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Abstract: The highly prized black truffle (Tuber melanosporum) has become a model species for
ectomycorrhizal fungi biology. However, several questions concerning its reproductive phase remain
unanswered. To provide new hypotheses on the fruitbody formation process, we have explored
the causal links among development characters of black truffle fruitbodies that are primarily linked
to either the mating process, fruitbody growing stage, or maturation. Path analysis was applied
to test causal models outlining the relationships among fruitbody development characters such
as fruiting depth, weight, shape, and spore maturity. These characters were investigated over a
two-season survey and three soil typologies (plus peat-based substrate) under irrigated conditions.
We found a clear and generalized relationship between fruitbody weight and shape. Among clusters
of fruitbodies we found a positive relationship between the weight of the largest fruitbody and
the weight of the remaining fruitbodies. However, no generalized relationships among characters
linked to different development stages appeared. Our results were noticeably consistent across soil
typologies, both for fruitbodies growing singly and in clusters, indicating that early-developing
fruitbody characters did not influence characters linked to subsequent morphogenetic stages. The lack
of links among stages opens new perspectives for pre-harvest quality management with stage-specific
cultivation practices.

Keywords: Tuber melanosporum; hypogeous fruitbodies; fruitbody formation; morphological traits;
path analysis; truffle cultivation

1. Introduction

The European black truffle (Tuber melanosporum Vittad., Pezizales) is an ectomycor-
rhizal fungus that in nature mostly grows in association with Angiosperm plants (e.g.,
Fagaceae). In cultivated orchards, the most common hosts are Quercus species. Truffle
cultivation has advanced greatly in recent years, although it is not completely domesticated
yet, and many biological and ecological aspects of the several processes involved still need
clarification [1,2]. Black truffle has also attracted attention as a model ectomycorrhizal
ascomycetous species for genomic studies, research on the mating process and population
genetic structure, on fruitbody (FB) nutrition or on aroma [2–5]. Black truffle fruiting is a
multigene-mediated process that follows specific and organized differentiation patterns
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and requires several months to reach completion [3,6,7]. The sequential morphogenetic
stages leading to the FB formation can be classified into mating process, FB growing stage,
and maturation [1,6–8]. However, very little is known about the intrinsic or environmental
signaling pathways regulating truffle FB morphogenesis [1,7,9,10].

The mating process (from the stimulation of the formation of the mating structures to
the mating itself) typically happens throughout late spring, apparently in several flushes [1]
(Table 1). The precise location along the mycelial network where the mating event between
mycelia of opposite mating types happens will determine the soil depth of the full-grown
FB [2,11]. After the mating event, the FB starts to develop and its structure becomes
gradually complex as the weight rapidly increases [7,8]. Growing below ground, the FB
swelling and its final shape will be influenced by the soil mechanical constraints, with
a relevant role of the characteristic pyramidal warts of the peridium [6]. At the end of
the intense growth stage, the FB has practically achieved its final size. It is then, that the
maturation stage begins, with the spores acquiring their characteristic pigmentation and
the FB developing its unique aroma [7,12,13]. Maturation begins in late autumn, and the
subsequent senescence processes set the moment in which dogs can localize the ripe FB.
The FBs are harvested during several months throughout the winter, evidencing that the
volatile compounds that attract dogs are not formed simultaneously in all FBs [5] (Table 1).
Each one of the spots localized by a dog is excavated by the harvester: in most of the digs
only one FB appears (single FBs), whereas in others, a cluster of FBs grow in very close
proximity. Little scientific attention is usually paid to truffle FBs growing in clusters [14,15],
although growing within these clusters could either affect FB formation patterns or could
trade off with size due to localized resource depletion or inhibition mechanisms.

Table 1. Relations between morphogenetic stages and fruitbody development characters (based on
Zarivi et al. [7]).

Stage of
Fruitbody Morphogenesis Associated Development Characters Period

Formation of mating
structures (gametes),

mating, and early stage of
fruitbody differentiation

(hyphal stage)

Fruiting depth May–June

Fruitbody growth:
development and swelling
(peridial, veined, ascal and

sporal stages)

Weight, shape July–early November

Maturation (pigmented
stage). Ripening

(aroma development)
Spore maturity, harvesting date November–March

The outcome of the FB formation process relies upon how this sequence of stages
(mating, growing and maturation) proceeds. The developmental patterns of FBs are
affected not only by environmental but also by endogenous factors at different stages,
such as the expression of certain enzymes related with melanin-synthesis pathways [10,16].
This raises the question of whether the moment and conditions in which a morphogenetic
stage occurs might influence the following ones. Research on the relationships among
FB development characters could help shed light on this aspect. As outlined above, a
number of FB development characters that include fruiting depth, weight, shape, and
spore maturity can be primarily linked to particular morphogenetic stages (Table 1). Since
these characters define or influence the commercial quality standards of truffle FBs [17],
understanding the relationships among development characters and the processes that
shape them may also open new perspectives for pre-harvest quality management through
improved farming practices.
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Here, we aimed to: (i) build a causal model to explain how development characters
of truffle FB influence one another, and (ii) test whether these relationships are consistent
across different soils and dig typologies (single FBs and FB clusters). We tested several
alternative models for each dig typology in three replicate blocks along a soil texture
gradient that is representative of common truffle orchard soils, and compared these mineral
soils with the FBs growing within a peat-based substrate amendment. The causal models
were built considering the linkages between the studied characters and the sequential
morphogenetic stages of truffle FBs: fruiting depth linked to the mating process, weight
and shape linked to the growing stage, and spore maturity linked to maturation [1,7,8]
(Table 1). We hypothesized that: (i) fruiting depth would have a positive effect on weight
and maturity, because soil depth buffers extreme values in temperature and water content,
which are particularly variable in Mediterranean climates [18,19]; (ii) no relationship
between weight and maturity would appear, because dogs usually localize full-developed
ripe FBs of sizes from less than 10 g to more than 100 g; (iii) shape of small FBs would
we more rounded, because they need to make and occupy less soil volume and are less
likely to face mechanical constraints during growth; (iv) in FB clusters, the weight of the
largest FB would show a negative relationship with the weight of the remaining FBs, due
to the local resource depletion or inhibition mechanisms hypothesized by Moore et al. [20];
and (v) differences among soils and with substrate would affect relationships among FB
development characters, since soil properties and localized substrate amendments are able
to influence these characters [21].

