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ABSTRACT

Ectomycorrhizal ascomycetes belonging to the genus Tuber produce edible fruiting bodies known as
truffles. Tuber aestivum, in particular, is a fungus appreciated worldwide and has a natural distribution
throughout Europe. Most of the molecular studies conducted on this species have been focused on
the question as to whether or not T. aestivum and the morphologically similar T. uncinatum are
conspecific. Conversely, only a handful of studies have assessed the level and distribution of genetic
diversity and occurrence of phylogeographic patterns in this species. Here, we analyzed the genetic
diversity of T. aestivum over a wide geographic range, performing an extensive sampling of specimens
from Turkey, which is novel, to the best of our knowledge. We compared the internal transcribed
spacer (ITS) profiles of 45 samples collected in different Turkish areas with those of 144 samples from
all over Europe. We identified 63 haplotypes, 32 of which were exclusively present in Turkey. The
majority of these haplotyes were also population specific. Haplotype network analysis and statistical
tests highlighted the presence of a genetic structure and phylogeographic pattern, with three spatially
distinct genetic clusters (northeastern Europe, southern Europe, and Turkey), with Turkey representing
a diversity hotspot. Based on these results, we hypothesize the presence of glacial refugia for
T. aestivum in Turkey, whereas European populations likely experienced a population bottleneck.
The possible occurrence of cryptic species among Turkish T. aestivum samples also emerged. Our
results are of practical relevance for the marketing of T. aestivum truffles and mycorrhizal seedlings
and the preservation of the biodiversity of this species.
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INTRODUCTION

marketed worldwide as food delicacies. Truffles live in

Macrofungi are fungi producing visible fruiting bodies
and are characterized by a saprotrophic, parasitic, or
symbiotic lifestyle. Plant-fungus symbioses play key
ecological roles in agroforest ecosystems (Smith and
Read 2010). Some fungi, belonging to the Ascomycota
and Basidiomycota phyla, establish symbiotic associa-
tions with the lateral roots of many tree and shrub
species by developing structures known as ectomycor-
rhizae. The ectomycorrhizal associations are beneficial
to both partners: the fungi use the carbon compounds
photosynthesized by the host plants while providing
their hosts with nutrients, water, and protection against
biotic and abiotic stresses. Besides their ecological role,
ectomycorrhizal ascomycetes belonging to the order
Pezizales genus Tuber produce hypogeous fruiting
bodies, which are the true truffles. These are edible
macrofungi that in some Tuber species hold distinctive
aromatic properties, which make them appreciated and

native forests throughout the Northern Hemisphere
(Bonito et al. 2013), with patterns of geographic dis-
tribution depending on the species. The most valuable
white and black truffle species, T. magnatum and
T. melanosporum, respectively, have very limited geo-
graphic ranges: T. magnatum is only harvested in Italy
and in some Balkan areas, although records from a few
other countries have been reported (Tabouret 2011;
Riccioni et al. 2016); T. melanosporum grows sponta-
neously in Italy, France, and Spain (Riccioni et al. 2008)
but has been introduced in several countries around the
world (Chen et al. 2016). Conversely, other truffle spe-
cies display a wider distributional range and among
them is T. aestivum, one of the most economically
important truffles, better known as the Burgundy truf-
fle. This species is widespread in nearly all European
countries, as well as in North Africa (Chevalier et al.
1979) and in Turkey (Tirkoglu et al. 2015). In sharp
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contrast to other Tuber species, T. aestivum is success-
fully cultivated in diverse environments and countries,
both within and outside its natural geographic range
(Chevalier 2008; Chevalier and Sourzat 2012; Stobbe
et al. 2013; Morcillo et al. 2015), due to its adaptation
to a large spectrum of climatic and pedological
conditions.

Due to the presence of truffles having different mor-
phological characteristics (i.e., spore ornaments), bou-
quet, ripening period, and ecological requirements, in
the late 19th century Chatin (1887) split T. aestivum
into two distinct species: T. aestivum and T. uncinatum,
the former representing truffles that ripen in summer,
the latter in the fall. However, in the last few years,
phylogenetic studies carried out by different research
groups have all come to the conclusion that the pheno-
typic differences between T. uncinatum and T. aestivum
are not enough to justify the separation into two dis-
tinct species and recommend the use of T. aestivum
Vittad. as the scientific name (Paolocci et al. 2004;
Wedén et al. 2004, 2005; Chevalier and Sourzat 2012;
Molinier et al. 2013).

