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Abstract
The use of mycorrhized seedlings has been critical in the success of modern tru�e cultivation, which
nowadays supplies most black tru�es to markets. Ascospore inoculation has been traditionally used to
produce these seedlings, but little scienti�c information is publicly available on the inoculation methods
applied or on the possibility of combining them. We evaluated the potential of sequential inoculation for
the controlled colonization of holm oak �ne roots with black tru�e, with two nursery assays and a full
factorial design. Three inoculation methods were sequentially applied: radicle inoculation, inoculation of
the substrate in seedling trays and inoculation of the substrate in the �nal pot. The sequential application
appeared as an effective and realistic alternative for commercial inoculation of holm oak seedlings with
black tru�e. The increase in the amount of inoculum applied with each inoculation method improved the
mycorrhizal colonization of seedlings, although separately none of the inoculation methods appeared
clearly superior to the other ones. The depth distribution of mycorrhizae levels pointed to the inoculation
in the �nal pot substrate as being more effective than other methods in lower parts of the root system,
whereas the early inoculation appeared more effective to reduce the occurrence of the opportunist
ectomycorrhizal fungus Sphaerosporella brunnea. However, the difference of results between both assays
suggests that cultivation conditions and/or the timing of the nursery operations may in�uence the
relative effectiveness of these inoculation methods.

1. Introduction
Tuber melanosporum Vittad. wild production is declining in recent decades, due to overexploitation and
canopy density increasing, among other causes (Garcia-Barreda et al. 2018; Baragatti et al. 2019). When
researchers in the 1970s developed the controlled production of mycorrhizal seedlings, black tru�e
cultivation had a major boost and nowadays, it has become an important economic alternative for rural
areas (Olivier et al. 1996; Chevalier 2001). More than 40,000 hectares of seedlings inoculated with T.
melanosporum have been planted in southern Europe, with plantations playing a largely dominant role in
the global tru�e production and with Quercus ilex L. being the main host tree in Spain and widely used in
France and Italy (Bencivenga 2001; Chevalier 2001; Reyna and Garcia-Barreda 2014; Garcia-Barreda et al.
2020).

Modern tru�e cultivation is based on planting mycorrhizal seedlings on lands with low ectomycorrhizal
inoculum potential and appropriate edaphoclimatic conditions for the fungus to complete its life cycle
(Sourzat 2008). The choice of a good quality mycorrhizal seedling is critical for the success of a tru�e
plantation, since (i) the abundance of tru�e mycorrhizae in the early years after plantation is related to
infestation levels in the nursery, and (ii) mycorrhizae act as maternal material for sexual reproduction and
fruitbody production in productive tru�ères (Bourrières et al. 2005; Rubini et al. 2011; Garcia-Barreda and
Reyna 2013; De la Varga et al. 2017). Most mycorrhizal seedlings for tru�e plantations are produced in
commercial nurseries, which use ascospores as the inoculum source, either incorporating them into the
potting substrate or concentrating them onto �ne roots (Chevalier and Grente 1978; Palazón and Barriuso
2007; Iotti et al. 2012). The high price of tru�e fruitbodies has led nurserymen to develop different
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inoculation methods and to �ne-tune the amount of inoculum applied per seedling, especially in nurseries
where thousands of seedlings are produced (Averseng and Rouch 2001; Palazón et al. 2007; Iotti et al.
2012). However, for Tuber species, little scienti�c information is publicly available on the e�ciency of
inoculation methods or on the possibility of combining these methods, often because of patents and
con�dentiality agreements (Pruett et al. 2008; Pereira et al. 2013; Garcia-Barreda et al. 2017).

The quality of mycorrhizal seedlings is assessed with the level of colonization of the �ne roots by the
target tru�e species, with most evaluation methods using percent root colonization as the measurement
variable (Andres-Alpuente et al. 2014; Donnini et al. 2014; Murat 2015). However, these seedlings
frequently present mycorrhizae from other non-desired species, the so-called “contaminants”, which
sometimes are accidentally introduced within the inoculum and sometimes come with the potting
substrate (Iotti et al. 2012; De Miguel et al. 2014; Murat 2015). Among the latter the facultatively
mycorrhizal Sphaerosporella brunnea (Alb. & Schwein.) Svrček & Kubička, a pioneer and opportunist
species, is the most common fungal competitor in nurseries producing seedlings mycorrhized with Tuber
species (Bencivenga et al. 1995; De Miguel et al. 2014; Sánchez et al. 2014). This species is frequently
present in marketed Sphagnum peat (Danielson 1984; Ángeles-Argáiz et al. 2016) and generally spreads
in tru�e nurseries during late autumn and winter, under conditions of high substrate moisture and
reduced ventilation of greenhouses (Palazón et al. 2005; Garcia-Montero et al. 2008; Sánchez et al. 2014).
Inoculation methods that boost early formation of tru�e mycorrhizae could reduce the level of
infestation by undesired ectomycorrhizal fungi and thus improve the quality of mycorrhizal seedlings.
Seedlings are usually inoculated 2–3 months after the acorn germinates, when they begin to form lateral
�ne roots (Granetti 2005; Garcia-Barreda et al. 2017), but there is no publicly available information on
whether earlier inoculation could accelerate and improve the process of mycorrhizal formation.

