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Abstract Tuber species are ectomycorrhizal ascomycetes es-
tablishing relationships with different host trees and forming
hypogeous fruiting bodies known as truffles. Among Tuber
species, Tuber aestivumVittad. has a wide distributional range
being found naturally all over Europe. Here, we performed
large-scale population genetic analyses in T. aestivum to (i)
investigate its genetic diversity at the European scale, (ii) char-
acterize its genetic structure and test for the presence of eco-
types and (iii) shed light into its demographic history. To reach
these goals, 230 ascocarps from different populations were
genotyped using 15 polymorphic simple sequence repeat
markers. We identified 181 multilocus genotypes and four
genetic groups which did not show a clear geographical

separation; although, one of them was present exclusively in
Southeast France, Italy and Spain. Fixation index values between
pairs of genetic groupswere generally high and ranged from 0.29
to 0.45. A significant deficit of heterozygosity indicated a popu-
lation expansion instead of a recent population bottleneck, sug-
gesting that T. aestivum is not endangered in Europe, not even in
Mediterranean regions. Our study based on a large-scale popu-
lation genetic analysis suggests that genetically distinct popula-
tions and likely ecotypes within T. aestivum are present. In turn,
this study paves the way to future investigations aimed at
addressing the biological and/or ecological factors that have
concurred in shaping the population genetic structure of this
species. Present results should also have implications for the
truffle market since defining genetic markers are now possible
at least for some specific T. aestivum genetic groups.
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Introduction

The ectomycorrhizal (ECM) symbiosis is a worldwide mutu-
alistic association between fungi and plant roots (Smith and
Read 2008). ECM fungi provide nutrients to plants and there-
fore play a key role in their nutrition. Moreover, intraspecific
mycorrhizal diversity can influence plant diversity, as well as
ecosystem functioning (Johnson et al. 2012). Knowledge on
the genetic diversity and population genetic structure of a
species is indispensable to understand its biology and demog-
raphy. Due to the development of polymorphic molecular
markers, population genetic studies of ECM fungi are now
more feasible and are increasing in numbers (Douhan et al.
2011). On the one hand, large-scale population genetic studies
have shown the presence of isolated sub-populations in some
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ectomycorrhizal species such as Laccaria amethystina (Hortal
et al. 2012), Rhizopogon roseolus (Okuda et al. 2013), Tuber
brumale (Merényi et al. 2014), Tuber magnatum (Rubini et al.
2005) and Tuber melanosporum (Murat et al. 2004; Riccioni
et al. 2008; García-Cunchillos et al. 2014). On the other hand,
the absence of any genetic differentiation among populations
was shown in Pisolithus microcarpus (Hitchcock et al. 2011)
and Suillus spraguei (Rivera et al. 2014).

The population genetic structure of a species, correspond-
ing to the distribution of genotypes in populations, results
from a combination of its propagation modes and demograph-
ic processes. For ECM fungi, several spore propagation
modes exist such as wind for epigeous species and animals
for hypogeous species. The propagation modes can have a
significant effect on gene flow, and epigeous fungi such as
Russula brevipes exhibit strong genetic differentiation be-
tween populations at large scale but not at smaller scale
(Bergemann et al. 2006). On the contrary, for hypogeous fungi
such as Rhizopogon and Tuber melanosporum, much greater
population differentiation at smaller spatial scales was ob-
served (Murat et al. 2004; Grubisha et al. 2007).

Truffles are hypogeous ascomycetes, which belong to the
Tuber genus found over the entire Northern hemisphere. More
than 200 Tuber species have been reported worldwide (Bonito
et al. 2010, 2013), and to date, 32 truffle species have been
described in Europe (Ceruti et al. 2003), many of which are
precious edible fungi. As ECM fungi, truffles play an impor-
tant role in woodland ecosystems specifically for tree growth
(Smith and Read 2008). Methods to obtain plant roots
mycorrhized by edible truffles including T. aestivum and
T. melanosporum have been already established in the 1970s
(Murat 2015). Under natural conditions, some truffle species,
such as T. magnatum and T. melanosporum, show specific and
limited geographical distribution. T. magnatum is a species
harvested only in Italy and in some countries on the Balkan
Peninsula, with a few samples found in the South of France;
T. melanosporum is naturally found mainly in France, Italy
and Spain. However, other species have a broader distribution.
For example, T. aestivum is found all over Europe, from Swe-
den to Spain, and has also been observed in North Africa
(Jeandroz et al. 2008). Different ecological requirements, ge-
netic diversities and/or demographic histories might cause
such variations in distribution.