2. Materials and Methods
2.1. Experimental Site

The study was conducted in a 15-ha truffle orchard established in 2001 with Quercus ilex
subsp. ballota and Quercus faginea seedlings (arranged in rows 2:1) inoculated with T.
melanosporum [21]. The experimental site is located in Gúdar-Javalambre county (Teruel
province, eastern Spain, 1150 m a. s. l.). The climate is Continental Mediterranean, with a
mean annual rainfall of 519 mm and a mean annual temperature of 11.1 ◦C, typical of Span-
ish truffle-producing regions [22]. The experimental site is placed in the piedmont of Gúdar
mountain range, with calcareous soils developed on Cretacic clayey limestone in the upper
part (block 3) and on Tertiary siltstones/sandstones in the lower part (block 1) (Table S1).
In all the blocks, the 0–30 cm soil horizon in which almost all truffles grow is a homoge-
neous plow layer created after repeated tillage operations (during truffle cultivation and
previously during many decades of cereal cultivation).

Truffles are harvested by the owner once a week throughout the fruiting season
(November to March). Each year, when the fruiting season is over, the soil shallowly tilled,
and a peat-based substrate is applied in ten spots around each tree [21]. The orchard is
irrigated with a sprinkling system from April to October during the dry periods with
scarce rainfall.

Peat-based amendment is aimed at increasing fruiting depth and shape of FBs [21].
In the experimental site, the peat-based amendment is being applied by the grower follow-
ing the most common procedure used in Spain. The localized application of peat-based
substrate around the host trees involves digging tronconical holes about 25 cm deep, filling
them with about 1.5 L of a European Sphagnum peat-based substrate (Turbatruf® from
Projar, Quart de Poblet, Spain): A black peat—white peat—coir—perlite mix 11–5–3–1,
with pH raised to 7.5) and re-covering the substrate with soil [21]. Grinded ripe truffle FBs
are mixed with the substrate before being incorporated into the soil. Annually, part of the
FBs grow in the bulk soil whilst another part appear within the substrate spots.
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2.2. Experimental Design and Data Collection

In the experimental site, three replicate blocks of 0.25 ha with different soil textures
were selected in a soil gradient along a 300-m-length transect line, with block 1 having
sandy loam texture, block 2 having loam texture and block 3 having loam/clay loam texture
(Table S1). Although in the wild black truffle is found in almost every type of texture,
this texture gradient is representative of the range of common soil textures in black truffle
cultivation [23]. The three blocks were managed with the same agronomic practices.

During the 2016–2017 and the 2017–2018 fruiting seasons each block was surveyed
seven times from November to March. A total of 604 single FBs and 308 FB clusters
were measured after being systematically localized and harvested by the grower with
the aid of trained dogs (Tables S2 and S3). Fruiting depth was recorded as the depth in
the soil of the bottom part of the deepest FB in the dig, at 10 cm intervals. The shape
was evaluated as a combination of sphericity (ratio between measured diameters), and
visually-estimated lobularity (percent surface occupied by lobules) and average height of
lobules (in relation to FB size). This resulted in a shape index with nine categories, with
higher values indicating higher-priced round, regular shapes (Table S4). A spore maturity
index was calculated as the proportion (from 0 to 1) of asci containing mature (i.e., dark
brown) spores, but this index is only available for single FBs. For each FB, a hymenial
sample reaching 5–10 mm under the peridium was taken with a scalpel, and a minimum of
50 randomly selected asci were counted in each sample under light microscope, following
Zeppa et al. [24]. Fresh weight was measured to the nearest 0.1 g after gently removing
soil and substrate with a brush. Weight was measured in every FB in season 2017–2018,
whereas for 2016–2017 only the weight of single FBs is available. The research dataset is
available as Supplementary File S2.

The weight of FBs growing in clusters during season 2016–2017 was estimated through
a partial least squares regression model fitted with the complete dataset from season
2017–2018 (n = 1047). This model was fitted with seven components, mainly based on FB
maximum and minimum diameter. It accounted for 97% of the variability in the FB weight
of season 2017–2018 (Table S5, Figure S1). It was validated with the available 2016–2017
measurements (single FBs, n = 275). The regression between log-transformed predicted
and actual values of season 2016–2017 was highly significant (p < 0.001) and presented a R2

value of 0.96.

2.3. Statistical Analysis

The causal relationships among FB development characters were evaluated using the
d-sep method of path analysis [25], with the aid of the R package ggm [26]. Path analysis
has been applied to study causal patterns between morphological, physiological, and
ecological attributes in plant biology and agronomy [25,27]. The d-sep method judges if
a particular model is consistent with the experimental data. For each model, it involves:
(i) specifying a causal hypothesis in the form of a directed acyclic graph, (ii) identifying
the set of independence claims (basis set) implied in the model, (iii) calculating the null
probability associated with each claim, (iv) combining these probabilities using Fisher’s
C statistic, and (v) comparing this C with the fixed significance level [25]. If a path
model exhibited a p-value for Fisher’s C higher than 0.05, it was considered consistent
with the data [25]. When more than one path model was consistent with the data, they
were compared with the Akaike’s Information Criterion corrected for small sample size,
AICc [28].