In this study, we aim to evaluate the potential of a sequential inoculation method for the controlled
colonization of Q. ilex �ne roots by T. melanosporum, as well as the relative effectiveness of each
inoculation. Thus, we combined a radicle inoculation method, an inoculation of the substrate in seedling
trays (both of them performed before the seedling produces lateral �ne roots) and an inoculation of the
substrate in the �nal pots (performed when the seedling has already produced �ne roots). To obtain a
more detailed picture, we evaluated not only the occurrence of T. melanosporum mycorrhizae, but also
their distribution along the depth of the root system, as well as the occurrence of contaminant
ectomycorrhizal fungi. We hypothesized that the cumulative application of different inoculations
(increasing the total quantity of inoculum applied) would improve the levels of root infection by T.
melanosporum, despite the fact that previous studies did not �nd a positive correlation between inoculum
quantity and tru�e mycorrhizal rates within the inoculum quantity range commonly used in commercial
nurseries (Palazón et al. 2007; Pruett et al. 2008). We also hypothesized that the cumulative application
of inoculations would decrease the levels of contaminant ectomycorrhizal fungi, with early inoculation
methods being more effective. Finally, we hypothesized that early inoculation methods, in which
inoculum is applied to a smaller root system, would result in mycorrhizal levels being more irregular along
the depth of the �nal seedling.
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2. Materials And Methods

2.1. Experimental design
A full factorial design was used to evaluate the effect of three different nursery inoculation methods on
the root colonization levels by T. melanosporum, as well as the possible interactions among these
inoculations. The three inoculation methods used ascospores as inoculum: an inoculation of the seedling
radicle (I1), an inoculation of the potting substrate in seedling trays (I2) and an inoculation of the potting
substrate in the �nal pots (I3). Non inoculated controls were included for each method. The experiment
was carried out in 2015 and then repeated in 2018 to con�rm the results. A total of 72 seedlings (9
replicates per treatment) were produced in each experiment.

The T. melanosporum fruitbodies used as inoculum for each experiment (2 kg, more than 60 sporocarps
in each case) were harvested fresh and mature from different orchards in Huesca province (northeastern
Spain) during the fruiting season immediately before setting up each experiment. They were surface
cleaned with a brush under cool water, surface sterilized by immersion in ethanol (70%) and �amed,
taxonomically identi�ed by morphological features (Riousset et al. 2001) sliced thin, air dried under room
conditions and homogenized with a coffee grinder.

Quercus ilex was selected as the host plant for the study because it is the most widely used species in
Spanish tru�e plantations (Reyna and Garcia-Barreda 2014). For each experiment, we acquired selected
Q. ilex acorns (Spanish provenance region Sistema Ibérico) from the Centro Nacional de Recursos
Genéticos Forestales, surface sterilized them with a 5% sodium hypochlorite solution for 60 minutes and
germinated them during winter. The acorns were placed between two layers of wet absorbent paper in
laboratory trays covered with autoclavable plastic to maintain moisture, until the pre-germinated acorns
were obtained after seven days at an average temperature of 22 ºC. When the acorns had developed a 1–
3 cm long radicle (Table 1), they were removed from the tray and transplanted to the cells of plastic
seedling trays (250 ml, 11.5 cm deep). Only healthy radicles without malformations were included. About
two months later, when seedlings in the seedling trays had 6–8 leaves and had formed lateral �ne roots
(Table 1), they were carefully removed from the cells without disturbing the root ball (i. e. retaining the
integrity of the potting substrate) and transplanted to Full-pot® pots (450 ml, 18.5 cm deep). The
seedlings were cultivated in the CIET greenhouse in Graus (Huesca province) without arti�cial heating or
ventilation, under natural light conditions and manual sprinkle irrigation to saturation 2–3 times a week
during summer and once each 7–14 days during winter.
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Table 1
Dates of inoculations, inoculum rates applied (g fresh tru�e per seedling) and potting substrate used in

the experiments.

  2015 experiment 2018 experiment

Radicle
inoculation

   

Date December 2014 March 2018

Inoculum rate 0.26 0.10

Inoculation in
seedling tray

   

Date December 2014 March 2018

Inoculum rate 0.80 0.80

Inoculation in
pot

   

Date April 2015 June 2018

Inoculum rate 0.80 0.80

Potting
substrate

Calcareous loam soil, Prohumin® substrate 1,
limestone coarse sand, perlite, 4:4:2.5:1 (v/v)

Gramo�or ® substrate
2, perlite, 9:1 (v/v)

1 Composed of Sphagnum white peat and Sphagnum black peat 1:1 (v/v).

2 Composed of Sphagnum White peat and Sphagnum black peat 3:2(v/v).

The radicle inoculation and the inoculation in the seedling tray were performed during the transplant to
the seedling tray, whereas the inoculation in the pot was performed during the transplant to the pot. For
the radicle inoculation, the radicle of each pre-germinated acorn was uniformly impregnated directly onto
the inoculum, whereas for the other two inoculation methods the inoculum was thoroughly mixed with
the potting substrate until a homogeneous mixture was obtained. In the radicle inoculation, the rate of
inoculum quantity per seedling was inevitably limited by the radicle size, and thus the applied rates were
lower than for the substrate inoculations (Table 1). Besides, the control of the inoculum rate was more
di�cult in the radicle inoculation, due to the different size of each radicle, thus causing different rates
between the 2015 and the 2018 experiment (Tables 1, 2). Both experiments also presented some
differences in the timing of the inoculations and the potting substrate (Table 1).



