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Abstract - Tuber magnatum, the Italian white truffle, is the world’s most valuable truffle. Despite
the economic importance, its biology and ecology are largely unexplored. This gap of knowledge
makes difficult to find reliable methods for its cultivation and to protect and increase the production
of the natural productive areas. In this study, the vertical distribution of Tuber magnatum mycelium
in productive soil patches was evaluated using a quantitative PCR (qPCR) approach. Data were then
used to develop for the first time a simulation model to predict the mycelial dynamics of T.
magnatum at varying soil temperature and moisture. T. magnatum mycelium was abundant up to 30
cm depth, while the model determined the optimal temperature (20 °C) and water potential (~0 kPa)
for growth of T. magnatum mycelium in soil. Such information could be useful to establish proper
irrigation scheduling and to enhance the management of T. magnatum sites, for increasing mycelial
growth and fruiting body production.

Keywords: extra-radical mycelium; quantitative PCR; mycelium dynamics; truffle; mathematical
modelling
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Introduction
True truffles (Tuber spp.) are hypogeous ascomycetes forming ectomycorrhizal (ECM) associations
with different forest trees and shrubs in temperate areas (Zambonelli et al. 2016). The genus Tuber
includes about 200 species worldwide distributed and only few species, mostly European, have a
considerable economic value due to the organoleptic proprieties of their ascomata. Among them,
Tuber magnatum Pico is the world’s most expensive truffle. At present it is only found in a few
countries including Italy, Croatia, Romania, Serbia, Hungary, France and Slovenia (Bratek et al.
2004; Ceruti et al. 2003; Glamočlija et al. 1997). Attempts to cultivate it are often failed because the
ecology and biology of this ECM ascomycete remain largely unexplored (Hall et al. 2003). This
knowledge gap depends on the difficulties to obtain adequate pure cultures of this fungus, to grow
their ECMs under controlled conditions or to detect it in the field (Bertini et al. 2006; Iotti et al.
2012b; Leonardi et al. 2013; Riccioni et al. 2016; Zambonelli et al. 2015). In natural forests, fruiting
body production is scattered and depends on poorly known climate dynamics. Moreover, truffle
hunters keep secret any information on the harvested truffles, making difficult to establish the exact
amounts, times and sites of fructification (Hall et al. 1998, 2007). Therefore, the extra-radical
mycelium is the most reliable target for studying T. magnatum in the field also because it can form
an extended mycelial network in the productive areas (Zampieri et al. 2010).
The detection of soil mycelium is needed to monitor the development of ECM fungi
(Landeweert et al. 2003; Wallander et al. 2013) and the real-time PCR assay can quantify the
distribution of extra-radical mycelial biomass in the space or through the soil profile (Uroz et al.
2011) and changes through the seasons (for references see Parlade et al. 2016) or to detect fungal
biomass. Quantitative PCR (qPCR) techniques can detect the most valuable Tuber species, such as
Tuber melanosporum Vittad. (the Perigord black truffle; Parladé et al. 2013), Tuber aestivum (the
burgundy truffle; Gryndler at al. 2013) and T. magnatum (Iotti et al. 2012a). Using this technique,
Iotti et al. (2012a, 2014) found a positive correlation between the abundance of T. magnatum
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mycelium in soil and the fruiting body production in four different natural truffle grounds. Salerni et
al. (2014) showed that soil tillage increased the mycelial biomass of T. magnatum. However, the
vertical distribution of the extra-radical mycelium of T. magnatum or other ECM fungi is not
known.
The influence of climate on truffle production and distribution under field conditions has only
been studied in T. melanosporum and Tuber borchii Vittad. (Büntgen et al. 2012; Le Tacon et al.
2014; Salerni et al. 2014b). In particular, it was showed that temperature and rainfall in the months
before the fruiting season are the most important factors affecting the annual fluctuations in truffle
productions. It has been hypothesized that the dry season be the most critical period for T.
magnatum production probably when primordia of the fruiting bodies begin to appear (Zambonelli,
personal communication). Only Marjanović et al. (2015) attempted to relate soil type and climate
trend to T. magnatum productivityThey found that the production might be favoured by
waterlogging while a low N availability enhance ECM establishment (during summer).
Several mathematical models can predict the effects of environmental factors on fungal growth
(Boswell et al. 2003), and generally they describe the mycelial growth pattern in heterogeneous
matrices such as soil (Boswell et al. 2007; Cazelles et al. 2013; Couteaudier and Steinberg 1990;
Hopkins and Boswell 2012) or the fungal growth in response to nutrient concentration (Lamour et
al. 2000; Paustian and Schnürer 1987). Modelling of fungal growth in response to temperature and
moisture has been proposed for simulating the dynamics of infection due to plant pathogens
(Lahouar et al. 2016; Manstretta and Rossi 2015; Palacios et al. 2014; Sharma and Pande 2013) the
behaviour of ECM fungi in vitro (Zhang et al. 2011).
The aim of this study was to evaluate the vertical distribution of T. magnatum extra-radical
mycelium in productive soil patches both before and after the dry season. We hypothesized that
temperature and moisture can affect the distribution of T. magnatum mycelium through the soil
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profile. Finally, we have developed a mathematical model simulating the effect of soil temperature
and moisture on the mycelial dynamics of T. magnatum mycelium.