Tuber aestivum, described for the first time by Carlo
Vittadini in 1831 (Vittadini 1831), presents a black peridium
and a brown gleba (Montecchi and Sarasini 2000; Callot
1999; Chevalier and Frochot 2002). This species shows an
ecological polymorphism with different maturity periods and
ecological preferences depending on its geographical location
(Chevalier et al. 1979; Chevalier and Frochot 2002; Riousset
et al. 2001; Stobbe et al. 2013). In 1887, Chatin split
T. aestivum into two distinct species: T. aestivum and Tuber
uncinatum on the basis of spore morphological characteristics

(Chatin 1887). Since that time, T. aestivum and T. uncinatum
have either been considered as a single species or as two
different species depending on the authors (Dupré et al.
1985; Gandeboeuf et al. 1994; Mello et al. 2002; Mouches
et al. 1981; Pacioni et al. 1993; Pacioni and Pomponi 1991;
Paolocci et al. 2004; Urbanelli et al. 1998; Weden et al. 2005).
Recent phylogenetic analyses suggest that existing morpho-
logical differences between T. aestivum and T. uncinatum do
not reflect two different species but rather suggest that they
should be considered as a single species: T. aestivum (Paolocci
et al. 2004; Weden et al. 2005; Molinier et al. 2013b). Never-
theless, Le Tacon (2011) proposed the presence of ecotypes
within T. aestivum due to the high genetic diversity observed
in this species associated with its large-scale distribution in
Europe. The concept of ecotype was introduced by Turesson
1922: ‘The term ecotype is proposed here as [an] ecological
unit to cover the product arising as a result of the genotypical
response of an ecospecies to a particular habitat’. Ecotypes are
therefore populations or sub-units of a species that are adapted
to a particular environment. In summary, the T. aestivum/
T. uncinatum controversy highlights, in a more general con-
text, the question about the species concept in fungal species
(Taylor et al. 2000).

The genetic structure in Europe and gene dispersion of
T. aestivum are not fully addressed yet. Among Tuber spp.
these analyses have mainly been carr ied out in
T. melanosporum, T. magnatum and T. brumale (Murat et al.
2004, 2011, 2013; Rubini et al. 2004; Riccioni et al. 2008;
Merényi et al. 2014; García-Cunchillos et al. 2014). For ex-
ample, a strong genetic structure with significant fixation in-
dices was observed among T. melanosporum populations at a
European scale (Fst=0.20 and Fst=0.177; Murat et al. 2004;
Riccioni et al. 2008). Concerning T. aestivum, previous stud-
ies mainly tested the hypothesis of a genetic differentiation
between T. aestivum and T. uncinatum morphotypes, not least
because commercially relevant, and were based on a limited
sample size and/or low number of molecular markers (Mello
et al. 2002; Paolocci et al. 2004; Weden et al. 2005; Molinier
et al. 2013b). Splivallo et al. (2012) investigated the genetic
diversity of T. aestivum from nine European populations by
amplified fragment length polymorphism, but they focused on
the comparison between genetic and volatile profiles. Interest-
ingly, the samples coming from the same populations tended
to cluster together, but due to the low number of samples
analysed (i.e. 42), it was not possible to draw a definitive
conclusion on the genetic structure of T. aestivum populations
at the European scale. At small scale, by investigating the
genetic structure of T. aestivum in two orchards in France,
Molinier et al. (2015) reported that the size of the genets found
was higher with respect to the size of T. melanosporum genets
recorded in two black truffle orchards (Murat et al. 2013). The
T. aestivum population genetic structure at European scale is
therefore an issue that remains to be investigated.
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On this concern, present study was focused on T. aestivum
specimens genotyped with 15 polymorphic simple sequence
repeat (SSR) markers recently characterized in this species
(Molinier et al. 2013a) with the aims to (i) investigate the
genetic diversity at European scale, (ii) test for the presence
of genetic groups and (iii) shed light into the demographic
history (of this species). We hypothesized that (i) a geograph-
ical population structuration exists over Europe and (ii) eco-
types of this species are present. Besides being biologically
relevant, characterizing the genetic diversity and determining
ecotype existence in T. aestivum has applied relevance for the
truffle industry. It can help selecting well-adapted inoculum
for the production of mycorrhizal seedlings to increase the
cultivation success of this species.

