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Abstract: The ectomycorrhizal fungus Tuber magnatum produces the white truffle appreciated
worldwide for its unique aroma. With respect to other Tuber spp. of economic interest, T. magnatum
presents a narrower geographical range. This species has, in fact, long been considered endemic
to Italy. However, over the last few decades several reports have documented the presence of
white truffles in different Mediterranean countries and in particular in various areas of south-east
Europe. In this study, samples from several Pannonian and Balkan countries such as Hungary, Serbia,
Romania, Bulgaria and Greece have been collected and genotyped with microsatellite markers and
the data merged with those available for Italian populations. Our objectives were to test whether
Italian and south-east European populations are differentiated and to evaluate the genetic diversity of
T. magnatum all over its distributional range. We show the genetic structure of T. magnatum populations
with the differentiation of four main groups: northern Italy, central-northern Italy, southern Italy
and the Balkan/Pannonian region. The present study allowed us to refine the evolutionary history
of T. magnatum and track the possible post-glacial expansion route of this species. The assessment
of T. magnatum’s genetic structure is not only of scientific relevance, but it is also important for the
conservation and market traceability of this prestigious fungus.
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1. Introduction

Species of the genus Tuber (Ascomycota, Pezizales, Tuberaceae) establish symbiosis with the
roots of several tree and shrub species by forming structures for nutrients exchange, known as
ectomycorrhiza [1]. In virtue of this mutualistic relationship these fungi produce hypogeous fruiting
bodies (ascomata) known as truffles, that produce their spores sequestered within the surrounding
tissues [2]. Tuber spp. thus rely on mycophagists for spore dispersal. Truffles produced by several Tuber
spp. hold distinctive aromatic properties, which make them appreciated and marketed worldwide
as food delicacies. Among edible Tuber spp. the black truffles harvested in Europe (T. melanosporum
Vittad. and T. brumale Vittad.), the black summer truffle T. aestivum Vittad., the whitish truffle T. borchii
Vittad. and the white truffle T. magnatum Pico are of particular relevance.

The evaluation of the intraspecific genetic diversity and population genetic structure of a species
is crucial to understand its biology and ascertain its origin, history and evolution. By using molecular
markers and performing a wide geographical sampling, a fine assessment of the population genetic
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structure of T. melanosporum, T. brumale, T. indicum, T. aestivum and T. magnatum has been performed [3–9].
These studies highlighted the presence of geographically structured populations and phylogeographic
patterns in these species.

Regarding T. magnatum, its genetic variability was initially investigated over a low number of
specimens collected in Italy [10,11] or Italy and Croatia [12], using RAPD (Random Amplification of
Polymorphic DNA), ITS-RFLP (Restriction Fragment Length Polymorphism of the Internal Transcribed
Spacer of rDNA) and SNPs (Single Nucleotide Polymorphism) either in the ITS region, in the ß-tubulin
gene or in a SCAR (Sequence Characterized Amplified Region). All these studies showed a very
limited intraspecific polymorphism [13]. A broader investigation was carried out by Frizzi et al. [14]
who analyzed the polymorphism of eleven isoenzymes on 139 specimens from 13 Italian populations.
The low genetic variability across populations and the lack of an interpretable evolutionary trajectory
were thought to be in agreement with a self-reproductive system, a restricted species endemism and
a relatively recent differentiation of this taxon [14]. A few years later, by employing seven polymorphic
simple sequence repeats (SSR) loci over 316 specimens from Italy and the Istrian peninsula (Croatia
and Slovenia), Rubini and colleagues [4] disclosed for the first time an isolation by distance pattern and
a phylogeographic structure in T. magnatum, with central Italy that likely represented a refugium for
this species during the last ice age. In addition, this study has been instrumental for a deep reevaluation
of the life cycle and the reproductive strategies of all Tuber spp. and to prove that truffle ascocarps are
mainly made of the haploid, maternal tissue [15].

Around the late 90s of the last century, it became clear that T. magnatum can also be found in
the Balkan peninsula and countries nearby [16] and, although more sporadically, in the south-east of
France [17] and Switzerland [18]. The recent discovery of natural T. magnatum populations in areas
ranging from Greece until Hungary and Romania ([13], and references therein), calls now for studies
based on a larger sampling area than before. On these premises, here we employed SSR markers and
an extensive sampling on most of the T. magnatum distributional range to shed more light on the genetic
structure and phylogeography of this species. In particular, we aimed at evaluating whether Italian and
south-east European populations are genetically differentiated and tracking the post-glacial expansion
pattern of this species. The Balkan peninsula, like the Italian one, in fact could have represented
a glacial refugia for T. magnatum during the last glaciation.