Materials and Methods
Study site
The study site is located at Saiarino (Argenta municipality, Ferrara, Emilia-Romagna, Italy) (44°
37’ 10” N, 11° 48’ 55” E, 5 m asl) in the park of the local water reclamation area “Bonifica
Renana”. This site represents the productive T. magnatum areas in the Po Valley. The putative T.
magnatum host plants are poplar (Populus nigra L.) and linden (Tilia vulgaris Hayne). The park lies
along a canal built during 19th century, with banks reaching 10 m elevation from field level. The
banks were built from local loamy alluvisol (USDA-Aquic Ustochrept, coarse loamy, mixed,
thermic) with the following characteristics: bulk density 1.1 to 1.60 g/cm3, organic matter 2.4 to 8
%, CaCO3 15 to 20 %, active limestone 2.9 to 11.0 % and pH 8 to 8.3. The climate is Humid
Subtropical (Koppen-Cfa) with a mean annual air temperature of 14 °C and average annual rainfall
of 634 mm in the period 1991-2015. July-August and December-February are the hottest (mean
max temperature 23 °C) and coldest (mean min temperature 1 °C) months, respectively
(https://www.arpae.it/dettaglio_generale.asp?id=3811&idlivello=1591). The temperature and
precipitation monthly records taken from a nearby weather station (Saiarino) are displayed for the
experimental period are shown in Figure 1. Detailed descriptions of soil, vegetation and landscape
characteristics are given by Iotti et al. (2014).
Since 2008, truffle production has been assessed weekly from September to December by
using trained dogs and the spatial distribution of T. magnatum extra-radical mycelium has been
determined by a qPCR using different soil sampling strategies (Iotti et al. 2012a, 2014).
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Plot design and management
A randomized block design was used to evaluate the vertical distribution of T. magnatum mycelium.
Since the spatial distribution of T. magnatum extra-radical mycelium and ascoma production are
scattered within the natural truffle grounds, block position was assigned based on previous
investigations in the same study site (Iotti et al. 2012a, 2014). A total of four productive soil patches
(50 to 100 m2), corresponding to four independent blocks, were selected in different areas of the
truffle ground. Block 1 is within a woody area (park), block 2 at the boundary of the main bank,
block 3 on the sloped side and block 4 beside the canal. Tree canopy in blocks 1 and 2 is 80% and
20%, respectively, whereas blocks 3 and 4 are not covered by tree canopy (Fig. 2). The putative T.
magnatum host plants are linden (Tilia x vulgaris Hayne) in blocks 1-2-3, oak (Quercus robur L.) in
block 1, and poplar (Populus nigra L.) in blocks 3-4.
-Within each block, two 2 x 2 m permanent plots were established at a distance of 4-6 m from
each other. One plot per block was irrigated during summer (July and August) at intervals of 14
days in 2012 and 7 days in 2013 supplying 20 mm of water each time if no rainfall occurred in the
previous period.
Soil sampling
Soil was sampled in spring and late summer of two consecutive years, 20 April and 12 September
2012, 23 May and 17 September 2013, and at 3 different depths, 0-10-cm, 10-20-cm and 20-30-cm.
In this area the fruiting bodies of T. magnatum were only found within the first 30 cm of soil. Nine
independent soil cores for each depth along the diagonals of each plot were taken using 1.6-cm
diameter disposable polyvinyl chloride tubes. A border area of 30 cm on each side of the plot was
excluded from sampling to minimize the edge effects. Soil cores were stored at 4 °C and extracted
by breaking the tubes within 24 h since sampling. Soils from the same depth within a plot were
thoroughly mixed to obtain three samples per plot for each sampling date. Root fragments, stones or
organic debris were carefully removed from each sample. The soil was kept frozen at −80°C until
6