Materials and methods

Sampling and DNA extraction

Two hundred and thirty ascocarps of Tuber aestivum (fruiting
bodies) were collected from natural populations in 12 Euro-
pean countries (Table 1). The samples analysed here are avail-
able upon request. Each sample was crushed using a sterilized
scalpel. DNA was extracted by the Plateforme Gentyane,
INRA Clermont-Ferrand (France). Briefly, an extraction buff-
er (100 mM Tris pH=8.0, 50 mM EDTA, 5 M NaCl, 20 mM
metabisulfite and 2 % RNase (10 mg/ml)) was added to the
crushed truffles, and tubes were incubated at 95 °C for 45min.
Tubes were then centrifuged for 10 min at 4000g (4 °C). Su-
pernatants were then transferred into new tubes containing
isopropanol/ammonium acetate (7.5 M) (400/25, v/v) and ho-
mogenized by inversion. Tubes were centrifuged during
30 min at 4000g at 4 °C. Supernatants were discarded, and
pellets were washed once with 70%Ethanol. After drying, the
pellets were resuspended in 100 μL of Tris EDTA 0.1×. DNA
concentration was estimated using PicoGreen®, and all DNA
extracts were adjusted to 10 ng/ml.

PCR amplification and genotyping

Fifteen polymorphic microsatellite loci previously defined
(Molinier et al. 2013a) were used (aest1, aest7, aest6, aest10,
aest15, aest18, aest24, aest25, aest26, aest27, aest28 aest29,
aest31, aest35 and aest36). Microsatellite polymerase chain
reactions (PCR) were performed in a 10-μL volume contain-
ing 2.5 μl at 10 ng/ml of DNA of T. aestivum, 5 μL of
AmpliTaq Gold® 360 Master Mix (AB-life technologies),
0.5 μL primer mix fluorescently labelled forward primer with
either 6-FAM, VIC (Eurofins MWGOperon) fluorescent dyes
(Molinier et al. 2013a) and 2 μL sterile water. PCR was per-
formed in a thermocycler Veriti 384 Well (Applied
Biosystems) under the following conditions: the PCR started

with a cycle of 10min at 95 °C, followed by 7 cycles of 30 s at
95 °C, 30 s at 62 °C and 30 s at 72 °C. The PCR further
continued with 30 cycles of 30 s at 95 °C, 30 s at 55 °C and
30 s at 72 °C and after 8 cycles of 30 s at 95 °C, 30 s at 56 °C
and 30 s at 72 °C and finished with an elongation cycle of
5 min at 72 °C. PCR products were assayed on an ABI
3730XL sequencer (Applied Biosystems, Foster City, CA,
USA) using GENESCANTM 500 liz as a size standard. Frag-
ment sizes were analysed with GENEMAPPER 3.7 (Applied
Biosystems).

Genetic analyses

Genetic diversity and identification of multilocus genotypes

The DNA extracted from truffle ascocarps with classical ex-
traction protocols is mainly contributed by the gleba which is
formed by a haploid tissue (Paolocci et al. 2006). All tests
realized in this study are suitable for haploid organisms. For
each SSR marker, the number of alleles (Na), number of ef-
fective alleles (Ne), expected heterozygosity (He) and allelic
frequencies were calculated using GenAlex version 6.501
(Peakall and Smouse 2006). The expected heterozygosity
measures the probability that two copies of the same gene
chosen randomly in a population will have different alleles
(Nei 1973). The number of multilocus genotypes (MLGs)
and genotypic diversity alone, as well as versus the number
of loci, were calculated using Multilocus 1.3b (Agapow and
Burt 2001). The genotypic diversity is the probability that two
individuals taken at random have different genotypes. In other
words, this value is 0 if every individual has the same geno-
type and 1 if every individual has a different genotype.

When different samples showed the same MLG, the
MLGsim software (Stenberg et al. 2003) was used to distin-
guish true clones from samples carrying the same multilocus
genotype by chance. MLGsim computed the probability of
observing a multilocus genotype n times in a population by
chance (Psex), and Monte Carlo simulations (10,000 itera-
tions) were performed to determine the significance of this
probability.

