ascocarp clusters include ascocarps at
different points of ripeness, a principal component analysis (PCA) was used to compare the
VOC profile of the ascocarps sampled in each of the monthly samplings. The PCAs were

plotted with the package factoextra in R (Kassambara & Mundt, 2020).

3. Results

The weight of the ascocarps increased significantly from July to October, according to the
AM (F =8.8, P <0.001, n = 114, Fig. 1a). From that moment, the weight did not significantly
change, although some fluctuations among samplings were found (Fig. 1a, Fig. S1). The
analysis of the morphogenetic stage (Fig. 2, Fig. S2) showed that different stages could be
present in the soil at the same time, mainly during late summer: stage 4 was found from July
to September, stage 5 from August to October, substage 6a from September to December, and
substage 6b-c from December to March (Fig. 1b). It is also noteworthy that stage 3 was found
in July and August, although these ascocarps were not included in the VOC analysis due to

their small size (0.08 to 1.8 g). As a side note, during the sampling of unripe ascocarps
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(sampling of nests in which the dogs had not localized ripe ascocarps) from July to December,
we found T. melanosporum ascocarps in 29-45% of the sampled nests (Table S3).

Atotal of 71 VOCs were identified by HS-GC-MS in the 83 truffle ascocarps studied
(Table 2). The selected PLS-DA model analyzing the evolution of VOC profile throughout the
ascocarp development was based on four components (Fig. S3a). The first PLS-DA
component clearly separated the July to September unripe ascocarps from the ripe ascocarps,
with the October to December unripe ascocarps in an intermediate position. The second
component separated the October to December unripe ascocarps from the other unripe and
ripe ascocarps (Fig. 2a). Thirty of the VOCs presented VIPpreq Scores higher than one (Fig.
2b). Fourteen of them were negatively associated with the first PLS-DA component, 11 were
positively associated with the first component, four were negatively associated with the
second component and one was positively associated with the second component (Fig. 3). The
cumulative R2Y of the model was 0.834 and the cumulative Q2Y was 0.731, both being
significantly higher (P < 0.01) than the values obtained by the random permutation test (Fig
S3b). According to the validation test, 96% of the calibration subsample and 83% of the
validation subsample were properly classified in their respective groups.

The most abundant VOCs in unripe ascocarps from July to September were
methanethiol (19.2%), 4-penten-2-ol (11.3%), acetone (10.6%), ethanol (9.3%),
isobutyraldehyde (6.1%) and isobutyl isobutyrate (5.8%) (Fig. 4). Among these, only
methanethiol and isobutyl isobutyrate showed a positive association with this period,
according to the VIPpred (Fig. 2b). The AMs indicated that both had a peak between September
and October, with much lower contribution to the VOC profile in other periods (Fig. 5a, c).
Many other VOCs with lower relative abundance were associated with this period, among

them butanedione (3.9%), which steadily decreased through time; 3-methylanisole (2.6%),
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which had a peak in August-September; and furfural (2.5%), which was abundant in July-
September (Fig. 5, Fig. S4).

The most abundant VOCs in unripe ascocarps from October to December were 4-
penten-2-ol (21.3%), methanethiol (20.3%), ethanol (12.7%), acetone (6.3%) and ethyl acetate
(5.9%) (Fig. 4). None of them associated with this period according to the VIPpreq (Fig. 2b).
However, a few VOCs with lower abundance were associated with this period, such as 2-
heptanone (1.0%), with a peak in October-November; and 2-methyl-1-butanol, with an
October peak (Fig. S5b, c). On the other hand, dimethyl disulfide (DMDS) was negatively
associated with this period according to the VIPpreq, presenting 0.10% relative abundance in
unripe ascocarps of October-December and 0.30% in the other two analyzed periods (Fig.
S5e).