The assessment of the genetic diversity distribution could reveal important findings for aspects
spanning from ecology, conservation and marketing of this prestigious fungus.

2. Materials and Methods

2.1. Sample Source and DNA Analysis

Tuber magnatum samples were collected in 2015–2016 with the help of local pickers. Sampling
locations were mainly in Pannonian and Balkan countries and more marginally in central and southern
Italy (Table 1). Genomic DNA was isolated from freeze-dried and fresh ascocarps (1–5 mg) according to
Paolocci et al. [19]. DNA quantity and quality were evaluated using the spectrophotometer Nanodrop
(MySpec, Wilmington, DE, USA). The isolated DNA was diluted to 20 ng/µL and stored at −20 ◦C.
All samples were genotyped using eight microsatellite loci previously characterized in this species:
the loci MA4, MA7, MA14, MA12, MA19 and MA13 derived from Rubini et al. [20] and the loci MA2-1
and MA5-1 derived from Rubini et al. [4]. The SSR loci were PCR-amplified using multiplex PCR [19].
To this purpose, two panels, each consisting of four loci, were defined (Table S1). PCR conditions were
those reported in Rubini et al. [20]. Moreover, the locus MA13 was analyzed in all samples considered
by Rubini et al. [4].

The SSR amplicons were analyzed by capillary electrophoresis using an ABI 3130 Genetic Analyzer
in presence of the Genescan 500 LIZ size standard (Applied Biosystems, Foster City, CA, USA). Sizing
of amplicons and allele scoring were performed using GeneMapper software version 3.7 (Applied
Biosystems, Foster City, CA, USA).
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Table 1. Tuber magnatum samples considered in this study.

Population No. Population Name
(Sampling Location) Locality Sample Size* Mean No. of

Alleles**
Expected

Heterozygosity** Allelic Richness**

1 Valle del Crati Italy (Calabria) 3 1.5 ± 0.19 0.22 ± 0.08 ND++

2 Potenza Italy (Basilicata) 14 (12) 2.9 ± 0.35 0.37 ± 0.06 1.81 ± 0.15
3 Benevento, Avellino Italy (Campania) (5) 2.3 ± 0.37 0.39 ± 0.09 2.05 ± 0.29
4 Isernia, Campobasso Italy (Molise) (16) 3.4 ± 0.53 0.56 ± 0.06 2.27 ± 0.18
5 Agnone Italy (Molise) (10) 3.4 ± 0.73 0.46 ± 0.11 2.21 ± 0.33
6 Castel del Giudice Italy (Molise) (16) 2.9 ± 0.48 0.42 ± 0.09 1.95 ± 0.23
7 Ateleta, SP. Avellana Italy (Abruzzo-Molise) 36 (18) 4.6 ± 0.89 0.50 ± 0.10 2.17 ± 0.26
8 Roio del Sangro Italy (Abruzzo-Molise) (10) 2.9 ± 0.48 0.41 ± 0.09 1.98 ± 0.23
9 Quadri, Rosello Italy (Abruzzo) (14) 2.9 ± 0.58 0.44 ± 0.11 2.04 ± 0.27