lyophilization (70 h in a Virtis Benchtop 2 K freeze dryer, SP Industries) and later ground and
stirred in a mortar, sieved (1 mm mesh) and then stored at −20°C until DNA extraction.
Soil DNA extraction and qPCR assay
DNA was isolated from 5 g soil aliquots using a CTAB-based buffer (2% CTAB, 2%
Polyvinylpyrrolidone, 2 M NaCl, 20 mM EDTA, 100 mM Tris–HCl, pH 8) and purified by the
Nucleospin Plant II kit (Macherey-Nagel), according to Iotti et al. (2012a). Three biological
replicates per soil samples were processed. The yield and quality of the DNA extracts were
determined using ad NanoDrop ND-1000 Spectrophotometer (Thermo Scientific). Extractions with
optical density ratios (260/280 nm and 260/ 230 nm) or DNA concentration lower than 1.4 and 25
ng ml-1, respectively, were repeated. DNA solutions were stored at -20°C until qPCR analysis.
Quantitative PCR was carried out using TaqMan probe and species-specific primers designed
by Iotti et al. (2012a) for T. magnatum. Each extraction was amplified in duplicate in 25 μL reaction
volume containing 1 X Maxima Probe qPCR Master mix (Fermentas), 30 nM ROX, 0.2 mM
TaqMan probe (5’-6-FAM reporter dye, 3’-TAMRA quencher dye) (MWG BIOTECH) and 0.5 mM
of each primer. Amplifications were performed in a Stratagene Mx3000P QPCR system
(Stratagene) with the following profile: 10’’ at 95°C followed by 40 cycles of 95°C for 15 s, 60°C
for 30 s and 72°C for 30 s.
Samples from plots of the same block collected in the same year were processed in the same
plate for a total of 72 reactions [3 sampling depths (0-10, 10-20 and 20-30 cm) x 2 plots (irrigated
and control) x 2 sampling dates x 3 biological replicates x 2 technical replicates].
A specific calibration curve was generated for each soil layer following the procedure
described by Iotti et al. (2014). T. magnatum mycelium-free soils from the same truffle ground were
used as negative controls and for preparing the calibration curve samples. A total of 5 ten-fold serial
dilutions of T. magnatum sterile tissue per g of soil (from 1 mg to 1*10-4 mg) were processed in
triplicate for each soil layer.
7

Statistical analyses
The values of T. magnatum mycelial abundance were analysed with a two-way ANOVA considering
sampling depth (0-10, 10-20 and 20-30 cm), sampling year (2012 and 2013), sampling season (May
and September) and treatment (watered and non-watered plots) as independent variables. Fisher’s
post-hoc test was used to separate means (p > 0.05). Data were log-transformed after Bartlett’s test
to meet the ANOVA requirements of homogeneity of variance. Statistical analyses were performed
using XLSTAT software version 7.5.2 (Addinsoft).
Soil observation and mycelium model
Soil water content (θ) and soil temperature (Ts) at 10, 20 and 30 cm of depth were measured using
six DM400 multi-sensor probes (DFM software, ZA). As only blocks 1 and 3 were split in watered
and non-watered plots (while 2 and 4 only have watered plots) 6 probes were used to monitor θ and
Ts. θ values were formerly used to obtain hydrological parametrisation of soils (Vitali et al. 2018)
and used to obtain the values of water potential (ψS , Fig. S5).
Water potential reflects the effort an organism has to do to extract water from soil matrix.
Therefore, a model aimed at simulating the response of extra-radical mycelial density (y) of T.
magnatum should account for ψS together with other variables as Ts. In particular, our model
describes mycelium growth y by a simple response to the above-mentioned variables. The model
also considers the possible bi-directional flux of nutrients between the mycelium networks in the
different soil layers. Because of a lack of information on surface water flows (water balance could
not be appreciated with sufficient detail at 0-cm depth), only the lower layers (10-20 and 20-30 cm)
have been investigated. The mycelium growth is described by the following equation:
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dyi / dt = g · w(Tsi, ψS i) · yi + i,,i+1 - i,i-1

(1)

where dy/dt is the mycelial growth rate in soil layers i, g is the maximum mycelial growth rate; w is
the local response function to ψS and Ts, and i,j is the exchange rate of nutrients between the layers
i and j. The response function is given by the product of two asymmetric Gaussian response
functions (R, see Figure S1 in the supplementary material), respectively focused on temperature To
and water potential ψo, corresponding to the optimal to mycelial growth
w = R(ψi; ψo, ψd) · R(Ts; To, Td)

i = 1,2

(2)

where and Td and ψd represent the spread and the sensitivity, respectively. The exchange rate is
given by the function:

i,j = b · sign(wi-wj) · min(yi, yj)

(3)

where b is maximum rate, sign(wi-wj) is the direction of nutrient flux, given by the differences of w
at the two depths; min(yi, yj) is the minimum value of mycelial density, when there is not a flow
with the biomass of donor or recipient.
The model has been used within a non-linear least-square based optimisation procedure aimed
at identifying the characteristic points of response functions, and it has been run with Matlab and
Simulink (The Mathworks, Inc.).

Results and discussion
A total of 288 DNA extracts (96 soil samples per 3 biological replicates) were processed in four
sampling seasons. A mean amount of 9.13 μg of total DNA per g of soil with OD260/280 nm and
OD260/230 nm ratios of 1.83 and 1.80, respectively, was obtained. These mean values are similar to
those previously reported on the same soil by Iotti et al. (2014). However, the different sampling
strategy (vertical vs spatial) revealed strong differences among soil samples collected at different
depths. In fact, DNA yields significantly decreased with depth (Fig. S2), probably due to the
9