Page 6/19

Table 2
Total inoculum rate (g fresh tru�e) received per seedling

according to the inoculation treatments applied (n = 9
for each combination of inoculation treatments). I1:

radicle inoculation. I2: inoculation of the seedling tray
substrate. I3: inoculation of the pot substrate.

Inoculation Total inoculum rate per seedling

I1 I2 I3 2015 experiment 2018 experiment

0 0 0 0 0

0 0 1 0.80 0.80

0 1 0 0.80 0.80

0 1 1 1.60 1.60

1 0 0 0.26 0.10

1 0 1 1.06 0.90

1 1 0 1.06 0.90

1 1 1 1.86 1.70

2.2. Data collection and analysis
The seedlings of the 2015 experiment were analyzed in March 2016, whereas those of the 2018
experiment were analyzed in May 2019. The mycorrhizal status was assessed through the INIA-Aragón
method, which allows to assess the variability along the depth pro�le (Andres-Alpuente et al. 2014). The
root system of each seedling was cut into three fragments of roughly the same length (corresponding to
0–6, 6–12 and 12-18.5 cm depth) and root fragments were collected randomly from each sector. For
each sector, at least 100 root tips were counted and sorted into non-mycorrhizal or mycorrhizal, and the
latter were classi�ed as T. melanosporum or contaminant morphotypes (Rauscher et al. 1995; Agerer
2002). A sample of each contaminant morphotype was identi�ed by ITS sequencing, using the
methodology described in Gómez-Molina et al. (2020). The quality of the obtained sequences was
assessed, and low-quality edges were removed with 4Peaks v1.7.2 (2019,
https://nucleobytes.com/4peaks). The sequences were registered in the NCBI GenBankR database
(https://www.ncbi.nlm.nih.gov/nucleotide) (Benson et al. 2005). Fungal identi�cation was carried out by
searching highly similar sequences in the GenBank and UNITE (https://unite.ut.ee) databases using the
megablast procedure and default settings (Kõljalg et al. 2013).

The effect of the three inoculation methods and their interactions on the percent root colonization by T.
melanosporum at the seedling level was analyzed with general linear models, whereas the frequency of
appearance of the contaminants (proportion of seedlings in which they are present) was analyzed with
generalized (binomial) linear models. Signi�cant differences among treatments were identi�ed with a
least squares means test, using a P = 0.05 threshold for statistical signi�cance. When the model
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assumptions were not met, the response variable was transformed. The distribution of T. melanosporum
colonization levels along the depth pro�le was analyzed with linear mixed models, considering each
depth sector as a different sample and treating depth as a repeated measures variable. All analyses were
conducted with R and the emmeans and nlme packages (Makowski et al. 2020; Pinheiro et al. 2022; R
Core Team 2022).

3. Results

3.1. Experiment 2015
Seventy-two seedlings were analyzed. All the inoculated seedlings (64) showed T. melanosporum
mycorrhizae in their roots, whereas none of the non-inoculated seedlings (8) did (Table S1). A 12% of the
seedlings presented mycorrhizae of S. brunnea (Genbank accession number OP847397), colonizing a
0.9% of the root tips (standard deviation, SD: 2.4). A 5% of the seedlings presented mycorrhizae of
Pulvinula constellatio (Berk. & Broome) Boud. (Genbank accession number OP847398), colonizing a 0.2%
of the root tips (SD: 0.9). The percent root colonization by the inoculated T. melanosporum was
signi�cantly affected by the interaction between I1, I2 and I3 (t-value = -0.86, P < 0.001, Table S2).
Seedlings receiving three inoculations and some treatments receiving two inoculations (I1 + I2, I1 + I3)
showed signi�cantly higher T. melanosporum levels than seedlings receiving only the radicle inoculation,
with the remaining treatments being in an intermediate situation (Fig. 1).

The frequency of occurrence of S. brunnea was signi�cantly affected by I1 (z = -2.1, P-value = 0.033), I2 (z
= -2.6, P-value = 0.010) and I3 (z = -2.1, P-value = 0.033, Table S3). In all cases, the frequency of
occurrence was higher in seedlings that had not received the inoculation that in those that had received it
(Table 3). No signi�cant effect of I1, I2 or I3 on the frequency of occurrence of P. constellatio was found
(Table S4).