Genetic structure analyses

The occurrence of population subdivision was investigated
using the Bayesian clustering method implemented in GENE
LAND (Guillot 2008; Guillot et al. 2005b). GENELAND in-
fers the best number of genetic groups (K). The number of
genetic groups that best explain the data is given by the value
of K in which the Markov chain spent most iterations (Guillot
et al. 2005a; Guillot et al. 2005b). The number of K was
determined by running the MCMC iterations 10 times,
allowingK to vary from 1 to 10with the following parameters:
550,000 iterations combined with the uncorrelated frequency
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model and not using the spatial model. A burn-in of 100 saved
iterations (i.e. discarding the 100 first saved iterations) was
applied in post-processing. For GENELAND, analyses have
been performed with MLG data to avoid statistical bias.

Multilocus and pairwise linkage disequilibrium (LD)
analyses were performed using MULTILOCUS 1.3b over
all MLG and per genetic groups. To evaluate the LD, the
rBarD index (Agapow and Burt 2001) was calculated in

Table 1 Origin of Tuber aestivum samples (country, locality and GPS coordinates) and numbers of samples for each origin. GPS coordinates of the
closest city to the harvesting point are reported

Country Locality Latitude Longitude Number

Belgium Aarlon N 49° 40′ 59.9982″ E 5° 49′ 0.0006″ 4

Croatia Montemaggiore Istria N 45° 18′ 6.998″ E 14° 11′ 58.999″ 6

Croatia Klana N 45° 25′ 20.9″ E 14°22′ 58.7″ 9

France Ampus N 43° 36′ 26.193″ E 6° 22′ 59.7″ 5

France Billom N 45° 43′ 26.133″ E 3° 20′ 20.3028″ 6

France Chamboeuf N 47° 13′ 49.2126″ E 4° 54′ 19.5084″ 3

France Clemencey N 47° 14′ 48.3252″ E 4° 52′ 56.4276″ 4

France Daix N 47° 21′ 6.192″ E 4° 59′ 57.4542″ 23

France Dye N 47° 53′ 58.1886″ E 3° 52′ 9.4368″ 1

France Gignac N 45° 0′ 16.3584″ E 1° 27′ 29.595″ 4

France Grignan N 44° 25′ 10.203″ E 4° 54′ 33.9978″ 9

France Jarnac N 45° 40′ 53.0004″ W 0° 10′ 26.1006″ 9

France Lauret N 43° 49′ 56.5248″ E 3° 53′ 7.2918″ 8

France Maizières N 48° 35′ 1.665″ E 6° 3′ 42.1488″ 12

France Montdoré N 47° 55′ 12.2628″ E 6° 4′ 48.9″ 4

France Nyons N 44° 21′ 42.771″ E 5° 8′ 24.522″ 3

France Richerenches N 44° 21′ 35.0382″ E 4° 54′ 40.8882″ 5

France Saint-Pantaly-d'Excideuil N 45° 18′ 59.7708″ E 1° 0′ 54.2514″ 3

France St. Remy de Provence N 43° 47′ 19.1466″ E 4° 49′ 52.8348″ 2

France Tarsul N 47° 31′ 57.6336″ E 4° 59′ 3.4506″ 11

France Vailly N 48° 22′ 9.9768″ E 4° 7′ 45.6378″ 3

France Val Suzon N 47° 24′ 36.5322″ E 4° 53′ 55.8018″ 8

France Veuvey-sur-Ouche N 47° 11′ 8.5956″ E 4° 42′ 55.2594″ 2

Germany Bohlingen N 47° 43′ 47.23″ E 8° 52′ 48.29″ 10

Hungary Debrecen N 47° 31′ 47.9064″ E 21° 38′ 21.6852″ 1

Italy Gubbio N 43° 21′ 14.15″ E 12° 34′ 24.31″ 2

Italy Monte subasio N 43° 08′ 6.94″ E 12° 46′ 30.94″ 6

Italy Fossato di Vico N 43° 17′ 53.98″ E 12° 45′ 44.86″ 5

Italy S. Angelo in Vado Marche N 43° 40′ 0.01″ E 12° 25′ 0.01″ 4

Italy Marsicovetere N 40° 21′ 22.53″ E 15° 49′ 33.69″ 1

Italy Palermo (Sicily) N 38° 6′ 56.3034″ E 13° 21′ 41.0616″ 2

Italy Pavullo N 44° 19′ 57.0678″ E 10° 50′ 9.9996″ 1

Luxembourg Rumelange N 49° 27′ 32.8788″ E 6° 1′ 57.2982″ 4

Romania Bucarest N 44° 26′ 15.7596″ E 26° 5′ 50.5206″ 1

Slovenia Valedragoma Istria N 45° 29′ 2.76″ E 13° 45′ 0.36″ 3

Spain Grenada N 37° 10′ 35.3532″ W 3° 35′ 52.5444″ 9

Spain Sevilla N 37° 22′ 57.504″ W 5° 59′ 46.6614″ 4

Spain Soria N 41° 45′ 48.9528″ W 2° 27′ 53.715″ 5

Sweden Roma (Gotland) N 57° 30′ 28.944″ E 18° 27′ 1.116″ 6

Switzerland Lausanne N 46° 31′ 11.8626″ E 6° 38′ 0.9486″ 2

Switzerland Frick N 47° 29′ 53.257″ E 7° 55′ 53.295″ 11