decrease in microbial biomass by increasing depth (Baldrian et al. 2012; Fall et al. 2012) although
the soil composition can also affect DNA extraction (Wallander et al. 2013). In this study, the effect
of soil composition can be clearly inferred by the calibration curves generated for each soil depth
after qPCRs (Fig.3).
Similar curves were obtained from soil samples collected at 10-20 and 20-30 cm (mineral
horizon) of depth whereas the slope of the curve obtained from 0-10 cm soil samples was markedly
higher. This difference was mainly due to the organic matter content which was 6-7 times higher in
the upper sampling layer whereas the other soil component are quite similar through the soil profile
(http://umi.unibo.it/magnatum/Relazione_pedologica%201.pdf). Organic matter is known to be one
of the most important bias in assessing soil microbial diversity by molecular approaches (Feinstein
et al. 2009; Schöler et al. 2017; Vestergaard et al. 2017).
Vertical distribution of mycelium
Statistical analyses revealed significant differences for all variables considered in the analyses,
except for the treatment (irrigation). Differences were found for experimental block (p < 0.0001) as
well as for year (p = 0.0005), depth (p = 0.036) and season (p = 0.037) of sampling (see statistical
reports in Appendix A). However, the couples of variables “season / block” and “treatment / block”
showed significant interactions. On the contrary, no significant interactions were found between the
year or depth of sampling and the other variables considered in this analysis. While, the higher
abundance of T. magnatum mycelium detected in 2013 was most likely due to the higher summer
rainfall than that registered during summer 2012 (Fig. 1), the differences in the distribution of
mycelium through the soil profile are more questionable. In this case, mycelial density was
significantly higher in soil samples collected at 0-10 and 20-30 cm than those at 10-20 cm of depth
(Fig. 4).
Generally, the abundance and richness of fungal species decrease from litter to mineral
horizons (Baldrian et al. 2012; Jumpponen et al. 2010; Lindahal et al. 2007; Uroz et al. 2013) but
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some ECM fungal species does not show the vertical trend . Landeweert et al. (2003) reported than
16 out 25 ECM mycelia of basidiomycetes were found exclusively in mineral soil and Rosling et al.
(2003) found that at least 50% of the mycorrhizal fungal taxa in a podzol soil were exclusively
associated with the mineral soil horizons. For many fungal species, the vertical distribution of extraradical mycelia does not match with the distribution of ECMs (Anderson and Cairney 2007; Genney
et al. 2006; Landeweert et al. 2003), whose abundance decreases together with root density with soil
depth (Courty et al. 2008; Genney et al. 2006; Rosling et al. 2003). In the case of T. magnatum, this
mismatch is much more evident because its ECMs were not found in the orchard under
investigation (Leonardi et al. 2013).
Our results showed that T. magnatum mycelium did not decrease with depth but probably, it
may extend to a greater depth since its fruiting bodies were found up to 80 cm (Ceruti et al. 2003).
The ability of T. magnatum to develop a conspicuous extra-radical mycelial network in deeper soil
horizons may represent an advantage in competing for nutrients, and forming symbiosis or being
protected against environmental stresses, such as high temperatures and drought. Indeed T.
magnatum is sensitive to environmental stresses occurring during hard winters and dry summers
(Le Tacon 2016) and this suggests that the summer drought is particularly detrimental for mycelial
growth of this truffle species.
Modelling results
A major advantage of a simulation approach with respect to the statistical one concern the
possibility to fully account for organism dynamics, and its relation to environmental factors. The
soil temperatures during the study period differed slightly through the soil profile but varied
considerably between seasons (Fig. S3). Lower temperatures (~ 5 °C in all plots) were reached
during winter (December-February) whereas summer maximum values varied among blocks due to
presence/absence of the canopy: a difference of 3-5 °C was registered between shady (1 and 2) and
sunny (3 and 4) blocks.
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The differences in soil temperature between irrigated and rain-fed plots of blocks 1 and 3
(Fig. 5a) were very small, especially in the woody area (block 1) and at different depths. It is
noteworthy, however, that irrigation increased soil temperature up to 3°C in the unshaded block 3,
likely because of the water warming during infiltration trough the upper warmer soil layer.
When considering the water content, greater differences between soil depths and plots were
found with respect to differences in the temperature values (Fig. 5b; details in Fig S4, S5). The
water content at 10-cm depth was generally greater than that at 20 cm and 30 cm through the year.
The peaks occurring after water supply were higher than those after the natural precipitation events.
However, water volumes supplied during the two investigated summers were not sufficient to
restore an adequate level of water content. In fact, comparison between irrigated and rain-fed plots
of blocks 1 and 3 showed evident differences in water content at 20 cm of depth, with residual
effects in the winter season, but not in the surface (10 cm) and deeper (30 cm) layers (Fig. 6). Such
a limited effects of irrigation may explain the lack of statistically significant differences in mycelial
abundance between irrigated and rain-fed plots.
Since the mycelial abundance was often always close to zero in rain-fed plots, model
simulations may be better appreciated in irrigated plots (see Figure 7).
The adopted inversion technique identified the following optimal values of growth and
biomass exchange rates: g = 0.057 and b = 0.43, respectively; optimal conditions of soil water
potential and temperature were: o = 0 cm (saturation) and To = 19.6 °C, respectively; and values
at which mycelial growth was closes to zero: d = 31 cm and Td = 1.5 °C, respectively.
In the plots having the highest benefit from irrigation (Fig.7a, 7b) the mycelial abundance was
higher in the layer 20-30 cm than in the w layer10-20 cm, probably because of a more stable
moisture trend. In addition, the mycelial growth was the highest in the late spring, when
temperatures and water availability increased after the beginning of the host plant activity after
winter (Ekblad et al. 2013).
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The method also proves to be able to characterise species-dependent parameters as the
optimal temperature close to 20 °C and an water content near saturation confirming what already
observed the environmental conditions promoting high productive T. magnatum areas in Serbia
(Marjanović et al. 2015).
The comparison between simulated and measured mycelium abundances (qPCR values) is
reported in Figure 8; the simulation model underestimates values, probably due to biotic and abiotic
components not considered in this preliminary analysis. The model developed in this work is based
on several assumptions reducing the number of required parameters, but trying to simulate
mycelium dynamics properly. Simulation outputs confirm the hypothesis that mycelium is an
interconnected network, where the performance of one layer can be related to others. The mycelium
of ECM fungi “takes up irregularly dispersed nutrients in soil” (Read 1992) and supplies them to
the host plant, whereas plants release the photosynthates to all the soil mycelial net.