Table 3
Frequency of occurrence of S. brunnea in the seedlings of the 2015 experiment (mean predicted
values and standard error, n = 72) according to the binomial model. In each row, different letters

indicate signi�cant differences according to the model (α = 0.05).

  Not receiving the inoculation Receiving the inoculation

Radicle inoculation (I1) 0.251 (0.083) a 0.067 (0.041) b

Inoculation in seedling tray (I2) 0.295 (0.085) a 0.055 (0.036) b

Inoculation in pot (I3) 0.251 (0.083) a 0.067 (0.041) b

When the distribution of T. melanosporum colonization levels along the depth pro�le was taken into
account, the interaction between I3 and depth signi�cantly affected percent root colonization by T.
melanosporum (F = 3.8, P = 0.026, Table S5, Fig. S1). The seedlings that received I3 showed signi�cantly
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higher T. melanosporum levels in the upper and the lower part of the root system, whereas no signi�cant
differences were found in the central part (Fig. 2).

3.2. Experiment 2018
Seventy-two seedlings were analyzed. All but one of the inoculated seedlings showed T. melanosporum
mycorrhizae in their roots (63 out of 64), whereas none of the non-inoculated seedlings (8) did (Table S6).
A 17% of the seedlings presented mycorrhizae of S. brunnea, colonizing a 1.2% of the root tips (SD: 4.2).
The percent root colonization by the inoculated T. melanosporum was signi�cantly affected by the three-
way interaction between I1, I2 and I3 (F = 4.0, P = 0.049, Table S7, Fig. S2). The seedlings that received the
three inoculations showed signi�cantly higher T. melanosporum levels than those receiving only one
inoculation, with seedlings receiving two inoculations being in an intermediate situation (Fig. 3). The
frequency of occurrence of S. brunnea was signi�cantly affected by I2 (z = -2.3, P-value = 0.021, Table
S8), with the frequency of occurrence being higher in seedlings that had not received I2 (Table 4).

When the distribution of T. melanosporum colonization levels along the depth pro�le was taken into
account, percent root colonization by T. melanosporum was signi�cantly affected by the interaction
between I1, I2 and depth (F = 8.8, P < 0.001, Table S9, Fig. S3). The seedlings that received I2 showed
signi�cantly higher T. melanosporum levels in the upper and central part of the root system than the
corresponding treatments without I2 (i.e. wo I1-wo I2 < wo I1-w I2, and w I1-wo I2 < w I1-w I2; Fig. 3a). For
the lower part of the root system, only the seedlings receiving both I1 and I2 showed signi�cantly higher
T. melanosporum levels (Fig. 3a). Percent root colonization by T. melanosporum was also signi�cantly
affected by the interaction between I3 and depth (F = 4.2, P = 0.018, Table S9), with I3 increasing percent
root colonization throughout all the depth pro�le, but more markedly in the lower part of the root system
(Fig. 3b).

Table 4
Frequency of occurrence of S. brunnea in the seedlings of the 2018 experiment (mean predicted
values and standard error, n = 72) according to the binomial model. In each row, different letters

indicate signi�cant differences according to the model (α = 0.05).

  Not receiving the inoculation Receiving the inoculation

Radicle inoculation (I1) 0.106 (0.053) 0.156 (0.066)

Inoculation in seedling tray (I2) 0.276 (0.075) a 0.054 (0.038) b

Inoculation in pot (I3) 0.129 (0.060) 0.129 (0.060)

4. Discussion
Our results show that an increase in the inoculum quantity applied can improve the level of T.
melanosporum colonization. For the 2018 experiment, this increase happened even in the range 0.8 (with
I2 alone or with I3 alone) to 1.70 g fresh tru�e per seedling (I1 + I2 + I3), which is commonly used in
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commercial seedling production (Granetti 2005; Hall et al. 2007; Palazón and Barriuso 2007). However,
this increase was barely apparent in the 2015 experiment, agreeing with Palazón et al. (2007) who did not
�nd increases in colonization levels between 1–5 g fresh tru�e per seedling with an inoculation method
based on a single moment of application, and with Pruett et al. (2008) who could not increase
mycorrhizal levels when they applied supplemental inoculation. The fact that different inoculum delivery
systems and application moments were combined may be playing a role in increasing mycorrhizal rates.
However, as clearly shown in both experiments, the combination of several inoculation methods and the
resulting increase of the amount of inoculum applied did not have an additive effect on mycorrhizal
colonization.

On the other hand, none of the three inoculation methods applied separately appeared clearly superior to
the other. This is particularly meaningful in the case of the radicle inoculation, which spent three to seven
times less inoculum. However, the relative effectiveness of these methods may depend on the cultivation
conditions of the seedlings and/or the timing of the nursery operations, as suggested by the differences
between the 2015 and the 2018 experiments. Interestingly, the inoculation rates obtained with early
inoculation methods (I1, I2, I1 + I2) were similar in both experiments, whereas this did not happen in
treatments including an inoculation in the pot (Figs. 1, 3; Tables S1, S6). Among the latter, treatments with
lower inoculum quantity (I3, I1 + I3) seemed to perform better in the 2015 experiment, whereas those with
higher inoculum quantity (I2 + I3, I1 + I2 + I3) seemed to perform better in the 2018 experiment. These
could be related to the experiment timing, as the 2018 seedlings had the spring of their second year to
develop new �ne roots. The stronger effect of I3 along the depth pro�le of 2018 seedlings seems to
support this hypothesis. Percent root colonization is the variable generally used to evaluate tru�e-
inoculated seedlings, but its dynamics relies on the relative rhythm and timing of �ne root formation and
�ne root colonization by tru�e (Andres-Alpuente et al. 2014).