UK Bedford N 52° 8′ 9.5208″ W 0° 27′ 59.9436″ 9
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each case. The same software was used to determine if
rBarD differed significantly from zero, by performing
1000 randomizations in each case. First, the randomization
procedure was performed by shuffling alleles among all
individuals (MLG). To determine if LD results from a
genetic structure, randomizations by shuffling alleles
among individuals within genetic groups identified by
GENELAND were also performed.

Genetic group pairwise Fst calculations, pairwise kin-
ship coefficients (Fij) and intra genetic group kinship co-
efficients (Gij) were calculated using SPAGeDi software
(Hardy and Vekemans 2002). The interrelation among
MLGs was analyzed by correspondence analysis and visu-
alized according to their group membership using the
ADE4 package of R (http://www.r-project.org/) (Dray and
Dufour 2007; Thioulouse et al. 1997; Thioulouse and Dray
2007).

Deviation from mutation-drift equilibrium

The deviation frommutation-drift equilibrium in the genetic
groups was tested using BOTTLENECK software version
1.2.02 (Piry et al. 1999). The heterozygosity deficit may pro-
vide evidence for population expansion while the heterozy-
gosity excess may provide evidence for a genetic bottleneck
(Cornuet and Luikart 1996; Luikart et al. 1998a, b). Using a
Wilcoxon test, the heterozygosity deficit and heterozygosity
excess have been evaluated under three mutation models:
two-phase mutation model (TPM), infinite allele model
(IAM) and stepwise mutation model (SMM) (Cornuet and
Luikart 1996; Di Rienzo et al. 1994). TheWilcoxon test was
chosen since it is preferable when few loci are used (Cornuet
and Luikart 1996; Cornuet et al. 1999). The TPMmodel was
usedwith 12%variation from the IAMmodel and 95% from
the SMM model as recommended for microsatellites (Piry
et al. 1999).

A second approach for bottleneck assessment was to test a
mode shift away from an L-shaped distribution of allelic fre-
quencies (Luikart et al. 1998a, b). Using GeneAlex v 6.41, the
allele frequency of all loci for each genetic group was calcu-
lated. Then, a graphical representation of the proportion of
alleles in the different allele frequency was realized to check
for an L shape. Indeed, a population that experienced a bot-
tleneck is unlikely to exhibit an L-shaped distribution of allelic
frequencies.

Results

Genetic diversity at the European scale

A total of 230 ascocarps of Tuber aestivum harvested in Eu-
rope were successfully genotyped using 15 SSR markers

(Table 1). As expected, due to the haploid nature of the gleba
(Paolocci et al. 2006), each locus resulted in one peak for each
sample. All SSRs were polymorphic and presented a number
of alleles ranging from 5 to 24 (Table S1).

Since the SSRs used were not linked, as per linkage dis-
equilibrium analyses reported below, all the markers were
kept, and by combining the allelic profiles at the 15 SSR loci,
a total of 181 MLGs were identified (Table S2). When we
plotted the genotypic diversity and the number of MLGs
against the number of loci, a plateau was observed with a
genotypic diversity of 0.99 for five loci, although the number
of genotypes continued to increase up to 15 loci (Fig. S1).
MLGsim analysis (Stenberg et al. 2003) confirmed that the
samples showing the same MLG were likely to belong to the
same genet, and thus, they were regarded to as true clones; the
PSex index was in fact lower than 0.01 (Table S2). Out of the
26 clonal MLG identified, nine comprised samples from dif-
ferent geographical origins, as far apart as the UK and Bel-
gium (Table S2).