Conclusions
For the first time we have monitored the vertical distribution of an ECM fungal species by applying
the qPCR technique In addition we have developed a model to simulate the dynamics of the extraradical mycelium in soil as a function of soil water potential and temperature. To date, vertical
distribution of ECM mycelia of single species has been only assayed by applying other molecular
techniques (e.g. T-RFLP in Dikie et al. 2002 and Genney et al. 2006) and no mathematical models
have simulated this distribution in the field. The studies on the distribution and dynamic of T.
magnatum mycelium in soil are fundamental to improve the knowledge on this truffle and to find
reliable methods for its cultivation. Future researches should address how far down T. magnatum
mycelium can develop in different soil types, but other sampling strategies should be applied to
collect soil samples below 30 cm depth. It could be also interesting to extend this sampling strategy
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to other ECM species or to the whole ECM communities, since most studies ignore the distribution
of ECM mycelia in the deeper mineral soil layers.
The model developed in this work predicted T. magnatum dynamic in summer, the most
critical season because of high soil temperatures and water scarcity. Through this model the optimal
temperature (20 °C) and water content of soil was determined, and these values may be useful for
irrigating sites with growing T. magnatum, in order to increase mycelium development and,
consequently, fruiting body production (Iotti et al. 2012a). However, the validity of the model needs
to be verifiedin other soils and other climate conditions.

References
Anderson IC, Cairney JWC (2007) Ectomycorrhizal fungi: exploring the mycelial frontier. FEMS
Microbiol Rev 31:388–406. https://doi.org/10.1111/j.1574-6976.2007.00073.x

Baldrian P, Kolařík M, Štursová M, Kopecký J, Valášková V, Větrovský T, Žifčáková L, Šnajdr J,
Rídl J, Vlček Č, Voříšková V (2012) Active and total microbial communities in forest soil are
largely different and highly stratified during decomposition. ISME J 6:248-258.
https://doi.org/10.1038/ismej.2011.95
Bertini L, Rossi I, Zambonelli A, Amicucci A, Sacchi A, Cecchini M, Gregori G, Stocchi V. (2006)
Molecular identification of Tuber magnatum ectomycorrhizas in the field. Microbiol Res 161:
59–64. https://doi.org/10.1016/j.micres.2005.06.003
Boswell G, Jacobs H, Davidson FA, Gadd GM, Ritz K (2003) Growth and function of fungal
mycelia in heterogeneous environments. B Math Biol 65:447–477.
https://doi.org/10.1016/S0092-8240(03)00003-X

14

Boswell GP, Jacobs H, Ritz K, Gadd GM, Davidson FA (2007) The development of fungal networks
in complex environments. B Math Biol 69:605–634. https://doi.org/10.1007/s11538-0059056-6
Bratek Z, Gogan A, Halasz K, Bagi I, Erdei V, Bujaku G (2004) The Northernmost habitats of Tuber
magnatum known from Hungary. In: Kabar L (Ed), Proceedings of the first hypogean
mushroom conference, Rabat, 6-8 April 2004. Rabat net, Rabat, pp. 28-30
Büntgen U, Egli S, Camarero JJ, Fischer EM, Stobbe U, Kauserud H, Tegel W, Sproll L, Stenseth
NC (2012) Drought-induced decline in mediterranean truffle harvest. Nat Clim Change 2:827829. https://doi.org/10.1038/nclimate1733
Cazelles K, Otten W, Baveye PC, Falconer RE (2013) Soil fungal dynamics: Parameterisation and
sensitivity analysis of modelled physiological processes, soil architecture and carbon
distribution. Ecol Model 248:165–173. https://doi.org/10.1016/j.ecolmodel.2012.08.008
Ceruti A, Fontana A, Nosenzo C (2003) Le specie europee del genere Tuber: una revisione storica.
Monografie 37. Museo Regionale di Scienze Naturali, Torino.
Couteaudier Y, Steinberg C (1990) Biological and mathematical description of the growth pattern of
Fusarium oxysporum in a sterilized soil. FEMS Microbiol Lett 74:253–259.
https://doi.org/10.1111/j.1574-6968.1990.tb04071.x
Courty PE, Franc A, Pierrat JC, Garbaye J (2008) Temporal changes in the ectomycorrhizal
community in two soil horizons of a temperate oak forest. Appl Environ Microb 78:5792–
5801. https://doi.org/10.1128/AEM.01592-08
Dikie IA, Xu B, Koide RT (2002) Vertical niche differentiation of ectomycorrhizal hyphae in soil as
shown by T-RFLP analysis. New Phytol 156:527-535. https://doi.org/10.1046/j.14698137.2002.00535.x
Ekblad A, Wallander H, Godbold DL, Cruz C, Johnson D, Baldrian P, Björk RG, Epron D,
Kieliszewska-Rokicka B, Kjøller R, Kraigher H, Matzner E, Neumann J, Plassard C (2013)
15