Regarding the different mycorrhization percentages along the root ball, the depth distribution of
mycorrhizal levels provided insight into the patterns governing T. melanosporum colonization, with each
inoculation method affecting depth distribution differently. In almost all cases the percent root
colonization decreased with substrate depth, with the only exception of samples in which there was no I1
or I2 (i.e. treatment wo I1-wo I2 in 2018; Fig. 4a). The I3 inoculation was the only one that showed a
signi�cant effect on depth distribution in both experiments. Interestingly, this method not only increased
mycorrhizal levels in the lower part of the root system, where the other methods did not act, but also in
the middle part (2015) or in all depth (2018), despite the fact that in I3 most inoculated substrate was
added in the lower depth.

The other inoculation methods showed less consistent results: the I1 inoculation did not affect the depth
distribution in 2015, but showed a positive effect on the upper part of the pot in 2018 (w I1-wo I2 vs. wo
I1-wo I2; Fig. 4a); whereas the I2 inoculation did not affect the depth distribution in 2015, but showed a
positive effect on the upper and middle parts of the pot in 2018 (wo I1-w I2 vs. wo I1-wo I2; Fig. 4a),
coinciding with the depth of the seedling trays. This differs from the �ndings of Garcia-Barreda et al.
(2017), where no signi�cant depth patterns in T. melanosporum colonization were found with the two
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inoculation method used, both of them applied in the �nal pot. All this indicates that, separately, I1 and I2
are not effective in achieving high levels of inoculation in the lower part of the root system, which could
lead to mycorrhizal levels being more irregular along the depth of the �nal seedling, at least during the
�rst year in the nursery.

The tested inoculation methods not only improved T. melanosporum colonization levels but also
decreased S. brunnea spread on the seedling roots, suggesting that S. brunnea colonization was related
to low inoculation levels by the target fungus. This agrees with the pioneer behavior of this fungus, which
usually colonizes the roots during late autumn or winter, thus reducing the availability of root tips for the
target fungus during the second year in the nursery (Sánchez et al. 2014; Garcia-Barreda et al. 2017).
Besides, S. brunnea is able of rapidly fruiting as soon as it establishes its �rst mycorrhizae, which
promotes the rapid spread of the fungus in greenhouses in with batches of different ages are kept
together (Meotto and Carraturo 1988; Garcia-Montero et al. 2008). In 2015, the three inoculation methods
reduced the occurrence of S. brunnea, whereas in 2018 only I2 did. The results in the 2018 experiment
suggest that an early inoculation of the substrate was more effective in controlling the non-desired
infection by S. brunnea, although in 2015, with the inoculation treatments applied 2–3 months earlier
than in 2018, the three inoculation treatments were effective. The effectiveness of early substrate
inoculation could be related to T. melanosporum mycorrhization being spread throughout the roots before
the autumn temperature drop and the ensuing period of high and continued moisture.

Regarding to the other contaminating fungus found in the 2015 experiment, our study is the second
report of P. constellatio in Spanish nurseries (Sánchez et al. 2020). This fungus is relatively frequent in
Italy (Marozzi et al. 2018). However, in Spain we have only found it in two cases, both of them using the
same commercial substrate (which is no longer marketed in Spain).

In the context of commercial production of tru�e-inoculated seedlings, the sequential application of three
inoculations appears as an effective and realistic alternative for the inoculation of Q. ilex seedlings with
T. melanosporum (Palazón and Barriuso 2007; Donnini et al. 2014; Murat 2015). This method is based on
(i) putting ascospores in contact with roots before the formation of �ne roots (Chevalier 2001; Granetti
2005; Palazón and Barriuso 2007; Garcia-Barreda et al. 2017), and (ii) reducing the de�ciencies of single
methods and the impact of contingencies in the nursery management by distributing the risk among
three inoculations. The early inoculations (I1 and I2) showed positive implications in the management of
the opportunist S. brunnea, which frequently appears as a serious problem in some nurseries (Sánchez et
al. 2014). The third inoculation (I3) showed positive implications in the mycorrhization of roots in the
lower depth, which in our experience is frequently the cause of depth irregularity in the mycorrhizal levels
of inoculated seedlings, especially during its �rst year in the nursery. Finally, the transplant of the root ball
to the �nal pot (step from I2 to I3) could also play a role on reducing seedling mortality, which uses to
reach 2–10% when nude root transplanting is performed (Palazón and Barriuso 2007).