Identification of T. aestivum genetic groups
and demographical history

When all 181 MLG were included, the multilocus analysis
had high significant departure from linkage equilibrium
(rBarD=0.15, p value<0.001; Table S3). Similarly, the
two-locus analysis had significant LD between almost all
pairs of loci. The rBarD values decreased significantly
when they were calculated within the four genetic groups
(see below). Similarly, no pair of loci exhibited significant
departure from linkage equilibrium within the four genetic
groups. These data suggest that our markers were not
genetically linked (Table S3).

Within the entire T. aestivum collection, GENELAND
analysis identified four different genetic groups with the
highest posterior probabilities (Fig. S2; Table 2). The four
genetic groups did not correspond to specific geographical
areas (Fig. 1). The fixation index (Fst) values between pairs
of genetic groups ranged from 0.29 to 0.45 (Table 3). For each
genetic group, the expected heterozygosity (He), reflecting the
genetic diversity inside the group, was high but not noticeably
different across groups (Table 2). High kinship coefficient (Fij)
values, corresponding to an estimator of genetic relatedness,
were observed when pairs of samples within the same genetic
group were considered, while lower and negative kinship
values were observed between samples from different groups
(Table 3).

Assignation as ‘T. aestivum’ or ‘T. uncinatum’morphotype
was conducted for each sample according to morphological
criteria as described by Chevalier and collaborators (Chevalier
et al. 1979; Table S4). Interestingly, the genetic group 3 turned
out to contain exclusively samples morphologically classified
as T. aestivum (Table S4). Correspondence analysis supported
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the group differentiation as revealed by GENELAND analy-
ses and indicated a slight differentiation between T. uncinatum
and T. aestivum morphotypes (Fig. 2a, b). When superposing
Fig. 2a, b, it appeared that mainly samples belonging to the
T. aestivum morphotype and corresponding to the genetic
group 3 were isolated from T. uncinatum ones (Fig. 2).

A significant excess of heterozygosity was detected on-
ly for genetic group 4 under assumption of the IAM model
to suggest a recent bottleneck (Table 4). On the contrary, a
significant heterozygosity deficit was detected for all ge-
netic groups with both SSM and TPM models suggesting
a population expansion (Table 4). The discrepancy be-
tween the three model tests was probably caused by dif-
ferent expected heterozygosities at mutation equilibrium
(Luikart and Cornuet 1998). In addition, all four genetic
groups displayed an L-shaped distribution of allele fre-
quencies excluding the presence of a recent bottleneck
(Fig. 3).

Discussion

In this study, we examined at a large scale the genetic structure
of Tuber aestivum.To reach this end, samples from populations
harvested in 12 different European countries were investigated
using 15 polymorphic SSRs. Our main goal was to unveil more
on the genetic pattern of this species and identify potential
genetic groups. Overall, the presence of four genetic groups
not corresponding to geographical groups was disclosed as
well as the concomitant presence within the same populations
of different well-differentiated genetic groups. These results
also suggest the presence of ecotypes within this species.

T. aestivum has a high genetic diversity at the European
scale and probably a long-distance dispersion

Over the 230 samples, the number of alleles identified ranged
from 5 to 24. This resembles the number of SSR alleles found
in T. magnatum (2 to 18 alleles on 315 samples; Rubini et al.
2004) and T. melanosporum (2 to 18 alleles on 139 samples;
Murat et al. 2011). The average He of 0.50 (Table 2) that we
detected in T. aestivum is the highest ever found in a truffle
species. At large scale, lower genetic diversity levels were in
fact found in T. mesentericum (He=0.21; Pomarico et al.
2007), T. borchii (He=0.17; Pomarico et al. 2007),
T. magnatum (He=0.16; Pomarico et al. 2007), T. brumale
fo. moschatum (He=0.09; Pomarico et al. 2007) and
T. melanosporum (He=0.41; Murat et al. 2011). Our values
are similar and sometimes even higher than He values found
in air-dispersed ECM fungi such as Laccaria species (He=

Fig. 1 Geographical distribution
of the four genetic groups defined
using GENELAND. For each
location, the proportion of
samples belonging to genetic
groups 1 (green), 2 (red), 3
(yellow) and 4 (blue) is indicated.
The size of the pie is proportional
to the number of samples

Table 3 Matrix of genetic differentiation between pairs of genetic
groups. Fst values are indicated in the lower half of the matrix.
Kindship coefficients (Fij) between pairs of genetic groups and within
genetic groups (Gij) are indicated in the upper half of the matrix and in the
diagonal line (bold), respectively

Group 1 2 3 4

1 0.31 0.13 −0.04 −0.06
2 0.29 0.19 −0.07 −0.01
3 0.42 0.45 0.17 0.06

4 0.40 0.38 0.35 0.23
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0.41/0.46; Wadud et al. 2014) or Suillus spraguei (He=0.33;
Rivera et al. 2014). T. aestivum is therefore a species with a
high genetic diversity at a European scale.