We separately analyzed single FBs and FB clusters, to assess whether the strength
and pattern of the relationships among development characters was consistent between
both dig typologies. Since peat shows distinctive and unique features in comparison with
mineral soils [29]—that provoking differences in truffle fruiting depth, FB weight, shape
and occurrence of clusters [21]—FBs growing within the peat-based substrate across the
three blocks were grouped and analyzed separately from mineral soils. The bulk soil of each
replicate block (BS1, BS2 and BS3) was analyzed separately to assess whether the nature of
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the relationships among characters was general across soils, since the weight and shape of
FBs can be influenced by soil properties [21]. Since our study is not aimed at characterizing
year-to-year variability, FBs from both sampled fruiting seasons were combined.

For single FBs, we built three alternative path models to test the relationships among
the day of the season in which the FB was harvested (harvesting date, HD), fruiting depth,
weight, shape and spore maturity. The three alternative models assumed a relationship
between weight and shape, as well as an effect of HD on weight and maturity, which are
widely accepted by growers and researchers. Model A assumed that characters linked to
a particular morphogenetic stage are not influenced by those linked to previous stages
(Table 1). Model B assumed that weight is influenced by fruiting depth, and that spore
maturity is influenced by fruiting depth and weight. Model C assumed that weight and
shape are influenced by fruiting depth, and that maturity is influenced by fruiting depth
and weight (Figure S2).

The three models were compared following the d-sep method outlined above. Once
selected a best-fit model, each of its constituent paths was modelled with generalized
additive models, in order to allow for non-linear relationships and different types of error
distribution [30]. A Poisson error distribution was used for fruiting depth and shape,
assessing the model fit through overdispersion. A Gaussian (normal) distribution was
used for weight and maturity. In these models, the assumptions of normal distribution and
constant variance were assessed, with weight being log-transformed to more closely meet
the assumptions. The analyses were conducted with the R package mgcv [31,32].

For each path in the best-fit model, we present the p-value, the shape of the esti-
mated relationship and the percent deviance explained by each variable, calculated as the
reduction in deviance after dropping that term while maintaining the same smoothing
parameters throughout. The latter is aimed at comparing the relative contribution of each
variable, because we avoided standardization to keep the relationships between characters
with its original shape.

For FB clusters, we built five alternative path models to test the relationships among
HD, fruiting depth, weight and shape of the largest FB in the cluster, and combined weight
of all the other FBs in the cluster (Figure S3). Maturity was not included due to data
unavailability. All the models assumed a weight-shape relationship for the largest FB, as
well as an effect of HD on weight. Models A–C assumed that characters of the largest FB are
not influenced by the weight of the remaining FBs, whereas models D and E assumed that
the weight and shape of the largest FB are influenced by the weight of the remaining FBs.
Models A and D assumed that neither weight nor shape is influenced by fruiting depth
(which is linked to a previous stage); models B and E assumed that weight is influenced
by fruiting depth; and model C assumed that both weight and shape are influenced by
fruiting depth. When analyzing the best-fit path models, a Gamma error distribution was
used for the weight of the remaining FBs.

3. Results
3.1. Single Fruitbodies

The three path models proposed (Figure S2) were consistent with the collected data
for the peat-based substrate amendment (hereafter called substrate) and the bulk soil of
the three replicate blocks (p > 0.05, Table 2). However, in the substrate, BS2 and BS3, model
A reached a much lower AICc value and a much higher weight, indicating that, according
to Shipley [28] criterion, model A allowed a much better fit to the data (Table 2). In BS1,
models B and C presented similar AICc values, much lower than that of model A (Table 2).
However, only model B is shown as the best-fitting model because the equation parameters
are very similar, and in both cases the paths linking fruiting depth with other variables are
not statistically significant (Figure 1).
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Table 2. Model fit of the three competing path models (Figure S2) for fruitbodies growing singly in
the peat-based substrate and in the bulk soil of each block. Bold letters indicate the models selected
according to the model weight (C: Fischer’s C statistic, df: degrees of freedom, P: null probability, K:
number of parameters needed to fit the model, AICc: Akaike value, W: model weight).

Model C (df, P) K AICc W

Substrate
A 12.5 (14, 0.56) 11.6 36.9 0.80
B 9.7 (8, 0.28) 14.5 40.7 0.12
C 8.2 (6, 0.23) 15.5 41.4 0.08

Bulk soil of block 1
A 22.3 (14, 0.07) 10.5 45.6 0.05
B 9.9 (8, 0.27) 13.5 40.8 0.50
C 7.5 (6, 0.28) 14.5 41.1 0.45

Bulk soil of block 2
A 7.9 (14, 0.90) 10.6 31.0 0.83
B 5.2 (8, 0.74) 13.6 35.6 0.08
C 3.3 (6, 0.77) 14.3 35.7 0.08

Bulk soil of block 3
A 10.9 (14, 0.69) 10.5 34.6 0.89
B 9.0 (8, 0.35) 13.5 40.3 0.05
C 6.7 (6, 0.35) 14.2 40.1 0.06

Figure 1. Best-fit path models showing the causal links among development characters in FBs growing singly in peat-based
substrate (a), and the bulk soil of block 1 (b), block 2 (c) and block 3 (d). Solid lines indicate significant links between the
variables, dashed lines indicate non-significant links included in the model, black lines indicate positive relationships and
grey lines negative relationships. The thickness of an arrow is proportional to the percentage of deviance explained by a
particular variable.