The most abundant VOCs in ripe ascocarps were 4-penten-2-ol (16.9%), dimethyl
sulfide (16.2%), ethanol (9.5%), ethyl acetate (8.5%), 2-pentanol (8.2%), 2-butanone (5.9%),
methanethiol (5.9%) and 2-methylbutanal (5.3%) (Fig. 4). Among these, 4-penten-2-ol, DMS,
ethyl acetate, 2-pentanol and 2-butanone showed a positive association with ripe truffles
according to the VIPpreq (Fig. 2b). The AMs indicated that 4-penten-2-ol, ethyl acetate and 2-
butanone gradually increased through time, whereas DMS presented a December-January
peak and 2-pentanol presented a February peak (Fig. 6). Several other VOCs with lower
relative abundance were associated with ripe truffles, among them butanal (1.8%), 1-propanol
(0.9%) or 2-pentanone (0.8%) (Fig. 6b, Fig. S6a, b).

Finally, a PCA was performed for the VOC profile of each one of the sampling months
in which ascocarps clusters were found. August data is not shown because the low number of
samples did not allow for clear comparisons among ascocarps. From September to January
(although not in February), the first PCA component (PC1) was positively associated with

VOCs such as 4-penten-2-ol, ethyl acetate, 2-pentanone or ethyl 2-methylbutanoate (which in

12
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the PLS-DA analysis were linked to ripe truffles) and negatively associated with VOCs such
as butanedione, isobutyl isobutyrate, 3-methylanisole, furfural or 2-octen-4-one (which in
PLS-DA were linked to unripe truffles) (Fig. 7).

In September, two ascocarp clusters were found. One of them comprised two
ascocarps, both with a similar position in the PCA biplot with respect to PC1 (ascocarps S4a,
S4b, Fig. 7a) despite presenting different morphogenetic stage (stage 5 for ascocarp S4a and
substage 6a for S4b). The other one comprised seven ascocarps, all of them with a similar
position with respect to PC1 except for one (S7a, Fig. 7a). Three of these ascocarps were in
morphogenetic stage 4 (S7c, S7d and S7g), one in stage 5 (S7f) and three in substage 6a (S7a,
S7b and S7e). In October, only one cluster was found, with two ascocarps showing a similar
position with respect to PC1 despite presenting different morphogenetic stage (stage 5 for O3a
and substage 6a for O3b) (Fig. 7b). In November, two clusters were found, both of them with
ascocarps showing contrasting positions with respect to PC1 (Fig. 7c) despite all being in the
same morphogenetic stage (6a). In December, one of the clusters (marked by the trained dogs)
comprised ascocarps with contrasting positions with respect to PC1 and different
morphogenetic substage (6a for D7b, 6b-c for D7a and D7c, Fig. 7d). Another cluster (not
marked by dogs) comprised ascocarps with contrasting positions with respect to PC1 despite
all being in the same morphogenetic stage (6b-c for D13a to D13d, Fig. 7d). The other four
clusters sampled in December (three marked by dogs and one not marked) comprised
ascocarps with a similar position with respect to PC1 (Fig. 7d) and in the same morphogenetic
stage (6b-c). The four clusters sampled in January and February comprised ascocarps with

similar positions with respect to PC1 (Fig. 7e, f) and in the same morphogenetic stage (6b-c).

4. Discussion
This study is the first to characterize the evolution of the volatilome profile of T.

melanosporum throughout the ascocarp ontogeny from July to March. This allowed the
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identification of several ripeness markers, both amongst the dominant VOCs such as 4-
penten-2-ol, DMS, ethyl acetate, 2-pentanol or 2-butanone and amongst the lower-abundance
VOCs such as butanal. The role of many of these VOCs in the aroma of ripe T. melanosporum
was already highlighted by previous research (Culleré et al., 2010; Talou et al., 1987). We also
characterized the VOC profile of T. melanosporum ascocarps during early development
stages, identifying VOCs such as methanethiol, isobutyl isobutyrate, butanedione or 3-
methylanisole as markers of these stages. This information is relevant for studies of the
chemical ecology of truffles and studies of metabolic processes during truffle development
(Martin et al., 2010; Splivallo et al., 2011; Zeppa et al., 2004).