Assessing the extent and distribution of genetic
diversity of fungal species, on both large scale and
small scale, is crucial to understanding their biology
and demographic history and to guide biodiversity
conservation programs (Douhan et al. 2011).
Concerning truffles, large-scale genetic diversity studies
have been carried out on T. magnatum (Rubini et al.
2004, 2005) and T. melanosporum (Bertault et al. 1998;
Murat et al. 2004, 2011; Riccioni et al. 2008;
Garcia-Cunchillos et al. 2014). Geographically struc-
tured populations and phylogeographic signals were
identified in both species. Moreover, these studies sug-
gested that both T. magnatum and T. melanosporum
experienced a population bottleneck during the last ice
age and that their refugia were located in the southern-
most areas of their distributional ranges. Using differ-
ent markers, such as random amplification of
polymorphic DNA (RAPD), internal transcribed
spacers (ITS) of rDNA, amplified fragment length poly-
morphism (AFLP), and simple sequence repeats (SSRs),
several authors also reported the existence of genetic
diversity among populations of T. aestivum
(Gandeboeuf et al. 1997; Mello et al. 2002; Wedén
et al. 2004; Splivallo et al. 2012b; Molinier et al.
2016b). However, these studies were centered only on
the European populations.

Interestingly, in accordance with its wider habitat
range, T. aestivum displays a higher rate of genetic
and morphological diversity with respect to other
Tuber species of economic relevance (Rubini et al.
2005 and references therein; Molinier et al. 2016b).

More in depth, in a global survey conducted on Tuber
species, T. aestivum was shown to be the most poly-
morphic, since its ITS variation was up to 3.7% (Bonito
et al. 2010). More recently, four genetic groups have
been recognized in the European populations of
T. aestivum, by using SSRs, and the presence of an
ecotype, potentially adapted to the climate of southern
Europe, has been envisaged (Molinier et al. 2016b). On
a smaller spatial scale, some studies have focused on the
spatial and temporal genetic structure of T. aestivum in
both natural and man-made truffle orchards, as well as
on the potential link between the genetic diversity of
the fruiting body and the aromatic profiles (Splivallo
et al. 2012b; Molinier et al. 2015, 2016a). Here, we
extended the sampling to include the natural popula-
tions of T. aestivum of Turkey, with the aim of evaluat-
ing the extent and distribution of genetic diversity and
of disclosing the phylogeographic patterns in this spe-
cies on a larger spatial scale compared with previous
studies. To this end, we characterized the ITS profiles
of the 45 Turkish specimens from 11 populations and
compared their haplotypes with those of 144 previously
characterized specimens from all over Europe.

MATERIALS AND METHODS

Sample source, DNA isolation, PCR, and sequencing.
—A total of 45 T. aestivum ascocarps were collected in
the years 2010-2014 from 11 natural areas in Turkey
(TABLE 1; FIG. 1; SUPPLEMENTARY TABLE 1). The
Aegean region (populations 1-7 and 11) was the most
sampled, followed by the Marmara (population 9),
Mediterranean  (population 8), and Black Sea
(population 10) regions. Dried herbarium specimens as
well as fresh specimens were used. Soon after collection,
the peridium was removed from the fresh ascocarps and
the inner part of the gleba was cut into slices, frozen in
liquid nitrogen, and stored at —-70 C untii DNA
extraction.

All ascocarps were morphologically checked accord-
ing to Chevalier et al. (1979). Spore examination was
performed to exclude the presence of similar species
such as Tuber mesentericum. Genomic DNA was iso-
lated from 0.3 g of gleba. The internal transcribed
spacer (ITS) of the rDNA region was amplified by
polymerase chain reaction (PCR), as previously
described by Paolocci et al. (2004)(). Dimethyl sulfox-
ide (DMSO) 10% (v/v) was added to the PCR reaction
mixtures to amplify most of the DNA, due to the
presence of a G/C-rich region in the T. aestivum ITS
(Paolocci et al. 2004). In addition, DNA amplification
from certain herbarium specimens was obtained only
after adding bovine serum albumin (BSA; 7 mg/ml;
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Table 1. Geographic information and diversity of the T. aestivum populations.