As regards the distribution of the MLG throughout our
sampling area, some samples with identical MLG were as
far apart as the UK, Belgium and Sweden (Table S2). At first
glance, this suggests a spread of genets throughout Europe.
This phenomenon was previously observed in some air-
dispersed fungi such as Laccaria amethystina (Hortal et al.
2012; Vincenot et al. 2012) or Tricholoma scalpturatum
(Carriconde et al. 2008 and Jargeat et al. 2010). Hypogeous
fungi are conversely animal dispersed, and thus, it is

surprising to find a spread of truffle genets throughout Europe.
However, as highlighted by Vellinga et al. (2009), humans are
moving fungi across landscapes. Due to its organoleptic qual-
ities and since inoculated seedlings with T. aestivum are avail-
able since 40 years (Murat 2015), humans might have proba-
bly contributed to spread truffles throughout Europe. The use
of additional molecular markers is essential to test whether or
not T. aestivum strains are truly shared between different
countries.

Within T. aestivum genetically distinct groups and likely
ecotypes are present

Within the four genetic groups identified by GENELAND,
both two locus and multilocus linkage disequilibrium analyses
indicate that extensive genetic exchange occurs. However, the
evidence that some samples from the same population belong
to different genetic groups suggests that some individuals
from the same location would not cross. Since geographical
barriers within each location are unlikely to be present, the
absence of crossing between individuals from the same pop-
ulation could be explained by ecological differences and/or
genetic barriers. We note that the coexistence of different ge-
netic groups with no geographical barriers preventing gene
flow has already been observed in L. amethystina (Hortal
et al. 2012; Vincenot et al. 2012). Due to the secrecy of truffle
harvesting, we have no precise data on our sampling sites to
address if and which ecological differences could explain the
isolation of samples within the same population. Concerning
putative genetic barriers, we note that truffles are heterothallic
species and that the mating type genes have been recently
identified and characterized in T. melanosporum and
T. indicum (Rubini et al. 2011; Belfiori et al. 2013). The

Fig. 2 Correspondence analysis showing the relation among samples based on their MLG with samples visualized according to their genetic group
membership (on the left; a) and pre-assignation (on the right;; b)

Table 4 Tests for heterozygosity deficit and excess within genetic
groups. Tests were run according to three different mutation models:
infinite allele model (IAM), two-phase model of mutation (TPM) and
stepwise mutation model (SMM)

IAM TPM SMM

Genetic group 1

Probability (one tail for H deficiency) 0.60 0.04 0.02

Probability (one tail for H excess) 0.42 0.96 0.98

Genetic group 2

Probability (one tail for H deficiency) 0.19 0.01 0.009

Probability (one tail for H excess) 0.82 0.99 0.99

Genetic group 3

Probability (one tail for H deficiency) 0.07 0.0002 0.0001

Probability (one tail for H excess) 0.94 0.99 0.99

Genetic group 4

Probability (one tail for H deficiency) 0.99 0.04 0.02

Probability (one tail for H excess) 0.0008 0.97 0.98

Bold indicates significance at p<0.05
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genome of T. aestivum is currently undergoing sequencing
(Payen et al. 2014). Our results highlight the importance to
characterize the mating type genes in T. aestivum samples
belonging to different genetic groups to assess whether differ-
ences in the sequence and organization of these genes could
explain their isolation.