In our study, some of these VOCs showed a progressive increase or decrease
throughout ascocarp ontogeny (e. g. butanal, 2-butanone, 4-penten-2-ol, ethyl acetate or
butanedione), whereas other ones showed high relative abundance during limited periods (e.
g. 3-methylanisole, furfural and 4-sec-butylphenol in August-September; methanethiol and
isobutyl isobutyrate in September-October; DMS in early harvesting season or 2-pentanol in
late harvesting season).

The 71 VOC:s identified in the study included the major odorants of black truffle, such
as DMS, DMDS, 2-methylbutanal, 3-methylbutanal, butanedione, ethyl 2-methylbutanoate or
ethyl isovalerate (Culleré et al., 2010, 2013; Tejedor-Calvo et al., 2021). Among the 30 VOCs
that showed significant time trends throughout the truffle ascocarp ontogeny, six were
alcohols, six ketones and four aldehydes. In general, the VOCs characterizing early
development stages consisted of longer carbon chains (e. g. 1-octanol, 2-octen-4-one,
nonanal) than those characterizing the ripe stage (e. g. 2-pentanol, 2-butanone, butanal), with
the notable exception of butanedione. Besides, aromatic compounds and heterocyclic
compounds were more frequently linked to early development stages (e. g. 2-pentylfuran, 3-

methylanisole, furfural).
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Regarding sulfur compounds, our study showed clear time patterns for methanethiol
and DMS. These VOCs, as well as DMDS, are considered products of the methionine
catabolism (Liu et al., 2013; Martin et al., 2010). The relative abundance of methanethiol
reaches its peak during intermediate development stages, whereas DMS reaches its peak later,
during early maturation. This agrees with their hypothesized roles in methionine catabolism
(Martin et al., 2010). L-methionine is transformed into 3-(metylthio)-propanal after
transamination and decarboxylation, and then due to a reduction step into methanethiol, DMS
and DMDS (Splivallo et al., 2011). The DMS peak matches with methionine and cysteine
peaks in black truffle (Caboni et al., 2020; Harki et al., 2006). Dimethyl sulfide is a powerful
attractant for animals consuming truffle ascocarps (Pacioni et al., 1991; Splivallo et al., 2011).
The temporal pattern we found could explain why damages by truffle beetle or wild boar are
more frequent in early harvesting season or even in the immediately preceding months
(Garcia-Barreda, Marco, et al., 2020; Piattoni et al., 2016).

Important odorants of truffles such as 2-methylbutanal, 2-methyl-1-butanol, 3-
methylbutanal or butanedione have been linked to the catabolism of amino acids such as
leucine or isoleucine via the Ehrlich pathway (Caboni et al., 2020; Martin et al., 2010;
Vahdatzadeh & Splivallo, 2018). As an example, isoleucine, after transamination and
decarboxylation steps is transformed into 2-methylbutanal, and then to 2-methyl-1-butanol
due to a reduction step. In our study, only 2-methyl-1-butanol, with a peak in October, and
butanedione, with a progressive decrease from August to March, showed clear time trends,
suggesting that the corresponding metabolic reactions are happening in intermediate stages of
the ascocarp ontogeny. These trends contrast with those of leucine and isoleucine, which are
more abundant in late maturation stages (Harki et al., 2006). The 2-methylbutanal, 2-methyl-

1-butanol and 3-methylbutanal show phytotoxic effects on herbaceous species, which may
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play a role in alleviating the competition of roots on truffle during ascocarp development
(Pacioni et al., 1995).

Zeppa et al. (2004) linked the occurrence in truffles of methyl ketones and C8-
compounds such as 1-octen-3-ol to the metabolism of fatty acids such as the linoleic acid. In
our study, 2-butanone and 2-pentanone reached their peaks in ripe ascocarps, coinciding with
the maximum levels of linoleic acid in black truffle (Caboni et al., 2020). By contrast, C8-
compounds were more frequently linked to early development stages, unlike what happens in
other close Tuber species (Lu et al., 2021). Besides, the p-oxidation of long-chain saturated
fatty acids has been proposed as a source of acetic and butanoic acids, their corresponding
alcohols and acetate esters in fungi (Hou et al., 2024).