Population Origin Country Latitude Longitude N nH nHG
1 Bozkurt Turkey 37.82 29.61 1" 9 0.82
2 Acipayam Turkey 37.42 29.35 3 1 0.33
3 Honaz Turkey 37.76 29.27 9 9 1.00
4 Cal Turkey 38.08 29.4 9 4 0.44
5 Fethiye Turkey 36.58 29.25 1 1 1.00
6 Burdur Turkey 37.42 30.67 1 1 1.00
7 Ilzmir Turkey 38.2 26.84 1 1 1.00
8 Hatay Turkey 36.2 36.16 1 1 1.00
9 Catalca Turkey 41.14 28.46 1 1 1.00
10 Ordu Turkey 41.02 375 1 1 1.00
1" Mugla Turkey 37.21 28.36 7 4 0.57
Turkey 45 32 0.71
12 Emilia Romagna Italy 446 11.22 3 2 0.67
13 Umbria Italy 42.94 12.62 9 5 0.56
14 Abruzzo Italy 4234 13.45 9 6 0.67
15 Molise Italy 41.56 14.66 2 2 1.00
16 Liguria Italy 44.32 8.4 3 3 1.00
17 Lombardia Italy 45.48 9.84 9 2 0.22
18 Piemonte Italy 448 9.29 1 6 0.55
19 Marche Italy 43.63 12.76 2 1 0.50
20 Italy Italy 41.87 12.57 2 2 1.00
21 Teruel Spain 40.34 -1.11 1 1 1.00
22 Castilla Spain 41.75 -4.79 2 2 1.00
23 Dordogne France 45.1 0.75 2 1 0.50
24 Bouches du Rhone-Drome France 44.36 491 5 4 0.80
Southern Europe 60 24 0.4
25 Yonne-Haute Marne France 48.8 6.09 8 4 0.50
26 Oxford England 51.75 -1.26 1 1 1.00
27 Gotland Sweden 57.65 18.71 35 4 0.1
28 Oland Sweden 56.66 16.67 2 1 0.50
29 Aarhus Denmark 56.16 10.2 1 1 1.00
30 NPR Karlstejn Czech Republic 49.93 14.18 9 3 0.33
31 Damborice-Klinek Czech Republic 49.03 16.91 1 1 1.00
32 Teplice Czech Republic 50.64 13.83 3 1 0.33
33 Chodec Czech Republic 50.41 14.51 1 1 1.00
34 Pest-Baranya Hungary 47.16 20.18 3 3 1.00
35 Tribec¢ Slovakia 48.68 18.39 12 4 0.33
36 Povazsky Inovec Slovakia 48.77 18.03 8 3 0.38
Northern Europe 84 13 0.15
Total 189 63 0.33

Note. N = number of samples; nH = number of haplotypes; nHG = ratio nH/N.

Sigma-Aldrich, Steinheim, Germany) to the reaction
mixture (Paolocci et al. 1999). The amplified fragments
were purified using the EuroGold Cycle-Pure kit
(Euroclone, Milan, Italy ).

ITS sequencing was carried out using the primers ITS1,
ITS4, 5.8sf, and 5.8sb (Rubini et al. 1998) and the BigDye
Terminator Cycle Sequencing Kit (version 3.1; Applied
Biosystems, Foster City, CA, USA), according to the sup-
plier’s instruction manual. DMSO 10% (v/v) was also
added to the sequencing reaction mixtures. An ABI 3130
Genetic Analyzer (Applied Biosystems) was used for capil-
lary electrophoresis. Electropherograms were analyzed
with FinchTV 1.3.1 (Geospiza, Seattle, Washington;
http://www.geospiza.com). A BLASTn analysis (Altschul
et al. 1990) was carried out for each sequence to confirm
the species. The ITS sequences were deposited in GenBank
under the following accession numbers: KU664080 to
KU664124 (SUPPLEMENTARY TABLE 1).

Sequence mining from GenBank.—In order to obtain
a T. aestivum sampling representative of the entire

species distributional range, 144 ITS sequences from
specimens collected throughout Europe, and referenced
in previous papers (Mello et al. 2002; Paolocci et al
2004; Wedén et al. 2005; Gryndler et al. 2011), were
downloaded from GenBank (SUPPLEMENTARY
TABLE 1). Thus, we obtained a data set consisting of
189 T. aestivum specimens, by combining the 45 ex novo
sequenced samples from Turkey with the GenBank
samples. These were grouped in 36 populations
according to their place of origin (TABLE 1
SUPPLEMENTARY TABLE 1). Assembly, editing, and
alignment of the ITS sequences were performed by the
software Geneious 4.8.5 (Biomatters, Auckland, New
Zealand; http://www.geneious.com).