Furthermore, although the genetic groups identified in
T. aestivum show an overlapping geographical distribution,
it is interesting to note that group 3 is restricted to Spain, Italy
and south-eastern France in Europe (Fig. 1). In addition to
this, this group is the most differentiated one when compared
to the others (Table 3) and only shows the T. aestivum
morphotype (Fig. 2). These results let us argue that the genetic
group 3 might represent a cryptic species or ecotype within
T. aestivum and that it is potentially adapted to southern cli-
mate. Ecotypes have been already characterized in other ECM
fungi. Suillus species evolved ecotypes that are specifically
tolerant against high Zn, Cd or Cu concentrations (Adriaensen
et al. 2005; Colpaert et al. 2000), and Pisolithus albus popu-
lations from ultramafic soils of New Caledonia are genetically
structured in ecotypes (Jourand et al. 2010). The existence of
ecotypes within T. aestivum has already been suggested but
has not been demonstrated until now (Le Tacon 2011). Ac-
cording to truffle growers, T. aestivum sensu stricto has a
distributional range limited to open woodlands located in the
southern European regions; it can form a truffle burn area
(known as Bbrulé^) all around its host species, and its fruiting
bodies can be harvested in the summer. Contrarily, T. aestivum
sensu lato can be found throughout Europe in more mature
forests, forms small or no truffle burn and produces fruiting
bodies throughout the year (Stobbe et al. 2012). As pointed
out earlier, a dedicated study will be needed to unveil whether
genetic barriers or differences in ecological specializations

might explain not only the presence of distinct genetic groups
but also that of possible ecotypes in T. aestivum. Up to now,
some private alleles not found in other genetic groups do exist
in genetic group 3, which could likely represent genetic
markers to identify T. aestivum sensu stricto.

Species and ecotypes discrimination in T. aestivum is an
important issue relevant to both science and economy. Indeed,
several national laws exist to control truffle commercialization
in different countries (e.g. law n°752 December 16th 1985 in
Italy; decree n°2012-129 January 30th 2012 in France). Key to
this legislation is the ability to precisely define species that can
be sold, notably avoiding multiple nomenclatures of the same
species which could lead to misinterpretation.

T. aestivum is not an endangered species

Each Tuber spp. is harvested in different environments rang-
ing f rom managed plan ta t ions (par t icu la r ly for
T. melanosporum) to natural forests (specifically for
T. magnatum and T. aestivum). However, T. aestivum shows
a higher adaptability to a wide climate range as opposed to
T. melanosporum or T. magnatum, being harvested all over
Europe. Recently, it has been proposed that truffles are endan-
gered in Mediterranean regions and are moving to northern
populations due to climate change (Büntgen et al. 2012). In
order to test a recent bottleneck of T. aestivum, which would
indicate a population contraction putatively due to climate
change, we performed two tests: the first based on heterozy-
gosity deficit and the second on the L-shaped distribution of
allele frequencies. A significant heterozygosity deficit was
detected for all genetic groups with both SSM and TPM
models suggesting a population expansion (Table 4). Al-
though a deficit of heterozygosity could also be due to sub-

Fig. 3 Distribution of allele
frequencies expected for loci
evolving under the infinite allele
model of mutation (IAM) in the
four genetic groups at mutation-
drift equilibrium. Black bars
represent the proportion of alleles
expected in each of the 11 allele
frequency classes
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population structure, a recent bottleneck could be excluded as
confirmed by L-shaped distribution of allele frequencies. The
absence of a recent bottleneck suggested that T. aestivum is
not yet an endangered species, not even in Mediterranean
regions since genetic group 3 is limited to southern popula-
tions (see above). A similar result was found for
T. melanosporum in the Iberian Peninsula indicating a non-
threatened genetic conservation status (García-Cunchillos
et al. 2014). However, even under conservative scenarios,
future climate changes are likely to cause further increases in
mean temperature (about 2–4 °C globally) with significant
drought in some regions (Seager et al. 2007) as well as in-
creases in frequency and severity of extreme droughts, ex-
treme heat levels and heat waves (IPCC 2013; Sterl et al.
2008). Since we know that climate, mainly water deficit, has
an effect on truffle fructification (Le Tacon et al. 2014), im-
pacts on truffle populations in the future cannot be excluded as
suggested by Büntgen et al. (2012). Therefore, the high
level of genetic diversity found as well as its genetic
structure with putative presence of ecotypes are key
aspects that need to be considered for future T. aestivum
cultivation programmes. A recent study carried out in
T. melanosporum based on genome re-sequencing of
six isolates from different geographical areas has
allowed the identification of single nucleotides and pu-
tative genes under selection and demonstrated that pop-
ulation genomics can be applied in truffle species to
identify genetic traits related to adaptation to environ-
mental conditions (Payen et al. 2015). Likewise, a ge-
nome sequencing and re-sequencing project of
T. aestivum samples from different areas and belonging
to different genetic groups will allow to address the
adaptation capacities of this species and verify if ecotypes
adapted to particular environments exist within this species.
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