Our study clearly separated the VOC profile of three different groups: unripe
ascocarps of July-September, unripe ascocarps of October-December and ripe ascocarps
(December-March). During the July-September period, ascocarps quickly increased their
weight, in agreement with previous observations in France (Montant et al., 1983). Besides, in
our study the July-September period was characterized by the coexistence of several
morphogenetic stages (in our case, stages 3, 4, 5 and 6a), which agrees with that previously
found in Italy (Zarivi et al., 2015). The latter could be related to the hypothesis that the
induction of most ascocarps occurs in several flushes during May-June (Pacioni et al., 2014).
It is also noteworthy that the ascocarp weight in August was much higher in our study than in
Montant et al. (1983), in line with the fact that we found ascocarps in morphogenetic stages 4,
5 and 6a one month earlier than Zarivi et al. (2015). This suggests an earlier or more rapid
development and swelling of ascocarps in our study, which could be related to higher
temperatures in Spain or to the use of truffle nests (Garcia-Barreda et al., 2012; Garcia-

Barreda, Marco, et al., 2020).
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Regarding the October-December period, our results suggest that truffles finished
swelling during October. From that moment the mean weight of the sampled ascocarps
underwent a series of fluctuations, which could be related to the high variability of truffle size
in plantations (Garcia-Barreda et al., 2021; Garcia-Barreda, Marco, et al., 2020). According to
Montant et al. (1983) and Zarivi et al. (2015), T. melanosporum ascocarp would reach its final
size during morphogenetic stage 5 (September-early November), then entering the maturation
and ripening stage. Our data agree with this view: in the September sampling, 62% of the
ascocarps were in stages 4-5 and the weight increase was quick; in October 27% of the
ascocarps were in stage 5 and the weight increase begun to slow down; whereas in November
all ascocarps were already in substage 6a and no weight increase was observed. Previous
research already pointed out the absence of causal links between ascocarp weight and spore
maturity (Garcia-Barreda et al., 2021), as well as the key regulatory role of tyrosinase in
maturation (Miranda et al., 1997).

In December, almost all ascocarps reached morphogenetic substage 6b-c. Previous
research already showed that spore maturity quickly increases during November and early
December (Garcia-Barreda, Marco, et al., 2020). In that study, the confidence band for the
temporal trend of spore maturity was relatively narrow, suggesting a high degree of
synchronization in the maturation process. This agrees with our observation of a simultaneous
passage of almost all ascocarps from substage 6a in November to substage 6b-c in December.
Despite this, not all ascocarps were marked by the dogs during December, many of them
achieved ripeness and were harvested in January-March. This suggests that spore maturation
and ripe aroma development, although chronologically overlapping, are not completely in
sync.

We analyzed eight ascocarp clusters localized from December to February by trained

dogs (this indicating that at least one of the ascocarps was ripe). For all the January and
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February clusters (with 2-3 ascocarps each), every ascocarp presented morphogenetic
substage 6b-c, and all clusters comprised ascocarps with similar VOC profiles. The same
happened for three of the four clusters harvested in December (with 2-4 ascocarps each). The
only exception was a cluster in which one of the ascocarps was in substage 6a and showed a
VOC profile very different from the other two ascocarps (in substage 6b-c). This suggests that
in a cluster harvested with trained dogs in December-February (the harvesting season), all
ascocarps share a similar degree of ripeness if they present high spore maturity, at least for
clusters of 2-4 ascocarps.

The situation was very different in clusters of unripe ascocarps. The two clusters
sampled in December that were not localized by trained dogs, were formed by ascocarps in
morphogenetic substage 6b-c, but one of them presented distinct VOC profiles (one ascocarp
grouping with those linked to VOCs of ripe truffles and the remaining with unripe truffles). A
similar situation was found in November, although with all ascocarps in substage 6a. In
September-October, clusters included different morphogenetic stages and distinct VOC
profiles. This suggests that within a cluster there are ascocarps generated in different flushes
(Pacioni et al., 2014) or that develop at different paces.