10 Valle Roveto Italy (Abruzzo) (7) 2.3 ± 0.41 0.34 ± 0.09 1.83 ± 0.25
11 Chieti Italy (Abruzzo) (5) 2.3 ± 0.41 0.37 ± 0.12 2.08 ± 0.35
12 Ascoli Piceno Italy (Marche) (10) 2.8 ± 0.56 0.37 ± 0.11 1.92 ± 0.30
13 Montecastrilli Italy (Umbria) (9) 2.8 ± 0.59 0.42 ± 0.10 2.06 ± 0.29
14 Fabro Italy (Umbria) (11) 2.8 ± 0.41 0.42 ± 0.07 1.96 ± 0.21
15 Appennino umbro Italy (Umbria) (9) 2.4 ± 0.50 0.36 ± 0.10 1.85 ± 0.27
16 Gubbio Italy (Umbria) (25) 3.8 ± 0.75 0.45 ± 0.09 1.97 ± 0.22
17 Città di Castello Italy (Umbria) (12) 2.9 ± 0.69 0.39 ± 0.10 1.93 ± 0.28
18 Montemaggiore Italy (Umbria) (12) 2.3 ± 0.53 0.29 ± 0.11 1.68 ± 0.27
19 Pietralunga Italy (Umbria) (7) 2.4 ± 0.42 0.36 ± 0.10 1.92 ± 0.28
20 Firenze Italy (Toscana) (32) 4.1 ± 0.90 0.47 ± 0.08 2.04 ± 0.21
21 Val di Zena Italy (Emilia-Romagna) (10) 2.9 ± 0.58 0.43 ± 0.10 2.02 ± 0.27
22 Pianoro Italy (Emilia-Romagna) (9) 2.5 ± 0.53 0.38 ± 0.11 1.94 ± 0.20
23 Alba Italy (Piemonte) (7) 2.8 ± 0.49 0.42 ± 0.09 2.12 ± 0.29
24 Asti Italy (Piemonte) (9) 2.5 ± 0.42 0.40 ± 0.10 1.98 ± 0.27
25 Langhe Italy (Piemonte) (15) 3.0 ± 0.76 0.42 ± 0.11 2.01 ± 0.30
26 Pavia Italy (Lombardia) (11) 2.4 ± 0.42 0.36 ± 0.10 1.85 ± 0.26
27 Istria Croatia-Slovenia (17) 3.0 ± 0.60 0.41 ± 0.10 1.93 ± 0.25
28 Southern Hungary Hungary 14 3.1 ± 0.74 0.37 ± 0.11 1.91 ± 0.30
29 Šabac Serbia 6 2.1 ± 0.44 0.28 ± 0.11 1.78 ± 0.31
30 Valjevo Serbia 7 2.0 ± 0.33 0.33 ± 0.10 1.66 ± 0.27
31 Anina Romania 3 1.4 ± 0.18 0.17 ± 0.08 ND++

32 Craiova Romania 22 3.6 ± 0.84 0.44 ± 0.12 2.04 ± 0.31
33 Oryahovo Bulgaria 6 2.0 ± 0.27 0.39 ± 0.09 1.89 ± 0.22
34 Razgrad Bulgaria 6 1.9 ± 0.40 0.29 ± 0.11 1.75 ± 0.32
35 Kastoria Greece 18 3.6 ± 0.71 0.47 ± 0.11 2.13 ± 0.28
36 Elatochori Greece 6 2.5 ± 0.46 0.40 ± 0.10 2.15 ± 0.33

Mean Italy - 12.46 ± 1.52 2.84 ± 0.12 0.40 ± 0.01 1.99 ± 0.03
Mean Pannonia/Balkans - 10.50 ± 2.09 2.52 ± 0.24 0.36 ± 0.03 1.92 ± 0.05
Mean Total - 11.92 ± 1.23 2.75 ± 0.11 0.39 ± 0.01 1.97 ± 0.02

* Samples derived from the dataset of Rubini et al. [4] are indicated in parentheses. ** Standard errors of the means are reported. ND++: Not determined due to the small sample size and
presence of missing data.
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2.2. Genetic Diversity Data and Population Structure Analyses

The mean number of alleles (Na) and expected heterozygosity (He) for each locus and for each
population were evaluated using GenAlEx v. 6.501 [21]. Allelic richness (Ar) was calculated with
the software ADZE [22] using the rarefaction method [23] to correct for differences in sample size.
The Ar was weighted to four individuals by excluding calculation for Population 1 and 31, which have
a very small sample size. To avoid losing most of the information due to the small sample size of some
populations, Ar was also calculated by sorting individuals into eight geographical groups according to
their proximity (Figure S1). In this case, it was possible to consider a larger sample size, up to n = 15.

To estimate the degree of differentiation among populations, the analysis of molecular variance
(AMOVA) and calculation of Fst and Rst values were performed using Arlequin software, version
3.5.1.2 [24]. These analyses were carried out both by comparing all 36 populations (sampling locations)
and two regional groups of populations: Italy and Balkans/Pannonia.