Data analyses.—The number of ITS haplotypes and
their frequency in the entire collection and at the
population/area level were calculated wusing the
software Arlequin 3.5.1.2 (Excoffier and Lischer 2010).
To evaluate the representativeness of our sampling,
a rarefaction analysis was performed by plotting the
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Figure 1. Geographic map showing the locations of the populations of T. aestivum under study.

number of haplotypes as a function of sample size using
the software EstimateS 9.1. A phylogenetic tree was
inferred with the software MEGA6 (Tamura et al.
2013) by using the neighbor joining method and the
composite maximum likelihood distance. The
alignment gaps were considered using the pairwise
deletion option. Bootstrap analysis was performed
with 100 replicates. The alignments were submitted to
TreeBASE (S22696). The analysis of the haplotype
network was performed with the software Haploview
(http://www.cibiv.at/~%20greg/haploviewer) using the
maximum parsimony (MP) method implemented in
the pnapars module of the PHYLIP package 3.696
(Felsenstein 1989).

The clustering of samples was examined by the soft-
ware BAPS (Bayesian Analysis of Population Structure)
4.14 (Corander et al. 2003, 2008). The genetic divergence
between the groups identified by BAPS was estimated
using MEGA6 (Tamura et al. 2013) as an average pro-
portion (p) of nucleotide sites at which two sequences
being compared are different (p-distance).

To check for deviations from neutrality, i.e., to see
whether DNA sequences evolve in manners

inconsistent with the neutral theory of molecular evo-
lution, we performed Tajima’s D and Fu and Li’s D*
and F* neutrality tests by using DnaSP 5.1 (Librado and
Rozas 2009). A significant deviation from genetic neu-
trality could be interpreted as a result of a recent popu-
lation expansion or bottleneck (Tajima 1989). The
mismatch distribution analysis, i.e., the distribution of
pairwise differences in our set of sequences, was per-
formed as an additional test for demographic expansion
using Arlequin 3.5.1.2. The graph resulting from this
analysis is usually multimodal in samples drawn from
populations at equilibrium, whereas it is unimodal in
populations that have been through a recent demo-
graphic expansion.

The hierarchical analysis of molecular variance
(AMOVA) was performed using Arlequin 3.5.1.2. The
spatial structure of populations was inferred using the
software Spatial Analysis of Molecular Variance
(SAMOVA) 2 (Dupanloup et al. 2002; http://cmpg.
unibe.ch/software/samova2/). SAMOVA defines groups
of populations that are geographically homogeneous
and maximally differentiated from each other on the
basis of Fct statistics. Fct indicates the proportion of
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Table 2. Relative numbers of haplotypes at different latitudinal
ranges.

Latitudinal range (°N) N nH nH/N
58-51 (populations 26-29) 39 6 0.15
50-47 (populations 25, 30-36) 45 10 0.22
45-42 (populations 12-14, 16-19, 23, 24) 53 20 0.38
41-36 (populations 1-11, 15, 20-22) 52 39 0.75

Note. N = number of samples; nH = number of haplotypes; nHG = ratio nH/N.

molecular variance among groups of populations. The
pairwise nucleotide difference was used as a measure of
distance, and the significance of the Fct index was
evaluated through a permutation test (1000 permuta-
tions). The haploid genetic distance among populations
was calculated after conversion of the DNA sequence
data into numeric codes using GenAlEx 6.501 (Peakall
and Smouse 2012). To evaluate the presence of
a pattern of isolation by distance (Rousset 1997), we
performed the Mantel correlation test between genetic
distance and the natural logarithm of geographic dis-
tances (km) among populations using the software
GenAlEx and 1000 random permutations.

RESULTS

Successful PCR amplification and sequencing of the ITS
region was obtained for all 45 samples from Turkey.
The nucleotide alignment between these sequences and
those downloaded from GenBank was 542 bp long and
contained a total of 108 variable sites (single-nucleotide
polymorphisms [SNPs] and indels).

By considering these polymorphisms, 63 haplotypes,
namely, H1 to H63, were detected within the 189
T. aestivum samples under study (SUPPLEMENTARY
TABLE 1; SUPPLEMENTARY FIG. 1). An even higher
number of haplotypes should be expected by increasing
the sample size, as is shown by the rarefaction curve
(SUPPLEMENTARY FIG. 2).

Out of the 63 haplotypes identified, 32 exclusively
belonged to the 11 Turkish collection sites
(SUPPLEMENTARY TABLES 1 and 2). In addition,
with the only exception of H9, which was shared
between two nearby populations (Honaz and
Bozkurt), all the Turkish haplotypes were also specific
to single populations (SUPPLEMENTARY TABLE 2).

As shown in TABLE 1, the ratio between number of
haplotypes and sample size (nHG) in Turkey was about
2- and 5-fold higher than that of southern and northern
Europe, respectively. This ratio increased from north to
south if the entire population set was subdivided into
four groups according to latitude (TABLE 2).