The production and turnover of extramatrical mycelium of ectomycorrhizal fungi in forest
soils: role in carbon cycling. Plant Soil 366:1–27. https://doi.org/10.1007/s11104-013-1630-3
Fall D, Diouf D, Zoubeirou AM, Bakhoum N, Faye A, Sall SN (2012) Effect of distance and depth
on microbial biomass and mineral nitrogen content under Acacia senegal (L.) Willd. trees. J
Environ Manage 95:S260–S264. https://doi.org/10.1016/j.jenvman.2011.03.038
Feinstein LM, Sul WJ, Blackwood CB (2009) Assessment of bias associated with incomplete
extraction of microbial DNA from soil. Appl Environ Microbiol 75:5428-5433.
https://doi.org/10.1128/AEM.00120-09
A
Genney DR, Anderson IC, Alexander IJ (2006) Fine-scale distribution of pine ectomycorrhizas and
their extramatrical mycelium. New Phytol 170:381–390. https://doi.org/10.1111/j.14698137.2006.01669.x
Glamočlija J, Vujičić R, Vukojević J (19979 Evidence of truffles in Serbia. Mycotaxon 65211–222.
Gryndler M, Trilčová J, Hršelová H, Streiblová E, Gryndlerová H, Jansa J (2013) Tuber aestivum
Vittad. mycelium quantified: advantages and limitations of a qPCR approach. Mycorrhiza
23:341–348. https://doi.org/10.1007/s00572-012-0475-6
Hall IR, Zambonelli A, Primavera F (1998) Ectomycorrhizal fungi with edible fruiting bodies. 3.
Tuber magnatum, Tuberaceae. Econ Bot 52:192-200. https://doi.org/10.1007/BF02861209
Hall IR, Wang Y, Amicucci A (2003) Cultivation of edible ectomycorrhizal mushrooms. Trends
Biotechnol 21:433–438. https://doi.org/10.1016/S0167-7799(03)00204-X
Hall IR, Brown GT, Zambonelli A (2007) Taming the truffle. The history, lore, and science of the
ultimate mushroom. Timber Press, Portland.
Hopkins S, Boswell GP (2012) Mycelial response to spatiotemporal nutrient heterogeneity: A
velocity-jump mathematical model. Fungal Ecol 5:124–136.
https://doi.org/10.1016/j.funeco.2011.06.006
16

Iotti M, Leonardi M, Oddis M, Salerni E, Baraldi E, Zambonelli A (2012a) Development and
validation of a real-time PCR assay for detection and quantification of Tuber magnatum in
soil. BMC Microbiol 12:93. https://doi.org/10.1186/1471-2180-12-93
Iotti M, Piattoni F, Zambonelli A (2012b) Techniques for host plant inoculation with truffles and
other edible ectomycorrhizal mushrooms. In: Zambonelli A, Bonito GM (Eds.) Edible
Ectomycorrhizal Mushrooms, Soil Biology vol. 34. Springer, Berlin Heidelberg, pp. 145–161.
https://doi.org/10.1007/978-3-642-33923-6_9
Iotti M, Leonardi M, Lancellotti E, Salerni E, Oddis M, Leonardi P, Perini C, Pacioni G,
Zambonelli A (2014) Spatio-temporal dynamic of Tuber magnatum mycelium in natural
truffle grounds. PLoS ONE 9:e115921. https://doi.org/10.1371/journal.pone.0115921
Jumpponen A, Jones K., Blair J (2010) Vertical distribution of fungal communities in tallgrass
prairie soil. Mycologia 102:1027–1041. https://doi.org/10.3852/09-316
Lahouar A, Marin S, Crespo-Sempere A, Saïd S, Sanchis V. (2016) Effects of temperature, water
activity and incubation time on fungal growth and aflatoxin B1 production by toxinogenic
Aspergillus flavus isolates on sorghum seeds. Rev Argent Microbiol 48:78–85.
https://doi.org/10.1016/j.ram.2015.10.001
Lamour A, Van Den Bosch F, Termorshuizen AJ, Jeger MJ (2000) Modelling the growth of soilborne fungi in response to carbon and nitrogen. Math Med Biol 17:329–346.
https://doi.org/10.1093/imammb/17.4.329
Landeweert R, Veenman C, Kuyper TW, Fritze H, Wernars K, Smit E. (2003) Quantification of
ectomycorrhizal mycelium in soil by real-time PCR compared to conventional quantification
techniques. FEMS Microbiol Ecol 45:283-292. https://doi.org/10.1016/S01686496(03)00163-6
Leonardi M, Iotti M, Oddis M, Lalli G, Pacioni G, Leonardi P, Maccherini S, Perini C, Salerni E,
Zambonelli A (2013) Assessment of ectomycorrhizal fungal communities in the natural
17