Multilocus version 1.3b [25] was used to calculate the number of multilocus genotypes (MLGs)
and genotypic diversity (i.e., the probability that two individuals taken at random have different
genotypes). To evaluate if samples sharing the same MLG were true clones or resulted from random
mating, the Psex (the probability of obtaining the same MLG from different sexual events) values
and their significance levels were calculated with MLGsim software [26]. To test for the presence of
an isolation by distance pattern, correlation between genetic and geographic distances was evaluated
by performing a Mantel test according to Rousset [27] and using the software GenAlEx. The geographic
distance matrix, consisting of the natural logarithm of the pairwise distance among populations, was
calculated with GenAlEx considering the average geographic coordinates of each population. A genetic
distance matrix consisting of pairwise Rst/(1−Rst) values was calculated using the software SPAGeDi
version 1.5 [28].

The genetic structure of T. magnatum populations was evaluated by Bayesian analysis using
the software STRUCTURE version 2.3.4 [29] and TESS version 2.3 [30,31]. Five independent runs of
STRUCTURE for K (max number of estimated clusters) ranging from 2 to 10 were conducted. For each
K, 2000,000 MCMC (Markov Chain Monte Carlo) and a burn-in of 200,000 iterations were performed,
respectively. The admixture and no admixture models were tested considering correlated and
uncorrelated allele frequencies. The optimal K was determined by comparing both the log-likelihood
values and Evanno’s ∆K [32] using the software Structure Harvester [33]. TESS analysis was performed
both under the no admixture and the CAR admixture models by conducing 50 runs for each K ranging
from 2 to 10 with 50,000 total MCMC steps and a burn-in of 10,000 sweeps. The spatial interaction
parameter was set to the default value of 0.6 and the degree of trend to linear. To estimate the best K,
the Deviance Information Criterion (DIC) was averaged across runs for each K. The smallest value
before reaching a plateau was selected as the best K. Burn-in length and number of MCMC interactions
for STRUCTURE and TESS were established by checking the convergence of summary statistics,
and by evaluating consistence among runs of different lengths, following the recommendations in the
software manuals.

STRUCTURE and TESS results were processed with the software CLUMPP [34] using the Greedy
algorithm, random input order of runs and 1000 repeats. CLUMPP results were used to generate bar
graphs using DISTRUCT [35]. The ancestry coefficients calculated with STRUCTURE were also plotted
into a geographic map using the “POPSutilities” R script [36] according to the interpolation procedure
described by Francois [37]. Interpolate values of ancestry coefficients among each pair of samples were
calculated with R using the CLUMPP Q-matrix and a spatial grid obtained from the raster map of the
area. For each sample, transition between one group (K) to another was displayed with a progressive
change in the color intensity. The starting colors are those assigned to the different K.
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3. Results

3.1. Genetic Diversity of T. magnatum Populations

SSR data were generated for 111 T. magnatum samples. Most of the samples were from the
Balkan/Pannonian region (9 populations, 88 samples) and a few from central (Abruzzo-Molise,
18 samples) and southern Italy (Basilicata and Calabria, 5 samples) (Table S2). SSR analysis always
showed the presence of a single allele per locus as expected for haploid organisms. In total, 49 alleles
were detected and among them and 12 were new with respect to the alleles previously identified [4]
(Table S2). The data obtained in this study were then merged with the data from Rubini et al. [4], which
were relative to samples mainly collected in Italy, to end up with a dataset of 429 samples grouped into
36 populations covering almost all of the known T. magnatum distributional area (Table 1 and Figure 1).
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Figure 1. Map showing the geographical location of the Tuber magnatum samples analyzed. Populations
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Considering this merged dataset, the number of alleles was 77 with a minimum of 3 alleles for the
locus MA13 and a maximum of 19 for the locus MA4. The expected heterozygosity (He) ranged from
0.12 (MA13) to 0.84 (MA51) (Table S3). In each population the mean number of alleles ranged from 1.4
to 4.6 and the expected heterozygosity from 0.17 to 0.56 (Table 1). Comparison of allele distribution
between samples from the Italian and Balkan/Pannonian regions revealed 10 private alleles specific to
Italy and 28 to the Balkans/Pannonia. Some of these 38 alleles were also private for single populations,
but their frequency was no higher than 0.041 (Table S4). The remaining 39 alleles were shared between
the two regions, the most of them without relevant differences. Only a few showed a biased frequency,
this was the case of the alleles 162 and 172 at MA4 and MA14 loci, respectively, being markedly more
frequent among the Balkan/Pannonian samples, and the allele 121 at locus MA21 more frequent among
Italian samples (Table S4). By combining the allelic profiles at the eight SSR loci, 362 MLGs were
identified. Among these MLGs, 48 were shared at least between two individuals, but only a few
(9) turned out to be clones as they had Psex values that were significantly lower, thus rejecting the
hypothesis of their origin by sexual reproduction (Table S5). These putative clones were detected only
within a population. Some MLGs were also shared among both close and distant populations but
none of them showed significant Psex values, suggesting that they were generated by chance because
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of random mating (Table S5). The overall genotypic diversity was 0.998. When plotted against the
number of loci, the genotypic diversity reached a value higher than 0.99 at six loci and also slightly
increased up to eight loci (Figure S2).