The phylogenetic tree of the haplotypes highlighted
the presence of three main clusters (FIG. 2). Cluster
I grouped most of the European haplotypes (25), since
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only 5 were the Turkish haplotypes, whereas most (25)
of the Turkish haplotypes belonged to cluster II, which
only included 6 haplotypes from Europe. A third, small
cluster (IIT) only included 2 haplotypes from Turkey.

We performed a network analysis that also included
geographic information and haplotype frequencies in
order to infer relationships among the haplotypes
(FIG. 3). The existence of three main clusters of hap-
lotypes, corresponding to three major geographic
areas, emerged from this analysis: southern Europe
(cluster A), northeastern Europe (cluster B), and
Turkey (cluster C). Only a few haplotypes, all belong-
ing to the Turkish samples, were not included in these
clusters. The three most frequent haplotypes (H33,
H36, and H57) were largely shared between
European populations, with H36 mainly found in
Italy (cluster A). Conversely, H33 and H57 were
mainly found in northern and eastern Europe, respec-
tively (cluster B), and were very similar to each other,
only differing by one SNP. Many rare haplotypes,
which only differed by one to three polymorphisms
compared with the most common haplotypes, were
also present (FIG. 3).

In contrast to what emerged in the European popu-
lations, where some haplotypes dominated whole
regions, Turkey presented a high diversity and was
characterized by many exclusive haplotypes. These hap-
lotypes were very different not only from the European
ones but also between each other, both at intra- and
interpopulation levels (FIG. 3; SUPPLEMENTARY
FIG. 1). The most frequent Turkish haplotype, although
only shared by four individuals from Cal, was HI9
(FIG. 3; SUPPLEMENTARY TABLE 2). A few haplo-
types (4), which only differed from H19 by one to two
polymorphisms, were detected in the same population
of Cal and in the nearby population of Honaz. It is
worth mentioning that two Turkish haplotypes, H1 and
H4, that were harbored by samples 1 and 5 from
Bozkurt, respectively, showed an exceptionally high
phylogenetic distance from all others to the extent
that they were grouped in a cluster of their own
(FIGS. 2 and 3). Also, H1 and H4 were placed in
a separate clade with an intermediate position between
the European/Turkish T. aestivum and the Chinese
specimens in the phylogenetic tree built including
taxa from China, namely, Tuber sinoaestivum, and
T. aestivum sensu lato (Zhang et al. 2012; Zambonelli
et al. 2012) (SUPPLEMENTARY FIG. 6).

A phylogenetic link was suggested between Turkey
and southern Europe, since five of the Turkish haplo-
types were very close to the highly frequent H36 and
vice versa six haplotypes from Italy, France, and Spain
were close to the Turkish haplotypes (FIGS. 2 and 3).
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Figure 2. Phylogenetic tree of the haplotypes observed. Numbers near the branches indicate the bootstrap values (percentage over
100 replicates). Haplotypes are indicated as H1 to H63 as in SUPPLEMENTARY FIG. 1. Populations where each haplotype is present
are indicated in brackets and numbered as in TABLE 1.




The Bayesian clustering performed with BAPS
detected one minor and three major clusters showing
a clear link with the already cited geographic areas
(FIG. 4A). In fact, cluster A grouped most of the
Turkish samples, together with the same few specimens
that were grouped by phylogenetic analyses from other
geographic areas (Italy, France, and Spain); cluster
B grouped the only two Turkish samples from
Bozkurt (population 1), confirming their divergence
from all other haplotypes (FIGS. 2, 3, and 4A); cluster
C mainly included Italian samples and cluster D, north-
ern and eastern European samples. Moreover, the four
clusters perfectly matched the pattern of the haplotype
network (FIG. 4B).

To test for departure from neutral selection, we
performed the Tajima’s D and Fu and Li’s D* and F*
neutrality tests for northeastern Europe, southern
Europe, and Turkey, together with the mismatch dis-
tribution analysis (SUPPLEMENTARY FIG. 3).
Negative values were observed for all neutrality tests,
although only D* and F* were significant for southern
Europe (SUPPLEMENTARY FIG. 3B). In the northern
and eastern European populations, the mismatch dis-
tribution analysis showed that sequence pairs differing
for low numbers of nucleotide sites (0 and 1) had
a particularly high frequency, whereas in the southern
European and Turkish populations sequences differing
for a low (0, 1) and a higher (5, 10) number of nucleo-
tide sites had similar frequencies.