The best-fit path models for each soil typology (Figure 1) shared the following features:
(i) fruiting depth did not show a significant relationship with any other character, (ii) FB
weight showed a strong negative relationship with the shape index (i.e., bigger FBs having
more irregular, less rounded shapes; Table S4), and (iii) the HD showed a strong positive
relationship with spore maturity (Tables 3 and 4, Figures S4–S7). The HD showed a
significant and negative relationship with FB weight in the substrate, BS2 and BS3, but
no significant relationship in BS1. Fruitbody weight showed a significant and negative
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relationship with maturity in BS1, which was not found in any other soil (Tables 3 and 4;
Figures S4–S7). The same associations between development characters were observed in
the bivariate analyses (Figure 2).

Table 3. Null probability (P) and percent deviance explained (D2) for each path in the best-fit model
for fruitbodies growing singly in substrate and the bulk soil of Soil blocks 2 (BS2) and 3 (BS3).

Response Predictor Substrate BS2 BS3

P D2 P D2 P D2

Weight 1 Harvesting date <0.001 5.8 0.03 3.6 0.04 4.1
Shape Weight <0.001 16.4 <0.001 21.9 <0.001 28.7

Maturity Harvesting date <0.001 40.8 <0.001 35.5 <0.001 34.2
1 Variable log-transformed.

Table 4. Null probability (P) and percent deviance explained by each variable (D2) for each path in
the best-fit model for fruitbodies growing singly in the bulk soil of block 1.

Response Predictor P D2

Weight 1 Harvesting date 0.13 -
Fruiting depth 0.20 -

Shape Weight <0.001 23.6
Maturity Harvesting date <0.001 22.7

Weight 0.01 4.2
Fruiting depth 0.47 -

1 Variable log-transformed.

The best-fit path models did not explain more than 6% of the variability in FB weight in
any soil typology, while they explained 16–29% of the variability in the shape index and 23–
41% of the variability in the spore maturity (Tables 3 and 4). In these best-fit path models,
the variability in FB weight was exclusively explained by HD, whereas the variability
in shape was explained by the weight and the variability in spore maturity was mainly
explained by HD, with weight also contributing to explain the variability of maturity in
BS1 (Tables 3 and 4). The relationship between weight and shape was negative, with clear
differences between FBs smaller than 25 g and FBs larger than 50 g (Figures S4–S7). The
relationship between weight and maturity in BS1 was negative but plateauing above 10 g,
corresponding to a mean FB diameter of 2.5–3 cm (Figure S5).

3.2. Fruitbody Clusters

Among the five alternative path models proposed (Figure S3), model D was the one
that reached lower AICc value and higher weight for all the analyzed soil typologies,
indicating that, according to Shipley [28] criterion, model D allowed the best fit to the data
(Table 5).

The best-fit path models for each soil typology (Figure 3) shared the following features:
(i) fruiting depth did not show a significant relationship with any other character, (ii) the
weight of the largest FB in a cluster showed a strong positive relationship with the com-
bined weight of all the other FBs in the cluster, and (iii) the HD did not show a significant
relationship with the weight of the largest FB in the dig (Table 6, Figures S8–S11). In the
substrate and BS2, the weight of the largest FB in the cluster showed a strong negative
relationship with its shape index (Table 6, Figures S8 and S10). In the substrate the HD
showed a significant and negative relationship with the weight of the remaining FBs in
the cluster (Table 6; Figure S8). Finally, in BS2 the shape index of the largest FB of the
cluster showed a significant and positive relationship with the weight of the remaining
FBs (Table 6; Figure S10). The same associations between development characters are sug-
gested by the bivariate analyses, although in some cases concealed by the fact that other
variables as the HD are also involved in the relationship (Figure 4).
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Figure 2. Scatter plot data for the development characters in the single fruitbodies of the studied blocks. Pearson’s
correlation coefficient is reported for each bivariate relationship. BS1–BS3: bulk soil of blocks 1–3.
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Table 5. Model fit of the five competing path models (Figure S3) for fruitbody clusters in the substrate
and in the bulk soil of each block. Bold letters indicate the models selected according to the model
weight (C: Fischer’s C statistic, df: degrees of freedom, P: null probability, K: number of parameters
needed to fit the model, AICc: Akaike value, W: model weight).

Model C (df, P) K AICc W

Substrate
A 74.9 (14, <0.001) - - -
B 60.0 (10, <0.001) - - -
C 61.7 (8, <0.001) - - -
D 6.6 (10, 0.76) 13.3 35.2 0.85
E 2.6 (6, 0.86) 16.4 38.6 0.15

Bulk soil of block 1
A 22.3 (14, 0.07) 8.4 43.6 0.11
B 18.0 (10, 0.06) 10.5 46.1 0.03
C 17.1 (8, 0.03) - - -
D 10.4 (10, 0.41) 10.8 39.7 0.81
E 7.4 (6, 0.29) 13.2 45.8 0.04

Bulk soil of block 2
A 29.4 (14, 0.009) - - -
B 26.7 (10, 0.003) - - -
C 20.7 (8, 0.008) - - -
D 7.6 (10, 0.67) 11.2 39.9 0.99
E 6.9 (6, 0.33) 13.7 50.0 0.01

Bulk soil of block 3
A 19.3 (14, 0.15) 8.2 87.7 <0.01
B 12.7 (10, 0.24) 10.2 59.4 0.39
C 12.2 (8, 0.14) 11.2 70.1 <0.01
D 9.5 (10, 0.49) 10.5 58.6 0.60
E 0.8 (6, 0.99) 12.6 78.9 <0.01

Figure 3. Best-fit path models showing the causal links among development characters in FBs growing in clusters in
peat-based substrate (a), and the bulk soil of block 1 (b), block 2 (c) and block 3 (d). Solid lines indicate significant links
between the variables, dashed lines indicate non-significant links included in the model, black lines indicate positive
relationships and grey lines negative relationships. The thickness of an arrow is proportional to the percentage of deviance
explained by a particular variable. FB: fruitbody.
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Table 6. Null probability (P) and percent deviance explained by each variable (D2) for each path in the best-fit model for
fruitbody clusters in substrate and the bulk soil of blocks 1 (BS1), 2 (BS2) and 3 (BS3) (We.largest: weight of the largest
fruitbody in the dig, We.rest: combined weight of all the other fruitbodies in the dig).