The Ar for each single population ranged from 1.66 to 2.27. The highest values were observed for
Abruzzo-Molise (Populations 4, 5 and 7) among the Italian populations and for Greece (Populations
35 and 36) among the Balkan/Pannonian populations (Table 1). Grouping individuals at a large
geographical scale (i.e., 8 groups) allowed us to calculate the Ar by means of a rarefaction analysis
based on a larger sample size (i.e., n = 15) and to show that the individuals from central-south Italy
(Group 2) and those from the southern Balkans (Group 8) had the highest Ar values: 3.50 and 3.66,
respectively (Figure S1).

3.2. The Balkan/Pannonian and Italian Populations Were Genetically Differentiated

The presence of a genetic structure was revealed by AMOVA, which showed a marked and
significant genetic differentiation between the 36 populations (Fst 0.169, p < 0.001; Rst = 0.422,
p < 0.001). A higher significant differentiation (Fst 0.212, p < 0.001; Rst = 0.427, p < 0.001) was detected
when two regional groups of populations (Italian and Balkan/Pannonian) were considered (Table S6).
Furthermore, the Mantel test showed that the among-populations differentiation significantly increased
with geographic distance (R2 = 0.0232, p < 0.005; Figure 2).
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To better evaluate the genetic structure of T. magnatum populations, an admixture analysis was
performed. Bayesian clustering using the software STRUCTURE, showed that the most probable
number of clusters (K) was four (Figure S3A,B).

Three of these clusters were primarily associated with different geographical areas of sample
acquisition, with one grouping most of the individuals from southern Italy, one those from
central-northern Italy and Istria, and the third those from Balkans/Pannonia. Conversely, neither
a specific nor a prevalent geographical provenance emerged within individuals of the fourth cluster
(Figure 3A). We also noted that some individuals of Balkans/Pannonia shared common ancestry
with those of central-northern Italy, Istria and with Population 1 from southern Italy. Plotting the
ancestry coefficients obtained with STRUCTURE into the geographical map produced a better picture
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of the geographical distribution of individuals belonging to the four genetic clusters since they clearly
matched the four distinct geographical areas: south Italy, central Italy, central-northern Italy and Istria
as well as the Balkans/Pannonia (Figure 3B). No further relevant differentiation among individuals
emerged when a higher value of K was considered (Figure 3A). Similar results were obtained using
the no-admixture model considering either correlated or uncorrelated allele frequencies (data not
shown). When STRUCTURE was run to analyze the Balkan/Pannonian regional group only, a further
sub-structuration, with the differentiation of Greek Populations 35 and 36 starting from K = 3, emerged
(Figure S4). Conversely, the same analysis on samples from Italy and Istria did not show any further
sub-structuration (data not shown).
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Figure 3. Bayesian analysis of genetic structure. (A) Plot of the ancestry coefficients of each single
individual obtained with STRUCTURE based on admixture model and correlated allele frequencies.
Each K is represented by a different color. Populations are indicated below the figure and their
geographic origin above. (B) Spatial interpolation of population structure inferred for K = 4. Black dots
represent the samples locations. The four K groups are represented by green, yellow, red and blue
color gradients.
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The genetic structure of populations was further explored using TESS. Unlike STRUCTURE, this
software estimates the number of genetic clusters (K) by taking into account geographical coordinates
of individuals to detect discontinuities in allele frequencies. Running TESS, under the admixture
model there were three clusters matching; basically, the three main clusters found by STUCTURE
(data not shown). The no-admixture model was more informative since, according to the DIC values,
the most probable number of clusters was five (Figure 4A). In agreement with STRUCTURE, TESS
evidenced a clear differentiation of southern Italian and Balkan/Pannonian populations. Moreover,
the same analysis showed a further differentiation between populations of southern-central Italy and
those of central and northern Italy. A fifth group was represented by the Balkan Population 35 from
Greece and Population 1 from Calabria, which showed partial common ancestry (Figure 4B).
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4. Discussion