The analysis of molecular variance (AMOVA)
revealed a strong genetic differentiation between popu-
lations (Fst = 0.44; P < 0.001). We performed the
SAMOVA analysis to define groups of populations
that were geographically homogeneous and maximally
differentiated from each other. Quite similar Fct values
were obtained when the number of groups of popula-
tions (K) ranged from 3 to 8 (SUPPLEMENTARY FIG.
4A). When K = 3 was considered, we identified groups
of populations basically corresponding to the geo-
graphic areas of northeastern Europe, southern
Europe, and Turkey. With the increase in K, this geo-
graphic pattern was basically confirmed and the ten-
dency to split Turkish populations into further groups
emerged (SUPPLEMENTARY FIG. 4B). The Mantel
test showed that among-population differentiation sig-
nificantly increased with geographic distance (R* =
0.109; P < 0.01), revealing a pattern of isolation by
distance (SUPPLEMENTARY FIG. 5).

In order to evaluate the presence of cryptic species
among T. aestivum samples, we calculated the diver-
gence levels in terms of sequence similarity between the
four BAPS clusters. The average nucleotide distances
ranged from 0.81% to 2.14% between clusters A-D, A-
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C, and D-C and from 3.9% to 4.44% between clusters
A-B, D-B, and C-B (TABLE 3), suggesting the possible
presence of cryptic species within cluster B.

DISCUSSION

In the present study, we carried out the first ITS
sequence analysis of populations of T. aestivum from
Turkey, which, to the best of our knowledge, represents
one of the southernmost areas of the distributional
range of this truffle species. We further compared the
ITS profiles of the Turkish specimens with ITS profiles
of those collected from other regions of Europe, with
the aim of performing a large-scale population genetics
study and of assessing the possible presence of phylo-
geographic signals. Although it is highly unlikely that
our data set reflects the whole genetic diversity of the
species, the acquired data were enough to demonstrate
the presence of a strong genetic structure among popu-
lations of T. aestivum, with those from Turkey display-
ing a higher rate of genetic diversity and private
haplotypes compared with those from Europe.
A phylogeographic pattern with three main spatially
distinct genetic clusters (located in northeastern
Europe, southern Europe, and Turkey) and the possible
existence of cryptic species also emerged from our
data set.

Our study sheds light on the historical population
dynamics of this species. These results are also of prac-
tical relevance for the marketing of T. aestivum truffles
and mycorrhizal seedlings and for the preservation of
the biodiversity of this species.

ITS analysis suggests that geographic and genetic
barriers shaped the spatial structure of
T. aestivum.—Considering the polymorphisms of the
ITS region, 63 ITS haplotypes were identified among
the 189 T. aestivum samples analyzed. The level of
T. aestivum genetic diversity, which emerged from
our data set, was much higher than that of other
Tuber species, as previously reported in analogous
large-scale studies. In fact, independent
screenings of 188 and 205 T. melanosporum European
samples, only 10 and 13 ITS haplotypes were identified,
respectively (Murat et al. 2004; Riccioni et al. 2008).
Likewise, only 13 ITS haplotypes were found among the
136 samples of T. brumale analyzed by Merényi and
colleagues (2014).

The phylogenetic analysis performed to evaluate the
relationship between haplotypes showed a clear ten-
dency of the Turkish and European haplotypes to be
different from each other. The network analysis

in two



8 RICCIONI ET AL.: PHYLOGEOGRAPHIC PATTERN IN TUBER AESTIVUM

Turkey
oONOUIAWN

e i 0]
= O

S-Europe

Italy
NN NHE R R B2 23
NP OWOouwousw

N
N

[ mm ]| RN

France Spain
N
w

N
w
]
I

26
27
28 [
29 [
30 0
31
328
33 0
34 1B
35
36 [l

[

NE-Europe
N-Europe

E-Europe

Figure 3. Haplotype network. Circles are shaded according to the percentage of samples belonging to the different populations
numbered according to TABLE 1. The sizes of the circles are proportional to the haplotype frequency. Haplotypes are indicated as H1
to H63. Points along the lines indicate intermediate mutational steps between haplotypes.

conducted was even more effective in highlighting the
presence of a phylogeographic structure, which also
showed the tendency of northeastern and southern
European samples to cluster in two distinctive groups.
This pattern was still consistent even when the Turkish
populations were excluded from the analysis (data not
shown). The finding of two genetic clusters in Europe
calls for additional studies aimed at verifying whether
or not samples of the two clusters differ in morphology,
ripening time, and/or habitat requirement.