Our study took advantage of the ease of finding ascocarps in truffle nests. In our study,
29-45% of the nests sampled in July-November (without dog mark, and thus randomly
selected) presented ascocarps, three years after the nests were set up. This percentage explains
the good reputation of nests among growers, although they are not free from criticism. One of
them is the lower maturity and ripeness that some growers attribute to cluster ascocarps. In
our study, we found no variability of spore maturity or VOC profile within clusters of
January-February. The problem seems concentrated in early season, at least for clusters with
up to four ascocarps. This is no trivial matter, since nest ascocarps are more frequently

harvested in early season (Garcia-Barreda, Marco, et al., 2020).

18



436

437

438

439

440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

To conclude, we characterized the evolution of the volatilome profile of T.
melanosporum throughout the ascocarp ontogeny, identifying 30 VOCs as markers of the
development stage of the truffle. Amongst the dominant VOCs, 4-penten-2-ol, DMS, ethyl
acetate, 2-pentanol and 2-butanone were associated to ripe truffles, whereas methanethiol,
isobutyl isobutyrate, butanedione and 3-methylanisole were associated to unripe truffles. The
temporal evolution of these VOCs throughout the ascocarp ontogeny was modeled, with each
VOC showing specific patterns, although three development stages were clearly
distinguished: unripe ascocarps of July-September, unripe ascocarps of October-December
and ripe ascocarps. During July-September, the ascocarps rapidly increased their weight, and
several morphogenetic stages coexisted. During October-December the ascocarps finished
their weight increase and then begun to mature, with the aroma typical of ripe ascocarps being
achieved in December-March. Finally, we found that in clusters of 2-4 ascocarps that were
marked by trained dogs during the harvesting season, ascocarps presented the same

maturation degree and VVOC profile, except for one cluster in early season.
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Figure 1. (a) Predicted evolution (mean and 95% confidence band, n = 83) of the fresh weight
of Tuber melanosporum ascocarps from July to March. Points represent partial residuals. (b)
Number (and percentage) of T. melanosporum ascocarps in each morphogenetic stage for each

sampling (n = 83). See Table 1 for the description of the morphogenetic stages.
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649  Figure 3. Heatmap of the relative area (%) for VOCs with VIPyreq higher than one, in the
650 three development stages (n = 19, 28 and 35 for each stage). Compounds in red and blue are
651  positively and negatively associated with the first PLS-DA component. Compounds in black
652  and green are positively and negatively associated with the second PLS-DA component,

653  correspondingly. Percent area in logarithmic scale.

654

655
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657  Figure 4. Heatmap of the relative area (%) for all volatile organic compounds, in the nine
658  monthly samplings (n =1, 5, 13, 11, 11, 21, 9, 9 and 3 for each month correspondingly).
659  Compounds are clustered according to a divisive hierarchical clustering. Percentage area in

660 logarithmic scale.
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Figure 5. Predicted evolution (mean and 95% confidence band, n = 83) of relative area (%)
throughout the development of truffle, for the most frequent VOCs positively associated to
unripe truffles according to VIPpreq Scores: (a) methanethiol, (b) butanedione, (c) isobutyl
isobutyrate, (d) 3-methylanisole, (e) furfural and (f) 4-sec-butylphenol. Points represent

partial residuals. Notice that the y-axis scale of each panel is different.
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668  Figure 6. Predicted evolution (mean and 95% confidence band, n = 83) of relative area (%)
669 throughout the development of truffle, for the most frequent VOCs positively associated to
670  ripe truffles according to VIPpreq Scores: (a) dimethyl sulfide, (b) butanal, (c) 2-butanone, (d)
671  4-penten-2-ol, (e) ethyl acetate and (f) 2-pentanol. Points represent partial residuals. Notice

672  that the y-axis scale of each panel is different.
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673

674  Figure 7. PCA biplots for the VOC profile of truffle ascocarps of September (a), October (b),
675  November (c), December (d), January (e) and February (f). Digs with only one ascocarp
676  (single ascocarps) are named with only a number, digs with multiple ascocarps (ascocarp

677  clusters) are named with a number and a letter. Each cluster is labeled with a different color.
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In December, single ascocarps and clusters 2 to 9 were marked by trained dogs, whereas

clusters 13 and 15 were not. The VOCs are named according to the IDs in Table 2.