When T. magnatum is evoked, what comes to mind varies according to people: According to
the most gourmets and consumers, T. magnatum is the premium truffle, whereas for mycologists it
represents the Tuber species that, among those of economic relevance, has the narrowest distributional
range and the least understood autecology [13]. Previous studies revealed the presence of a genetic
structure of T. magnatum Italian populations with southernmost and north-westernmost populations
genetically differentiated from those of central Italy and Istria [4]. In these studies, only few samples
other than those coming from Italy were considered; but, differently from what has been believed in the
past, the T. magnatum distributional range is not indeed confined to the Italian peninsula only. Rather,
it adds to the trans-Adriatic species as an increasing number of works have recently reported on the
recovery of this fungus in different Balkan countries [16]. Thus, here we took advantage of T. magnatum
specimens harvested from these new hotspots of white truffle production, spanning from Hungary,
the northernmost, to Bulgaria, the easternmost, and down to Greece, to assess the genetic variability of
this species and to ascertain whether genetic differentiation exists between populations of the two main
regions of the T. magnatum distributional range: Italy and the Balkans/Pannonia. The analysis of more
than 400 individuals, distributed into 36 populations located in Italy and the Balkan/Pannonian region
and genotyped with eight SSR loci, unveils the presence of a high genetic variability and a clear genetic
structure of T. magnatum populations.

4.1. New Insights into Genetic Diversity of White Truffle

The study by Rubini and colleagues [4] conducted over more than 300 T. magnatum samples
harvested in Italy and Istria and genotyped by means of a few SSR markers was the first to show the
presence of genetically structured populations and the occurrence of an extensive gene flow within
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and among T. magnatum populations, likely thanks to spore dispersal by mycophagist mammals. With
respect to previous studies, not only the higher sample size but also the use of the more informative
markers, that is, polymorphic SSRs vs. isoenzymes, RAPD or SNPs on highly conserved loci (i.e., β
tubulin), were therefore crucial to these authors to gain first evidence on the abundance and distribution
of the genetic variability in this truffle species. Yet, the use of a handful of polymorphic SSR loci coupled
to a sampling of T. melanosporum all over the distributional range was sufficient to Riccioni et al. [5]
to confute the thesis of a trifling genetic polymorphism in this species [38] and map its possible
post glacial recolonization pattern. According to this observation, here we tested the hypothesis
that even a relatively small number of polymorphic SSR loci would be sufficient to shed light into
T. magnatum genetic diversity, if samples representative of the entire species distributional range are
analyzed. Following this rationale, the first goal of the present study was to broaden the T. magnatum
sampling areas. Thus, despite the widely known and hard to counteract secrecy of truffle hunters,
an extensive sampling of T. magnatum fruitbodies from Bulgaria, Hungary, Romania, Serbia and Greece
has been performed. Eighty-eight samples from these countries and a few samples from south Italy
have been genotyped for eight SSR loci and these data merged with the SSR profiles retrieved from
Rubini et al. [4]. By doing so, the number of alleles detected among the 429 specimens increased up to
77, with 12 new alleles being found, and with the number of alleles per locus (from 3 up to 19) in the
same range found for other truffle species, such as T. melanosporum (2–18) and T aestivum (4–15) [39,40].

The value of the He over loci of 0.54 (Table S4) or 0.38, if the average value among populations
is considered (Table 1), is much higher than that reported for this species (0.16) when sampling was
confined to southern Italy only [41]. This high value of He suggests that at large geographical scale the
level of genetic diversity in T. magnatum is comparable with that of other European species with a wider
geographical distribution, such as T. melanosporum and T. aestivum, which showed He values of 0.41
and 0.50, respectively [7,39]. The high level of genetic diversity is also confirmed by the high number
of MLGs: 332 over 429 fruit bodies analyzed and the overall genotypic diversity of 0.99, a value similar
to that found in T. melanosporum and T. aestivum [7,39]. Moreover, the evidence that genotypic diversity
reaches a plateau value of 0.99 with just six loci indicates that the number of loci used in this study is
adequate to evaluate the genetic variability of T. magnatum.