Bayesian analysis and SAMOVA confirmed the pre-
sence of three main genetic clusters, corresponding to
the three major phylogeographic areas under study, and
of a fourth cluster, which only included two samples
from Turkey.

High levels of genetic structure are usually associated
with limited gene flow between populations as
a consequence of either reproductive barriers or

geographic isolation (Slatkin 1987). Reproductive isola-
tion plays an important role in sympatric speciation
processes (Giraud et al. 2008). Our analysis suggests
that geographic isolation likely played a major role in
limiting gene flow among populations of T. aestivum,
as the isolation by distance test showed a significant
correlation between genetic and geographic distances
among the populations.

Conversely, at a small-scale level, reproductive genetic
barriers might be evoked to explain the presence of
strongly differentiated samples within a given population
such as the case of samples 1 and 5 from Bozkurt. These
samples were in fact not only differentiated from all
other samples but also from the other nine samples
belonging to the same population and formed
a distinct genetic group (cluster B of BAPS analysis).
The average distance of cluster B from the others was
much higher than the average distances between all
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Table 3. Divergence between the groups identified by BAPS.

BAPS group Pairwise p-distance
A-D 1.99
A-C 2.14
A-B 444
D-C 0.81
D-B 3.90
CB 4.04

other clusters. The divergence values of cluster B was
higher than the 3% threshold commonly used in fungal
community studies to delineate species boundaries
(Smith et al. 2007; Peay et al. 2008; Hughes et al. 2009)
and the 4% threshold suggested by Bonito et al. (2010)
for Tuber species. According to our phylogenetic analy-
sis, samples of cluster B represent an intermediate taxon
between T. aestivumn and the related Chinese taxa
T. aestivum sensu lato and T. sinoaestivum. To establish
whether or not this intermediate taxon represents
a cryptic species, further morphological and molecular
analyses, based on additional genetic markers and
a more representative number of fruit bodies from
Bozkurt as well as from other Eastern countries, such
as Iran and Azerbaijan, will be needed.

The study of the mating type (MAT) locus would be
particularly informative to disclose inter- and intraspe-
cific genetic barriers in T. aestivum. This locus has been
identified in Tuber species of economic relevance,
including T. aestivum (Martin et al. 2010, 2012;
Rubini et al. 2011; Belfiori et al. 2013, 2016; Payen
et al. 2014). As an example, in T. indicum, the sequen-
cing of this locus revealed an extensive polymorphism
and rearrangements between samples belonging to dif-
ferent ITS clades, suggesting the presence of cryptic
species (Belfiori et al. 2013).

Genetic diversity and phylogeography suggest
different demographic histories of T. aestivum in
Europe and Turkey.—About 50% (32 out of 63) of the
total number of haplotypes detected in this study were
from Turkey. Interestingly, almost all of these haplotypes
(31) were not shared among the Turkish populations.
This scenario changed when European samples were
considered: three haplotypes were largely shared
between populations; two (H33 and H57) only differed
by one SNP, and there were many rare haplotypes that
only differed from the three most common by one to
three polymorphisms (FIG. 3). Such a star-shaped
network of the European haplotypes is consistent with
the hypothesis of a recent population expansion. In fact,
the few highly frequent haplotypes may represent
ancestral haplotypes from which many rare ones likely
derived in recent times (McCormack et al. 2008; Merényi

et al. 2014). The negative values of Tajima’s D and Fu and
Li’'s D* and F* neutrality tests also point to a possible
population expansion following a recent population
bottleneck. The mismatch distribution analysis, in
addition, highlighted a different trend between the
populations from northeastern Europe and those from
Turkey/southern Europe, since a large prevalence of
haplotypes with few pairwise differences only emerged
in the former group. Also, the haplotype diversity was
shown to increase from north to south. These results can
be explained by the fact that T. aestivum experienced
a population bottleneck, during the last glacial age,
which likely was more severe in northern and eastern
Europe than in southern Europe and Turkey. These
latter areas were probably refugia of the species, due to
the favorable climatic conditions. In contrast, according to
Molinier and colleagues (2016b), T. aestivum has not
experienced a recent population bottleneck, although it
must be underlined that no Turkish specimens were
considered in their investigation. The occurrence of
a population bottleneck and the presence of refugia in
the southernmost distributional ranges were already
envisaged for other Tuber species, such as
T. melanosporum and T. magnatum (Bertault et al. 1998;
Murat et al. 2004; Rubini et al. 2005; Riccioni et al. 2008).