Response Predictor Substrate BS1 BS2 BS3

P D2 P D2 P D2 P D2

We.rest Harvesting date 0.04 3.2 0.80 - 0.054 - 0.50 -
We.largest Harvesting date 0.72 - 0.053 - 0.38 - 0.19 -

We.rest <0.001 26.1 0.004 18.9 <0.001 29.2 0.014 28.6
Shape We.largest <0.001 18.3 0.13 - 0.002 23.0 0.70 -

We.rest 0.93 - 0.92 - 0.049 2.2 0.58 -

Figure 4. Scatter plot data for the development characters in the fruitbodies growing in clusters in the studied blocks.
Pearson’s correlation coefficient is reported for each bivariate relationship. BS1–BS3: bulk soil of blocks 1–3.
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The best-fit path models explained 19–29% of the variability in the weight of the
largest FB in the cluster, while they explained less than 4% of the variability in the weight
of the remaining FBs (Table 6). For the shape index of the largest FB, the best-fit models
in substrate and BS2 explained 18–23% of the variability, whereas in BS1 and BS3 none
of the analyzed variables showed a significant relationship with shape (Table 6). In the
best-fit models, the variability in the weight of the largest FB was exclusively explained
by the weight of the remaining FBs, whereas the weight of the remaining FBs was only
affected by HD (Table 6). The relationship between the weights of the largest FB and
the remaining ones was in all cases positive (Figures S8–S11). Finally, the variability in
the shape index of the largest FB was mainly explained by its weight, with the weight of
the remaining FBs also contributing to explain the variability of shape in BS2 (Table 6).
The relationship between weight and shape was negative, with clear differences between
FBs smaller than 25 g and FBs larger than 50 g (Figures S8 and S10). In BS1 and BS3, in
which no significant effect of weight on shape was found, the upper range value for the
weight was 59–67 g, much lower than in the remaining soil typologies (Table S7). In BS2,
the relationship between the shape of the larger FB and the weight of the remaining FBs
was positive, with shape showing larger variability when the weight of the remaining FBs
was high (Figure S10).

4. Discussion

The soil depth at which truffle FBs grew did not show any causal link with FB weight,
shape, or spore maturity for any of the soil or dig typologies analyzed. This suggests that,
under the experimental conditions, weight and maturity do not depend on FB location
throughout the soil profile. This was unexpected, because it is generally accepted that soil
depth determines FB sensitivity to bioclimatic damages such as those caused by drought
or heat waves [33]. It is generally accepted that soil temperature and water regime follow
marked depth gradients, with more extreme values and more rapid fluctuations near the
soil surface [18,19]. Montant and Kulifaj [9] experimentally found that increasing soil
temperature during winter and spring made truffle FBs grow earlier—as indicated by the
soil surface cracking linked to the swelling of shallow FBs- and ripen earlier—as indicated
by the harvesting date [34]. For other hypogeous ectomycorrhizal fungi, Luoma [35] and
Luoma et al. [36] found a negative influence of thick layers of organic matter on fruiting,
assuming that it was due to poor CO2 diffusion. However, in our experimental site the
existing ranges in microclimatic variables did not trigger changes in weight or maturity
throughout the soil profile for any soil typology. Despite this, microclimatic gradients in
the soil play a role in the mating process of black truffle and thus on productivity of truffle
orchards [1].

The growth of the truffle FB seems primarily related to the uptake, metabolism, and
translocation of carbon from the plant host, and to nitrogen and water balances between
fungus and host [4,37,38], although a hypothetical genetic influence on weight could also
play a role. Besides, for many fungal species good aeration is associated with successful
growth of FBs, in relation to gas exchange with the surrounding soil and to intensification
of oxidative metabolism [20]. Thus, the soil depth at which the truffle grows and its weight
seem to be determined by a different set of edaphoclimatic factors, with the host plant
playing a more relevant role in the case of weight. The existence of differential gene
expression patterns for each development stage is also relevant, and gene expression can
also be influenced by environmental factors. Montanini et al. [39] hypothesized that the
abundance of up-regulated transcription factors in T. melanosporum FB indicates a high
degree of functional specialization in the reproductive stage. Moreover, Hacquard et al. [37]
underscored the variety of metabolic pathways reflecting complex genetic processes during
the truffle FB formation.

The causal relationship between weight and shape, both linked to the intense growth
stage, was clear and general among all the soil and dig typologies, with the exception of
BS1 clusters being likely related to a narrower range in weight. The existence of a negative
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relationship between FB weight and shape index (i.e., bigger FBs showing more irregular,
less rounded shapes) is generally accepted between growers and researchers. From early in
the development (peridial stage) the peridium warts are formed to help the FB swell [6,7],
and the mechanical interaction with the surrounding soil matrix (including stones and
roots) models the FB shape as it grows. Smaller FBs need to make and occupy less soil
volume and are less likely to face mechanical constraints during growth. However, the fact
that in all soil typologies the nine shape categories were present marks the great variability
of this character (Tables S6 and S7) and of related mechanical constraints at relatively low
spatial scales.