Table 1. Morphogenetic stages according to Zarivi et al. (2015) and Le Tacon (2017)

Stage

Description

Stage 1 (hyphal)
Stage 2 (peridial)

Stage 3 (veined)

Stage 4 (ascal)
Stage 5 (sporal)

Stage 6 (pigmented)
Substage 6a

Substages 6b-c

The ascocarps consist of a cluster of poorly differentiated hyphae.
Outer hyphae of the ascocarp form a finely warty initial peridium.
Below them, hyphae form an initial gleba, largely folded-convoluted.
Gleba whitish-marbled and veins increasingly complex and compact.
No asci discernible.

Fertile veins containing asci. No ascospores discernible.

Ascospores hyaline (visible cell content), with smooth walls or
beginning to develop spines.

Spores with ornamentation completely formed, most spores hyaline
or slightly pigmented. Fertile veins yellowish, faint aroma.

Spores mainly dark brown. Fertile veins brown to dark brown,
intense aroma. Substage 6¢ involves the beginning of over-ripening
processes, such as brown pigmentation extending to sterile veins, the
occurrence of which is related to the frequency of harvesting.
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686  Table 2. HS-GC-MS characteristics of volatile organic compounds found in the samplings.
687  CAS No: CAS registry number. RT: retention time. Rlexp: experimental retention index. Rljt:
688  reference retention according to NIST database. NA: not available. Odor attributes were

689  selected following Acree & Arn (2004) and Tejedor-Calvo et al. (2021).