However, it would be interesting to test whether the mycorrhizal levels of these seedlings are equivalent to
those of Q. ilex seedlings inoculated with a single method but the same total amount of inoculum, and
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whether the sequential inoculation affects the growth and morphology of the plant material. For that
matter, it should be considered that in Spain commercial seedlings can be marketed after their �rst year in
the nursery (from about seven months after inoculation) or during their second year (12–19 months after
inoculation). For seedlings in their �rst year, early inoculations could provide some competitive advantage
against contaminants colonization. It would also be interesting to investigate how tru�e inoculum
reaches the �ne roots in the radicle inoculation, in order to optimize this method that requires lower
amounts of inoculum. Finally, it would also be important to test whether the sequential inoculation could
have implications for the relationship between mating types in nursery seedlings. So far, this relationship
has only been studied with a single inoculation method applied in the �nal container, with a tendency for
one mating type to dominate over the other from the �rst to the second year in the nursery (Rubini et al.
2011; Gómez-Molina et al. 2023).

Declarations
Competing interests  

All authors certify that they have no a�liations with or involvement in any organization or entity with any
�nancial interest or non-�nancial interest in the subject matter or materials discussed in this manuscript. 

Authors' contributions  

E.G.-M., S.S., and S.G.-B. conceived and designed the study. Funding was secured by E.G.-M., and S.S.
Laboratory protocols were conducted by E.G.-M., M.P.-P., and S.S. The data were analyzed by S.G.-B. The
manuscript was initially written by E.G.-M., along with signi�cant contributions from S.S. and S.G.-B.

 Funding 

This work was supported by the collaboration agreement for the operation of CIET (funded by Diputación
Provincial de Huesca, with the participation of CITA, Comarca de la Ribagorza and Ayuntamiento
 de Graus). 

 Availability of data and materials 

The datasets used and/or analysed during the current study are available from the corresponding author
on reasonable request

References
1. Agerer R (2002) Colour atlas of Ectomycorrhizae 1st-12th del. Eihorn-Verlag, Berlin

2. Andres-Alpuente A, Sanchez S, Martin M, et al (2014) Comparative analysis of different methods for
evaluating quality of Quercus ilex seedlings inoculated with Tuber melanosporum. Mycorrhiza
24:S29–S37. https://doi.org/10.1007/s00572-014-0563-x



Page 12/19

3. Ángeles-Argáiz RE, Flores-García A, Ulloa M, Garibay-Orijel R (2016) Commercial Sphagnum peat
moss is a vector for exotic ectomycorrhizal mushrooms. Biol Invasions 18:89–101.
https://doi.org/10.1007/s10530-015-0992-2

4. Averseng P, Rouch P (2001) Quatre étapes de l’amélioration d’un produit au travers d’un quart de
siècle de coopération entre l’I.N.R.A. et Agri-Truffe. In: Actes du Vè Congrès International Science et
Culture de la Truffe. Fédération Française des Tru�culteurs, Aix-en-Provence (France), 4-6 March
1999, pp 293–295

5. Baragatti M, Grollemund P-M, Montpied P, et al (2019) In�uence of annual climatic variations, climate
changes, and sociological factors on the production of the Périgord black tru�e (Tuber
melanosporum Vittad.) from 1903–1904 to 1988–1989 in the Vaucluse (France). Mycorrhiza
29:113–125. https://doi.org/10.1007/s00572-018-0877-1

�. Bencivenga M (2001) La tartu�coltura in Italia: problematiche e prospettive. In: Fédération Française
des Tru�culteurs (ed) Actes du Ve Congrès International Science et Culture de la Truffe. Aix-en-
Provence (France), 4-6 March 1999, pp 27–29

7. Bencivenga M, Di Massimo G, Donnini D, Tanfulli M (1995) Micorrize inquinanti frequenti nelle piante
tartu�gene. Nota 1-Inquinanti in vivaio. Micol Ital 2:167–178

�. Benson DA, Karsch-Mizrachi I, Lipman DJ, et al (2005) GenBank. Nucleic Acids Res 33:D34–D38.
https://doi.org/10.1093/nar/gki063

9. Bourrières D, Coves H, Tixier R, Ricard JM (2005) Effects of the initial level of mycorrhization of
young plants inoculated with Tuber melanosporum. In: IV International Workshop on Edible
Mycorrhizal Mushrooms - IWEMM4. Universidad de Murcia, Murcia (Spain), 28 November - 2
December 2005

10. Chevalier G (2001) Du congrès de Spoleto à celui d’Aix-en-Provence: les avances en matière de
recherches sur la truffe et la tru�culture en France. In: Sourzat P (ed) Actes du Ve Congrès
International Science et Culture de la Truffe. Fédération Française des Tru�culteurs, Aix-en-Provence
(France), 4-6 March 1999, pp 11–15

11. Chevalier G, Grente J (1978) Application pratique de la symbiose ectomycorhizienne: production a
grande echelle de plants mycorhizes par la truffe (Tuber melanosporum Vitt.). Mushroom Sci
10:483–505

12. Danielson RM (1984) Ectomycorrhiza formation by the operculate discomycete Sphaerosporella
brunnea (Pezizales). Mycologia 76:454–461. https://doi.org/10.1080/00275514.1984.12023866