No causal link between FB maturity and weight was found, except for single FBs
in BS1. Black truffle growers generally accept that weight and maturity are not related
within the usual range of weight for full-developed healthy FBs. We found no evidence
that the FBs must reach a minimum size to ripen (or that weight increase and maturation
evolve together) for the range of weights studied, with minimum weights of 1–3 g in all
soil typologies (Tables S6 and S7). This size is already attained by some FBs during the
veined stage, typically happening in July–August [7]. Regarding the exception found in
BS1, a negative relationship restricted to the smallest FBs was found in this block. This
could be related to the fact that spore samples were taken near the peridium. In our
experience, during early season it is not uncommon that spore maturity shows a certain
degree of heterogeneity within a FB. The negative relationship could be explained by the
fact that spore maturity could be more homogeneous in the hymenium of small FBs and our
sampling overestimated the differences between small and large FBs, in relation to the fact
that the development and maturation of the spores in a FB is asynchronous and progresses
from the center of fertile veins outward and from the center of the gleba outward [6].
This underlines how important it might be for future truffle research to develop unbiased
indicators and non-destructive sampling methods for assessing spore maturity [40].

We found no evidence that the maturation stage of the truffle FB is influenced by
its weight, whereas previous research pointed that it is regulated through a decrease in
tyrosinase activity [12,16]. The transition from the growing to the maturation stage could
also be regulated by environmental cues, as suggested by the fact that November-December
temperatures influence the mean date of truffle harvesting [41]. Several genes coding
for photoreceptors and light-dependent regulators have been found in T. melanosporum,
suggesting that seasonal variations in light, temperature, and/or oxygen concentration
could mediate FB morphogenesis [3]. However, T. melanosporum apparently lacks regulators
of circadian rhythmicity, which is a common indicator of seasons in plants [3].

Finally, a positive relationship between the weight of the largest FB and the weight
of the remaining FBs was clear among the FB clusters of all the analysed soils. This was
not expected. We had initially hypothesized that local resource depletion would trigger
compensating mechanisms between FB survival and FB size in a dig, in consonance with
the fact that, before summer, the density of T. melanosporum FBs (still immature) in the soil
is much higher than the density of ripe FBs localized by dogs in the fruiting season [1,42].
The positive relationship we found could be explained if the growth of the largest FB was
enhanced by the remaining FBs loosening the surrounding soil. However, the relationship
between these development characters is very strong in the substrate, which is much looser
than the bulk soil.

Alternatively, the positive relationship between the weights of the FBs in a dig could
be related to local conditions in the soil microenvironment or to carbon transfer from the
host. For other fungi, Moore et al. [20] posited that once a fungal genet begins to fruit
the distribution of FBs is controlled by a flow of resources towards particular FBs rather
than by local depletion of nutrients or by inhibition mechanisms. For hypogeous fungal
communities in natural forests, Hunt and Trappe [43] and Luoma [35] found that, at a small
plot level (4 m2), the relationship between total biomass and number of FBs was positive
and not plateauing (although with low R2), either for the whole hypogeous community
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or for particular species. The hypothetical genetic influence on weight could play a role,
considering that FBs in a cluster are likely to share maternal genetic material [2].

Overall, our results were noticeably consistent among the studied soil typologies,
despite the fact that environmental gradients linked to soil depth and soil typologies influ-
ence the mating, FB survival, weight and number of FBs per dig [1,21]. The relationships
among FB characters linked to different stages were, in general, not significant or of low
magnitude. The lack of causal links among subsequent stages could be generalized for
T. melanosporum, with the existence of morphogenetic stage switches governing which
environmental or physiological cues play a role in each stage. Alternatively, the lack of
causal links among stages could be specific to low-stress conditions for FB formation.
Cultural practices (e.g., irrigation, soil tillage, and peat amendments) reduce the impact of
stressful, limiting factors (e.g., plant competition for light, rhizosphere diversity, nutrients
or space, summer aridity or high soil resistance to penetration). In herbaceous crops,
compensating mechanisms among yield-related traits are typically higher in strong-stress
than in low-stress conditions [27]. It would be interesting to test whether our results can be
generalized to high-stress environments such as rainfed orchards or wild truffle stands.
The genetic structure of T. melanosporum population in the experimental site could also play
a role, considering that truffle orchards usually show high genetic diversity due to nursery
and field practices [2].

Our approach did not allow to identify which specific environmental or physiological
conditions influence development characters of FBs. Among the environmental factors
potentially involved, not only abiotic factors but also microbial communities could play a
critical role. The nature of the relationships between a fungus and the associated microbial
communities is complex, ranging from defense against competition to modulation of phys-
iological or developmental processes [44,45]. Kues and Liu [46] suggested that in certain
saprophytic taxa, such as cultivated Agaricus spp., the presence of pseudomonads was
essential for fruiting events. In other cases, some microorganisms influence the fruiting
process by eliminating inhibitory compounds [47]. In this regard, truffle FBs and mycor-
rhizae harbor a poorly-understood microflora that could play a role in the mating, growing
or maturation [48–50]. Further research on transcriptional gene expression throughout
the distinct morphogenetic stages would greatly help identify the environmental and/or
physiological factors governing each phase [7]. This would also help understanding how
this genetic program is switched on, whether it is expressed constitutively or cumulatively,
and the intensity with which the fungus perceives the different environmental inputs that
model these morphogenetic processes.