habitats of Tuber magnatum (Ascomycota, Pezizales). Mycorrhiza 23:349–358.
https://doi.org/10.1007/s00572-012-0474-7
Le Tacon F (2016) Influence of climate on natural distribution of Tuber species and truffle
production. In: Zambonelli A, Iotti M, Murat C (Eds) True Truffles (Tuber spp.) in the World,
Soil Biology vol. 47. Springer, Cham, Switzerland, pp. 153-167. https://doi.org/10.1007/9783-319-31436-5_10
Le Tacon F, Marçais B, Courvoisier M, Murat C, Montpied P, Becker M (2014) Climatic variations
explain annual fluctuations in French ‘Périgord black truffle’ wholesale markets but do not
explain the decrease in ‘black truffle’ production over the last 48 years. Mycorrhiza 24:S115–
S125. https://doi.org/10.1007/s00572-014-0568-5
Lindahl BD, Ihrmark K, Boberg J, Trumbore SE, Högberg P, Stenlid J, Finlay RD (2007) Spatial
separation of litter decomposition and mycorrhizal nitrogen uptake in a boreal forest. New
Phytol 173:611–620. https://doi.org/10.1111/j.1469-8137.2006.01936.x
Manstretta V, Rossi V (2015) Effects of temperature and moisture on development of Fusarium
graminearum perithecia in maize stalk residues. Appl Environ Microbiol 82:184–191.
https://doi.org/10.1128/AEM.02436-15
Marjanović Ž, Glišić A, Mutavdžić D, Saljnikov E, Bragato G (2015) Ecosystems supporting Tuber
magnatum Pico production in Serbia experience specific soil environment seasonality that
may facilitate truffle lifecycle completion. Appl Soil Ecol 95:179-190.
https://doi.org/10.1016/j.apsoil.2015.05.007
Palacios S, Casasnovas F, Ramirez ML, Reynoso MM, Torres AM (2014) Impact of water potential
on growth and germination of Fusarium solani soilborne pathogen of peanut. Braz J
Microbiol 45:1105–1112. https://doi.org/10.1590/S1517-83822014000300046

18

Parladé J, De la Varga H, De Miguel AM, Sáez R, Pera J (2013) Quantification of extraradical
mycelium of Tuber melanosporum in soils from truffle orchards in northern Spain.
Mycorrhiza 23:99–106. https://doi.org/10.1007/s00572-012-0454-y
Parladé J, De la Varga H, Pera J (2016) Tools to trace truffles in soil. In: Zambonelli A, Iotti M,
Murat C (Eds), True Truffles (Tuber spp.) in the World, Soil Biology vol. 47. Springer, Cham,
Switzerland, pp. 249-266. https://doi.org/10.1007/978-3-319-31436-5_15
Paustian K, Schnürer J (1987) Fungal growth response to carbon and nitrogen limitation: A
theoretical model. Soil Biol Biochem 19:613–620. https://doi.org/10.1016/00380717(87)90107-6
Read DJ (1992) The mycorrhizal mycelium. In: Allen F (ed.) Mycorrhizal functioning. Chapman &
Hall, New York, pp. 102-133
Riccioni C, Rubini A, Belfiori B, Paolocci F (2016) Tuber magnatum: the special one. What makes
it so different from the other Tuber spp.? In: Zambonelli A, Iotti M, Murat C (Eds) True
Truffles (Tuber spp.) of the World, Soil Biology vol. 47. Springer, Cham, Switzerland, pp. 87103. https://doi.org/10.1007/978-3-319-31436-5_6
Rosling A, Landeweert R, Lindahl BD, Larsson KH, Kuyper TW, Taylor AFS, Finlay RD (2003)
Vertical distribution of ectomycorrhizal fungal taxa in a podzol soil profile. New Phytol
159:775–783. https://doi.org/10.1046/j.1469-8137.2003.00829.x
Schöler A, Jacquiod S, Vestergaard G, Schulz S, Schloter M (2017) Analysis of soil microbial
communities based on amplicon sequencing of marker genes. Biol Fertil Soils 53:485–489.
https://doi.org/10.1007/s00374-017-1205Salerni E, Iotti M, Leonardi P, Gardin L, D'Aguanno
M, Perini C, Pacioni G, Zambonelli A.(2014a) Effects of soil tillage on Tuber magnatum
development in natural truffières. Mycorrhiza 24:S79–S87. https://doi.org/10.1007/s00572013-0543-6