Id. Compound Odor attribute CAS No RT (min) | Rlep Rljit Mass
(m/z)
Acids
C58 Acetic acid Sour 64-19-7 16.88 1455 1452 43
C61 Propionic acid Pungent, rancid, soy 79-09-4 18.13 1538 1540 74
C65 Isobutyric acid Rancid, butter, cheese 79-31-2 18.59 1571 1570 43
C68 2-Methylbutanoic acid Cheese, sweat 116-53-0 19.96 1674 1674 74
Esters
C13 Ethyl acetate Pineapple 141-78-6 6.60 907 900 43
Cl4 sec-Butyl formate - 589-40-2 6.80 919 NA 45
C22 Ethyl 2-methylbutanoate Apple 7452-79-1 9.01 1042 1052 102
C23 Ethyl isovalerate Fruit 108-64-5 9.34 1058 1053 88
c27 Isobutyl isobutyrate - 97-85-8 9.80 1081 1092 71
C33 Isobutyl 2-methylbutyrate - 2445-67-2 11.42 1459 1179 85
C34 Isoamy| isobutyrate - 2050-01-3 11.70 1172 1183 70
C45 3-Methylbutyl 2-methylbutanoate | - 27625-35-0 14.21 1297 1276 70
Aldehydes
C2 Acetaldehyde Pungent, ether 75-07-0 4.01 722 714 44
C5 Propanal Solvent, pungent 123-38-6 5.30 800 799 58
C6 Isobutyraldehyde Pungent, malt, green 78-84-2 5.45 813 818 72
C8 Butanal Pungent, green 123-72-8 5.92 853 877 72
C10 2-Methylbutanal Cocoa, almond 96-17-3 6.20 876 903 57
Cl1 3-Methylbutanal Malt 590-86-3 6.30 885 906 44
C17 Pentanal Almond, malt, pungent 110-62-3 7.82 979 982 44
C26 Hexanal Grass, tallow, fat 66-25-1 9.58 1070 1072 44
C35 Heptanal Fat, citrus, rancid 111-71-7 11.85 1179 1183 70
C42 2-Ethylbutanal - 97-96-1 13.42 1257 NA 43
C47 Octanal Fat, soap, lemon, green 124-13-0 14.62 1320 1297 43
C52 Nonanal Fat, citrus, green 124-19-6 15.73 1384 1392 57
C60 2-Nonenal Paper 2463-53-8 18.00 1533 1533 43
Ketones
Cc7 Acetone - 67-64-1 5.60 825 820 43
C9 2-Butanone Ether 78-93-3 6.00 864 866 43
C16 Butanedione Butter 431-03-8 7.79 978 975 43
c21 2-Pentanone Ether, fruit 107-87-9 8.70 1026 1025 43
C24 2,3-Pentanedione Cream, butter 600-14-6 9.35 1059 1052 43
C31 3-Penten-2-one - 625-33-2 10.82 1130 1138 69
C36 2-Heptanone Soap 110-43-0 11.92 1182 1180 43
C43 2-Octanone Soap, gasoline 111-13-7 13.80 1279 1278 43
C46 Acetoin Butter, cream 513-86-0 14.40 1310 1287 45
C55 2-Nonen-4-one - 32064-72-5 16.66 1441 1466 84
C62 2-Octen-4-one - 4643-27-0 18.21 1544 NA 69
Alcohols
C12 4-Penten-2-ol - 625-31-0 6.50 901 NA 45
C15 Ethanol Sweet 64-17-5 7.30 949 935 45
C19 2-Butanol Wine 78-92-2 8.36 1009 1022 59
C20 1-Propanol Alcohol, pungent 71-23-8 8.60 1021 1025 59
C28 Isobutanol Wine, solvent, bitter 78-83-1 10.02 1092 1095 43
C29 2-Pentanol Green 6032-29-7 10.30 1106 1117 45
C30 Allyl alcohol - 107-18-6 10.61 1120 1124 57
C32 1-Butanol Fruit 71-36-3 10.85 1132 1148 56
C37 2-Methyl-1-butanol Wine, onion 137-32-6 12.31 1201 1208 57
C38 Isoamy| alcohol Whiskey, malt, burnt 123-51-3 12.40 1206 1212 55
C40 2-Hexanol - 626-93-7 12.70 1221 1245 45
C41 1-Pentanol Balsamic 71-41-0 13.35 1254 1255 42
C51 Hexanol Resin, flower, green 111-27-3 15.30 1359 1359 56
C53 3-Octanol Moss, nut, mushroom 589-98-0 15.91 1394 1397 59
C54 3-Methyl-1-hexanol - 13231-81-7 16.25 1415 1413 55
C56 1-Octen-3-ol Mushroom 3391-86-4 16.78 1448 1453 57
C64 1-Octanol Chemical, metal, burnt 111-87-5 18.43 1560 1560 56
Hydrocarbons
C3 1,3-Pentadiene - 504-60-9 441 746 743 67
C18 2,3-Dimethyl-2-butene - 563-79-1 8.14 998 NA 41
C48 4-Methyl 1-pentene - 691-37-2 14,88 1335 NA 43
C49 2,3,6-Trimethyl-4-octene - 63830-65-9 15.03 1344 NA 69
Aromatic compounds

33



690

C50 Anisole - 100-66-3 15.11 1348 1340 108
C57 3-Methylanisole - 100-84-5 16.85 1453 1441 122
C63 Benzaldehyde Almond, burnt sugar 100-52-7 18.25 1547 1547 106
C66 4-sec-Butylphenol - 99-71-8 19.27 1621 NA 121
C69 1,3-Dimethoxybenzene - 151-10-0 21.15 1771 1762 138
C70 3,4-Dimethoxytoluene - 494-99-5 21.72 1818 1806 152
C71 3,4,5-Trimethoxytoluene - 6443-69-2 25.12 >2000 | 2041 182
Hetercyclic compounds
C39 2-Pentylfuran Green bean, butter 3777-69-3 12.68 1220 1228 81
C44 | (E)-2-pentenylfuran - 70424-14-5 14.12 1293 1282 107
C59 Furfural Bread, almond, sweet 98-01-1 17.23 1477 1470 96
Cc67 Furfuryl alcohol Burnt 98-00-0 19.89 1668 1668 81
Sulfur-containing compounds
C1 Methanethiol Sulfur, gasoline, garlic 74-93-1 3.90 715 699 47
C4 Dimethy! sulfide Cabbage, sulfur, gasoline, 75-18-3 4.94 778 760 62
truffle
C25 Dimethy! disulfide Onion, cabbage, putrid, 624-92-0 9.52 1067 1069 94

truffle
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