13. De la Varga H, Le Tacon F, Lagoguet M, et al (2017) Five years investigation of female and male
genotypes in Périgord black tru�e (Tuber melanosporum Vittad.) revealed contrasted reproduction
strategies. Environ Microbiol 19:2604–2615. https://doi.org/10.1111/1462-2920.13735

14. De Miguel AM, Águeda B, Sánchez S, Parladé J (2014) Ectomycorrhizal fungus diversity and
community structure with natural and cultivated tru�e hosts: Applying lessons learned to future
tru�e culture. Mycorrhiza 24:5–18. https://doi.org/10.1007/s00572-013-0554-3



Page 13/19

15. Donnini D, Benucci GMN, Bencivenga M, Baciarelli-Falini L (2014) Quality assessment of tru�e-
inoculated seedlings in Italy: proposing revised parameters for certi�cation. For Syst 23:385–393.
https://doi.org/https://doi.org/10.5424/fs/2014232-05029

1�. Garcia-Barreda S, Camarero JJ, Vicente-Serrano SM, Serrano-Notivoli R (2020) Variability and trends
of black tru�e production in Spain (1970-2017): linkages to climate, host growth, and human
factors. Agric For Meteorol 287:107951. https://doi.org/10.1016/j.agrformet.2020.107951

17. Garcia-Barreda S, Forcadell R, Sánchez S, et al (2018) Black tru�e harvesting in Spanish forests:
Trends, current policies and practices, and implications on its sustainability. Environ Manage
61:535–544. https://doi.org/10.1007/s00267-017-0973-6

1�. Garcia-Barreda S, Molina-Grau S, Reyna S (2017) Fertilisation of Quercus seedlings inoculated with
Tuber melanosporum: effects on growth and mycorrhization of two host species and two inoculation
methods. IForest 10:267–272. https://doi.org/10.3832/ifor2096-009

19. Garcia-Barreda S, Reyna S (2013) Cultivation of Tuber melanosporum in �rebreaks: Short-term
persistence of the fungus and effect of seedling age and soil treatment. Fungal Biol 117:783–790.
https://doi.org/10.1016/j.funbio.2013.10.001

20. Garcia-Montero LG, Massimo G Di, Manjón JL, García-Cañete J (2008) Effect of Sphaerosporella
brunnea mycorrhizas on mycorrhization of Quercus ilex × Tuber melanosporum. New Zeal J Crop
Hortic Sci 36:153–158. https://doi.org/10.1080/01140670809510231

21. Gómez-Molina E, Sánchez S, Parladé J, et al (2020) Glyphosate treatments for weed control affect
early stages of root colonization by Tuber melanosporum but not secondary colonization.
Mycorrhiza 30:725–733. https://doi.org/10.1007/S00572-020-00990-8

22. Gómez-Molina E, Sánchez S, Puig-Pey M, García-Barreda S (2023) Intraspeci�c competition results in
reduced evenness of Tuber melanosporum mating-type abundance from the nursery stage. Microb
Ecol in press. https://doi.org/10.1007/S00248-022-02087-5/METRICS

23. Granetti B (2005) Tecniche di micorrizazione. In: Granetti B, De Angelis A, Materozzi G (eds) Umbria,
terra di tartu�. Regione Umbria - Gruppo Micologico Ternano, Terni (Italy), pp 95–105

24. Hall I, Brown GT, Zambonelli A (2007) Taming the tru�e. Timber Press, Portland, Oregon

25. Iotti M, Piattoni F, Zambonelli A (2012) Techniques for host plant inoculation with tru�es and other
edible ectomycorrhizal mushrooms. In: Zambonelli A, Bonito G (eds) Edible Ectomycorrhizal
Mushrooms. Springer, Berlin, Heidelberg, pp 145–161

2�. Kõljalg U, Nilsson RH, Abarenkov K, et al (2013) Towards a uni�ed paradigm for sequence-based
identi�cation of fungi. Mol Ecol 22:5271–5277. https://doi.org/https://doi.org/10.1111/mec.12481

27. Makowski D, Ben-Shachar MS, Patil I, Lüdecke D (2020) Methods and algorithms for correlation
analysis in R. J Open Source Softw 5:2306. https://doi.org/10.21105/JOSS.02306

2�. Marozzi G, Niccolò Benucci GM, Falini LB, et al (2018) Synthesis of Tuber mesentericum
ectomycorrhizae with Quercus pubescens: a morphological review and DNA characterization.
Sydowia 70:81–88. https://doi.org/10.12905/0380.sydowia70-2018-0081



Page 14/19

29. Meotto F, Carraturo T (1988) Ectomicorriza di Sphaerosporella brunnea (A. & S.) Svrcek & Kubicka in
piantine tartu�gene. Allionia 28:109–116

30. Murat C (2015) Forty years of inoculating seedlings with tru�e fungi: past and future perspectives.
Mycorrhiza 25:77–81. https://doi.org/10.1007/s00572-014-0593-4