Since Tuber species are mycorrhizal fungi, their
postglacial population dynamics should track those of
their host plants. In this respect, we note that Turkey
was the refugium for several plant species (Médail and
Diadema 2009) and, among them, for T. aestivum host
species, such as Quercus cerris (Brewer et al. 2002;
Bagnoli et al. 2016) and Pinus sylvestris (Cheddadi
et al. 2006; Naydenov et al. 2007).

The very high level of genetic diversity and haplo-
type endemism of T. aestivum in Turkey may also be
explained by the presence of geographic barriers to
gene flow, such as mountain chains and the Central
Anatolian Lake System, whose formation can be traced
back to the Neogene (Bilgin 2011). The limited truffle
knowledge and tradition in Turkey, where truffle culti-
vation and marketing are still at their infancy, might
have also concurred to preserve such a local truffle
biodiversity. Although there are only a few molecular
investigations on fungal biodiversity in Turkey, the
presence of diversity hot spots in this area was already
hypothesized for other mushrooms belonging to the
genus Morchella (Taskin et al. 2012).

The haplotype network highlighted a clear-cut
separation between European and Turkish strains in
different clusters, with at least eight mutational steps
from each other (FIG. 3). Nevertheless, a few Turkish
strains clustered within the “European lineage” and vice
versa some strains from southern Europe were detected



in the Turkish lineage, although without any haplotype
sharing. We also note that the ITS sequences of a few
T. aestivum samples from Iran recently published by
Jamali (2017) show the same haplotype, H36, of some
European samples. These pieces of evidence suggest an
effect of either sequence homoplasy or the recent
human-mediated introduction of allocthonous strains
in non-native areas. Indeed, both T. aestivum ascocarps
and mycorrhizal seedlings have been intensively mar-
keted for decades, and T. aestivum is considered to be
one of the few Tuber species that has become a non-
native colonizer of regions distant from its habitat of
origin (Vellinga et al. 2009; Bonito et al. 2010). Most of
the Turkish samples were collected from natural Pinus
forests, with the exception of samples from the Black
Sea region where extensive cultivations of hazelnut
trees are present. Interestingly, some of the Turkish
samples of T. aestivum, holding haplotypes similar to
those of the European samples, came from the latter
region. It is therefore conceivable that non-native
T. aestivum strains were introduced in Turkey as
a consequence of the cultivation of hazelnut trees.
However, additional Turkish samples from this area
should be analyzed to test and confirm this hypothesis.

Potential impact of the current findings on truffle
marketing and biodiversity conservation.—The
rising truffle demand in a globalized market and the
decrease in harvesting of the premium black and white
truffles, coupled with the wider ecological range and
higher cultivation potential of T. aestivum compared
with other Tuber species, are reasons that have
increased the scientific and commercial interest for
T aestivum over the last few years (Stobbe et al. 2013).
As an example, in Italy, where 70-80% of the national
truffle production reaches the processing industry,
about 65% of the processed truffles are T. aestivum
(Pampanini and Martino 2006).

The pronounced genetic variability among popula-
tions of different geographic regions, which has
emerged from the present study, opens the way to
further efforts to trace natural populations of
T. aestivum according to their geographic origin. This
goal is of particular interest for the socioeconomic
development not only of areas traditionally known for
the presence of T. aestivum, but also of those in coun-
tries, such as Turkey, having a productive capacity that
is not yet fully exploited. Such genetically distinct local
productions might gain further value if specific aro-
matic profiles also could be assigned to them
(Molinier et al. 2015). Ecological implications also
emerge from our results. For instance, priority should
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be given to the protection of truffle resources from the
areas, such as Turkey, that have a relatively short har-
vesting history, harbor autochthonous strains, and have
limited to null tradition concerning truffle cultivation.
For the biodiversity conservation of this species in these
areas, in fact, the use of native strains as spore inocula
to produce mycorrhizal plants to promote T. aestivum
cultivation should be recommended. Ecological threats
due to the undiscriminated use of allochtonous strains
are unpredictable in terms of biodiversity erosion as
well as adaptability of the newly introduced strains to
new environmental conditions. Finally, although the
effects of climate change on productivity of natural
and man-made truffle orchards is a controversial
topic (Biintgen et al. 2012; Splivallo et al. 2012a), com-
parative genetics and genomics studies on T. aestivum
strains adapted to different ecological conditions may
allow us in the very near future to identify traits related
to tolerance and strains with higher adaptability to the
ongoing climatic changes. The present study suggests
that populations and strains of T. aestivum from
Turkey are of outstanding relevance to approaching
such a goal.
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