19

Salerni E, Perini C, Gardin L (2014b) Linking climate variables with Tuber borchii sporocarps
production. Nat Res 5:408-418. https://doi.org/10.4236/nr.2014.58038
Sharma M, Pande S (2013) Unravelling effects of temperature and soil moisture stress response on
development of dry root rot [Rhizoctonia bataticola (Taub.)] Butler in Chickpea. Am J Plant
Sci 4:584–589. https://doi.org/10.4236/ajps.2013.43076
Uroz S, Ioannidis P, Lengelle J, Cébron A, Morin E, Buée M, Martin F (2013) Functional assays
and metagenomic analyses reveals differences between the microbial communities inhabiting
the soil horizons of a Norway spruce plantation. Plos One 8:e55929.
https://doi.org/10.1371/journal.pone.0055929
Vestergaard G, Schulz S, Schloter A, Schloter M (2017) Making big data smart - how to use
metagenomics to understand soil quality. Biol Fertil Soils 53:479–484.
https://doi.org/10.1007/s00374-017-1191-3
Vitali G, Iotti M, Zambonelli A (2018) In-situ soil hydraulic parametrization from automated multilayer moisture measurements, submitted
Wallander H, Eklab A, Godbold DL, Johnson D, Bahr A, Baldrian P, Björk RG, KieliszewskaRokicka B, Kjøller R, Kraigher H, Plassard C, Rudawska M (2013) Evaluation of methods to
estimate production, biomass and turnover of ectomycorrhizal mycelium in forest soils - a
review. Soil Biol Chem 57:1034-1047 https://doi.org/10.1016/j.soilbio.2012.08.027

Zambonelli A, Iotti M, Hall IR (2015) Current status of truffle cultivation: recent results and future
perspectives. Ital J Mycol 44:31–40. https://doi.org/10.6092/issn.2465-311X/5593
Zambonelli A, Iotti M, Murat C (2016) True Truffle (Tuber spp.) in the World: Soil ecology,
systematics and biochemistry, Soil Biology vol. 47. Springer, Cham, Switzerland.
https://doi.org/10.1007/978-3-319-31436-5

20

Zampieri, E., Murat, C., Cagnasso, M., Bonfante, P., Mello, A., 2010. Soil analysis reveals the
presence of an extended mycelial network in a Tuber magnatum truffle–ground. FEMS
Microbiol Ecol 71:43–49. https://doi.org/10.1111/j.1574-6941.2009.00783.x
Zhang, H., Tang, M., Yang, Y., 2011. The response of ectomycorrhizal (ECM) fungi under water
stress induced by polyethylene glycol (PEG) 6000. Afr J Microbiol Res 5:365-373.
https://doi.org/10.5897/AJMR10.751

21

Table & Figure captions
Fig. 1. Temperature and rainfall during the period of study. On the left scale are indicated min
(dotted line), max (dashed line) and mean (solid line) monthly temperatures; on the right scale the
monthly precipitations (columns).
Fig. 2. Scheme of experimental block localization with respect to the surrounding canal and arable
fields.
Fig. 3. Calibration curves for the quantification of T. magnatum mycelial biomass at 0-10 (dashed
line), 10-20 (dotted line) and 20-30 cm (solid line) of soil depth. Linear curves were obtained by
plotting the log of dry weight of fungal biomass (mg × g-1 of dried soil) against the T. magnatum
DNA concentration (pg × 200 ng-1 of total DNA). A total of 5 ten-fold serial dilutions of fungal
tissue per g of soil (from 1 mg to 1*10-4 mg) were processed in triplicate for each soil layer.
Fig. 4. Mean amount of extra-radical soil mycelium of T. magnatum in the different soil layers (010, 10-20 and 20-30 cm). Error bars represent standard error (n = 32). ANOVA was carried out on
log-transformed values [y = log(x + 1)]. Different letters indicate significant differences between
soil layers (p < 0.036).
Fig. 5. Temperature differences (ΔTs) between rain-fed and irrigated plots (blocks B1 and B3) at 10,
20, and 30 cm of soil depth.
Fig. 6. Water content differences (Δθ) between rain-fed and irrigated plots in block B1 (a) and B3
(b) at 10, 20, and 30 cm of soil depth. Raw records (θ*) are used.
Fig. 7. Simulated and observed values of mycelial abundance in the 6 plots and overall comparison
at observation times.
Fig. 8. Simulated vs observed values for all observed plots
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Appendix A. Supplementary material
Fig. S1. Response functions obtained by the adaptation procedure
Fig. S2. Mean amount of total genomic DNA isolated from different soil layers (0-10, 10-20 and
20-30 cm). Error bars represent standard error (n = 32, values obtained from the mean of three
biological replicates). Different letters indicate significant differences between soil layers (p <
0.0001).
Fig. S3. Soil temperature records (from DFM probes) during the study period.
Fig. S4. Soil water content records (from DFM probes) during the study period.
Fig. S5. Soil water potential computed from estimated soil parameters (retention curve) for the
study period.
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