31. Olivier J-M, Savignac J-C, Sourzat P (1996) Truffe et tru�culture. Ed. Fanlac, Périgueux (France)

32. Palazón C, Barriuso JJ (2007) Viveros y producción de planta micorrizada. In: Reyna S (ed)
Tru�cultura: Fundamentos y técnicas. Mundi-Prensa, pp 209–236

33. Palazón C, Barriuso JJ, Delgado I (2005) Lucha química contra el contaminante Sphaerosporella
brunnea (Alb. et Schwein.) Svrcek et Kubicka, responsable de la “micorriza marrón” de los
invernaderos de producción de planta micorrizada con trufa negra (Tuber melanosporum Vitt.). In:
Sociedad Española de Ciencias Forestales (ed) Actas del IV Congreso Forestal Español. Gobierno de
Aragón, Zaragoza (Spain), 26-30 september 2005

34. Palazón C, Barriuso JJ, Sánchez S, Asensio-López C (2007) In�uencia del contenedor y dosis de
inóculo en la micorrización de encina con Tuber melanosporum Vitt. In: Proceedings of the 1st World
Conference on Conservation and Sostenible Use of Wild Fungi. Junta de Andalucía, Córdoba (Spain),
10-16 December 2007, pp 221–223

35. Pereira G, Palfner G, Chávez D, et al (2013) Using common mycorrhizal networks for controlled
inoculation of Quercus spp. with Tuber melanosporum: The nurse plant method. Mycorrhiza 23:373–
380. https://doi.org/10.1007/s00572-013-0480-4

3�. Pinheiro J, Bates D, Team RC (2022) _nlme: Linear and nonlinear mixed effects models_. R package
version 3.1-157

37. Pruett GE, Bruhn JN, Mihail JD (2008) Colonization of Pedunculate oak by the Burgundy tru�e
fungus is greater with natural than with pelletized lime. Agrofor Syst 72:41–50.
https://doi.org/10.1007/s10457-007-9069-2

3�. R Core Team (2022) R: a language and environment for statistical computing

39. Rauscher T, Agerer R, Chevalier G (1995) Ektomykorrhizen von Tuber melanosporum, Tuber
mesentericum und Tuber rufum (Tuberales) an Corylus avellana. Nov Hedwigia 61:281–322

40. Reyna S, Garcia-Barreda S (2014) Black tru�e cultivation: a global reality. For Syst 23:317–328.
https://doi.org/10.5424/fs/2014232-04771

41. Riousset L, Riousset G, Chevalier G, Bardet MC (2001) Truffes d’Europe et de Chine. Institut National
de la Recherche Agronomique, Paris

42. Rubini A, Bel�ori B, Riccioni C, et al (2011) 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 189:723–735. https://doi.org/https://doi.org/10.1111/j.1469-8137.2010.03493.x

43. Sánchez S, Gómez E, Martín M, et al (2014) Experiments on the life cycle and factors affecting
reproduction of Sphaerosporella brunnea provide evidence for rapid asexual propagation by
conidiospores and for homothallism in an ectomycorrhizal competitor of cultivated tru�e species.
Fungal Ecol 8:59–65. https://doi.org/10.1016/j.funeco.2013.12.003



Page 15/19

44. Sánchez S, Martín-Santafé M, Barriuso J, et al (2020) First report of Pulvinula constellatio in Spanish
nurseries producing tru�e seedlings. J Plant Pathol 102:. https://doi.org/10.1007/s42161-019-
00475-4

45. Sourzat P (2008) Principe de précaution en tru�culture. Station d’Expérimentation sur la Truffe, Le
Montat, France

Figures

Figure 1

Effect of the sequential inoculation on the percent root colonization by T. melanosporumin the 2015
experiment (mean predicted values and 95% con�dence intervals, n = 72). Different letters indicate
signi�cant differences according to least square means tests (α = 0.05). I1: radicle inoculation, I2:
inoculation in seedling tray, I3: inoculation in pot.
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Figure 2

Effect of the interaction between soil depth and inoculation in the pot (I3) on the percent root colonization
by T. melanosporum in the 2015 experiment (mean predicted values and 95% con�dence intervals, n =
216). Overlapping of the con�dence intervals indicates lack of signi�cant differences according to the
least-squares means procedure (α = 0.05).



Page 17/19

Figure 3

Effect of the sequential inoculation on the percent root colonization by T. melanosporumin the 2018
experiment (mean predicted values and 95% con�dence intervals, n = 72). Different letters indicate
signi�cant differences according to least square means tests (α = 0.05). I1: radicle inoculation, I2:
inoculation in seedling tray, I3: inoculation in pot.
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Figure 4

Percent root colonization by T. melanosporum along the depth pro�le in the 2018 experiment (mean
predicted values and 95% con�dence intervals, n = 216). (a) Effect of the interaction between radicle
inoculation (I1), inoculation in the seedling tray (I2), and depth. (b) Effect of the interaction between
inoculation in the pot (I3) and depth. Different letters indicate signi�cant differences according to least
square means tests (α = 0.05).
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