5. Conclusions

To conclude, we found a clear and generalized relationship between FB weight and
shape, with smaller FBs having less irregular, more rounded shapes. In FB clusters, we
found an unexpected positive relationship between the weight of the largest FB and the
weight of the remaining FB of the cluster. However, no generalized relationships among
characters linked to different development stages appeared, thus indicating that under
irrigated conditions, the factors that influence early-developing characters do not influence
indirectly characters linked to subsequent stages. This suggests a scenario in which the
development characters associated with a specific morphogenetic stage are independent
from the conditions in which the previous stages occur. In this scenario, the development of
certain FB characters is triggered by the interaction between a differential genetic expression
program and a set of bioclimatic, edaphic, or biotic factors. Moreover, these factors are
probably influencing the development characters of FBs with different intensity, specific
weight or sensing mode, depending upon each morphogenetic phase of the FB. The lack of
generalized trade-offs among subsequent morphogenetic stages opens new perspectives
for pre-harvest quality management with stage-specific cultivation practices (e.g., devising
practices aimed at increasing FB weight taking into consideration only factors influencing
the intense growth stage, regardless of the fruiting depth). However, for this, it would be
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necessary a better understanding of the environmental factors that influence FB growth
and maturation timing.
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the PLS regression. Figure S2: Path models tested for single fruitbodies. Figure S3: Path models
tested for fruitbody clusters. Figure S4: Predicted relations among characters in single fruitbodies
in the substrate. Figure S5: Predicted relations among characters in single fruitbodies in the bulk
soil of block 1. Figure S6: Predicted relations among characters in single fruitbodies in the bulk soil
of block 2. Figure S7: Predicted relations among characters in single fruitbodies in the bulk soil
of block 3. Figure S8: Predicted relations among characters in fruitbody clusters in the substrate.
Figure S9: Predicted relations among characters in fruitbody clusters in the bulk soil of block 1.
Figure S10: Predicted relations among characters in fruitbody clusters in the bulk soil of block 2.
Figure S11: Predicted relations among characters in fruitbody clusters in the bulk soil of block 3.
File S2: Research dataset.

Author Contributions: Conceptualization, S.G.-B., S.S. and P.M.; methodology, S.G.-B., V.G. and
G.M.N.B.; formal analysis, S.G.-B., V.G. and G.M.N.B.; investigation, S.G.-B., S.S. and P.M.; writing—
original draft preparation, S.G.-B., V.G. and G.M.N.B.; writing—review and editing, all authors;
funding acquisition, S.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Spanish Institute for Agronomical Research (INIA),
collaboration agreement INIA2016/1/0010 and grant number RTA2015-0053-00-00. This research
was also funded by Diputación de Huesca, collaboration agreement for the operation of CIET (with
the participation of CITA, Comarca de la Ribagorza and Ayuntamiento de Graus).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in File S2 (Supplemen-
tary Materials).

Acknowledgments: We thank the owner of the truffle orchard for the availability to harvest the
truffles and allow the publication of the results.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design
of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or
in the decision to publish the results.

References
1. Pacioni, G.; Leonardi, M.; Di Carlo, P.; Ranalli, D.; Zinni, A.; De Laurentiis, G. Instrumental monitoring of the birth and

development of truffles in a Tuber melanosporum orchard. Mycorrhiza 2014, 24, 65–72. [CrossRef]
2. Taschen, E.; Rousset, F.; Sauve, M.; Benoit, L.; Dubois, M.-P.; Richard, F.; Selosse, M.-A. How the truffle got its mate: Insights from genetic

structure in spontaneous and planted Mediterranean populations of Tuber melanosporum. Mol. Ecol. 2016, 25, 5611–5627. [CrossRef]
3. Martin, F.; Kohler, A.; Murat, C.; Balestrini, R.; Coutinho, P.M.; Jaillon, O.; Montanini, B.; Morin, E.; Noel, B.; Percudani, R.;

et al. Périgord black truffle genome uncovers evolutionary origins and mechanisms of symbiosis. Nature 2010, 464, 1033–1038.
[CrossRef] [PubMed]

4. Le Tacon, F.; Zeller, B.; Plain, C.; Hossann, C.; Bréchet, C.; Robin, C. Carbon Transfer from the Host to Tuber melanosporum
Mycorrhizas and Ascocarps Followed Using a 13C Pulse-Labeling Technique. PLoS ONE 2013, 8, e64626. [CrossRef] [PubMed]

5. Splivallo, R.; Ottonello, S.; Mello, A.; Karlovsky, P. Truffle volatiles: From chemical ecology to aroma biosynthesis. New Phytol.
2011, 189, 688–699. [CrossRef] [PubMed]

6. Parguey-Leduc, A.; Montant, C.; Kulifaj, M. Structure et évolution de l’ascocarpe du Tuber melanosporum Vitt. (Truffe noire du
Périgord). C. R. Acad. Sci. III 1984, 299, 315–320.

https://www.mdpi.com/2309-608X/7/2/102/s1
https://www.mdpi.com/2309-608X/7/2/102/s1
http://doi.org/10.1007/s00572-014-0561-z
http://doi.org/10.1111/mec.13864
http://doi.org/10.1038/nature08867
http://www.ncbi.nlm.nih.gov/pubmed/20348908
http://doi.org/10.1371/journal.pone.0064626
http://www.ncbi.nlm.nih.gov/pubmed/23741356
http://doi.org/10.1111/j.1469-8137.2010.03523.x
http://www.ncbi.nlm.nih.gov/pubmed/21287717


J. Fungi 2021, 7, 102 15 of 16

7. Zarivi, O.; Cesare, P.; Ragnelli, A.M.; Aimola, P.; Leonardi, M.; Bonfigli, A.; Colafarina, S.; Poma, A.M.; Miranda, M.; Pacioni, G.
Validation of reference genes for quantitative real-time PCR in Périgord black truffle (Tuber melanosporum) developmental stages.
Phytochemistry 2015, 116, 78–86. [CrossRef]

8. Montant, C.; Kulifaj, M.; Gleize, R. Note sur la recolte de jeunes ascocarpes du Tuber melanosporum Vitt. (Truffe noire de perigord)
et leur evolution. C. R. Acad. Sci. III 1983, 296, 463–468.

9. Montant, C.; Kulifaj, M. L’ascocarpe du Tuber melanosporum Vitt. Contrôle des facteurs externes agissant sur sa formation, sa
croissance et sa maturation. C. R. Acad. Sci. III 1990, 311, 123–126.

10. Zarivi, O.; Bonfigli, A.; Colafarina, S.; Aimola, P.; Ragnelli, A.M.; Pacioni, G.; Miranda, M. Tyrosinase expression during black
truffle development: From free living mycelium to ripe fruit body. Phytochemistry 2011, 72, 2317–2324. [CrossRef]

11. Rubini, A.; Belfiori, B.; Riccioni, C.; Arcioni, S.; Martin, F.; Paolocci, F. Tuber melanosporum: Mating type distribution in a natural
plantation and dynamics of strains of different mating types on the roots of nursery-inoculated host plants. New Phytol. 2011, 189,
723–735. [CrossRef] [PubMed]

12. Miranda, M.; Zarivi, O.; Bonfigli, A.; Amicarelli, F.; Aimola, P.; Ragnelli, A.M.; Pacioni, G. Melanogenesis, Tyrosinase Ex-
pression, and Reproductive Differentiation in Black and White Truffles (Ascomycotina). Pigment Cell Res. 1997, 10, 46–53.
[CrossRef] [PubMed]

13. Caboni, P.; Scano, P.; Sanchez, S.; Garcia-Barreda, S.; Corrias, F.; Marco, P. Multi-platform metabolomic approach to discriminate
ripening markers of black truffles (Tuber melanosporum). Food Chem. 2020, 319, 126573. [CrossRef] [PubMed]

14. Smith, J.E.; Molina, R.; Huso, M.M.; Luoma, D.L.; McKay, D.; Castellano, M.A.; Lebel, T.; Valachovic, Y. Species richness, abundance,
and composition of hypogeous and epigeous ectomycorrhizal fungal sporocarps in young, rotation-age, and old-growth stands of
Douglas-fir (Pseudotsuga menziesii) in the Cascade Range of Oregon, USA. Can. J. Bot. 2002, 80, 186–204. [CrossRef]

15. Murat, C.; Bonneau, L.; De La Varga, H.; Olivier, J.-M.; Fizzala, S.; Le Tacon, F. Le Trapping truffle production in holes: A
promising technique for improving production and unravelling truffle life cycle. Ital. J. Mycol. 2016, 45, 47–53.

16. Zarivi, O.; Bonfigli, A.; Cesare, P.; Amicarelli, F.; Pacioni, G.; Miranda, M. Truffle thio-flavours reversibly inhibit truffle tyrosinase.
FEMS Microbiol. Lett. 2003, 220, 81–88. [CrossRef]

17. UNECE. UNECE Standard FFV-53 Concerning the Marketing and Commercial Quality Control of Truffles: 2017 Edition; UNECE:
New York, NY, USA, 2017.

18. Pregitzer, K.S.; King, J.S.; Burton, A.J.; Brown, S.E. Responses of tree fine roots to temperature. New Phytol. 2000, 147, 105–115. [CrossRef]
19. Tromp-van Meerveld, H.J.; McDonnell, J.J. On the interrelations between topography, soil depth, soil moisture, transpiration rates

and species distribution at the hillslope scale. Adv. Water Resour. 2006, 29, 293–310. [CrossRef]
20. Moore, D.; Gange, A.C.; Gange, E.G. Fruit bodies: Their production and development in relation to environment. In Ecology

of Saprotrophic Basidiomycetes; Boddy, L., Frankland, J.C., van West, P., Eds.; Academic Press: London, UK, 2008; pp. 79–103.
ISBN 9780123741851.

21. Garcia-Barreda, S.; Marco, P.; Martín-Santafé, M.; Tejedor-Calvo, E.; Sánchez, S. Edaphic and temporal patterns of Tuber
melanosporum fruitbody traits and effect of localised peat-based amendment. Sci. Rep. 2020, 10, 4422. [CrossRef]

22. Garcia-Barreda, S.; Sánchez, S.; Marco, P.; Serrano-Notivoli, R. Agro-climatic zoning of Spanish forests naturally producing black
truffle. Agric. For. Meteorol. 2019, 269–270, 231–238. [CrossRef]

23. Jaillard, B.; Barry-Etienne, D.; Colinas, C.; De Miguel, A.M.; Genola, L.; Libre, A.; Neveu, P.; Oliach, D.; Saenz, W.; Saez, M.; et al.
Alkalinity and structure of soils determine the truffle production in the Pyrenean Regions. For. Syst. 2014, 23, 364–377. [CrossRef]

24. Zeppa, S.; Guidi, C.; Zambonelli, A.; Potenza, L.; Vallorani, L.; Pierleoni, R.; Sacconi, C.; Stocchi, V. Identification of putative
genes involved in the development of Tuber borchii fruit body by mRNA differential display in agarose gel. Curr. Genet. 2002, 42,
161–168. [CrossRef] [PubMed]

25. Shipley, B. Cause and Correlation in Biology: A User’s Guide to Path Analysis, Structural Equations and Causal Inference with R, 2nd ed.;
Cambridge University Press: Cambridge, UK, 2016; ISBN 0511017723.

26. Marchetti, G.M.; Drton, M.; Sadeghi, K. ggm: Functions for Graphical Markov Models (version 2.5). 2015. Available online:
https://CRAN.R-project.org/package=ggm (accessed on 31 January 2021).
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