If the entire sample set is split into two main regions, the Italian and the Balkan/Pannonian ones,
then the presence of many private alleles specific to a single region emerges, although with a very
low frequency. It is worth mentioning that a few of the shared alleles show a quite different frequency
between the two regions. In sum, enlarging the sample size with individuals from the easternmost and
southernmost T. magnatum distributional areas has allowed us to disclose new and private alleles and
gain a closer look into the population genetics of this species.

4.2. Large Scale Sampling Reveals a Phylogeographic Structure in T. magnatum

The AMOVA analysis of the SSR data obtained from the 429 samples proves the presence of
a genetic structure among populations. The values of Fst and Rst, in fact, are higher in the present
research vs. the previous work by Rubini et al. [4], suggesting that the new populations considered,
mainly from the Balkans/Pannonia, are genetically differentiated from those of Italy and Istria. This is
confirmed by the Fst and Rst values that not only are significant but also increase when two regional
groups of populations (Balkan/Pannonia and Italy) are compared. In keeping with this, the Mantel test
depicts an isolation by distance pattern (Figure 2).

The presence of a genetic structure has been evaluated more in detail by performing Bayesian
analysis. The STRUCTURE algorithm clearly reveals that Balkan/Pannonian and Italian populations
are genetically differentiated. Moreover, Italian populations are split into tree genetic clusters: southern,
central and central-northern Italy, in agreement with results of Rubini et al. [4].

Historical population expansions and restrictions resulting from climate changes have been
reported for plant species, including truffle host species, which experienced population bottlenecks
as a consequence of glaciations [42]. In concert with this, the geographical distribution of European
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truffle species has followed the population expansion and restriction processes of their hosts [38,43].
For example, within the black truffle clade, T. melanosporum survived in refugia located in the Iberian
and Italian peninsulas, as inferred by ITS, ISSR and SSR markers [3,5,44]. Conversely the surviving
pattern of T. brumale aggr., resulting from the phylogeny of ITS, LSU and PKC loci, was more complex:
Within the T. brumale clade A, populations of haplotype I survived the last glaciation in Western Europe,
those of haploytpe II in Eastern Europe whereas those of clade B in the Carpathian basin and Balkan
region [6]. This latter clade was later proposed as representing a cryptic species, T. cryptobrumale [45].
Concerning the T. aestivum clade, according to the distribution and relatedness of the ITS haplotypes
of samples all over Europe and Turkey, it has been suggested that this species survived in Turkey
whereas European populations likely experienced a population bottleneck during the last glaciation [9].
The geographic structure of T. magnatum populations from the Italian peninsula, as per SSR analyses,
was consistent with the occurrence a glacial refugium in central Italy from which the northernmost and
southernmost populations originated [4]. Thanks to the large sampling performed, this hypothesis is
here reinforced as among Italian populations, those from the central-southern area exhibit the highest
levels of allelic richness. Our study also suggests that the Balkan peninsula may have represented
a T. magnatum glacial refugium as well. Our inference stems from the following considerations:
(i) Balkan/Pannonian populations, with a few exceptions, belong to a different genetic cluster with
respect to Italian specimens, suggesting an independent evolutionary history; (ii) STRUCTURE analysis
performed in Balkan/Pannonian populations shows that the individuals from the southernmost
populations (Greece) tend to differentiate from the others and the He allelic richness is higher in
these populations, a situation frequently expected in correspondence to putative glacial refugia [46];
and (iii) many truffle host plant species, including those that host T. magnatum (i.e., beech and hornbeam
spp.) survived the last glaciation in three main Mediterranean peninsulas: the Iberian, Italian and
Balkan ones [47–49].

It is noteworthy that, although a general phylogeographic pattern emerged from the STRUCTURE
analysis, some individual from the Balkan/Pannonian region (e.g., individuals from Populations 30, 32
and 34) share common ancestry with individual from Italian populations. Moreover, analyses that take
in account the geographical information (i.e., TESS algorithm), confirm clustering into four groups but
also show that the individuals from Population 1 (southern Italy) share partial ancestry with those
from Population 35, one of the southernmost populations from the Balkan area.

The finding that individuals across the two shores of the Adriatic sea partially share a common
ancestry poses the question whether strain migration occurred from one side of the Adriatic shore
to the other. In fact, the hypothesis that, in the past, strains from southern-central Italy moved to
the Balkan region or vice versa, cannot be ruled out. Many Mediterranean taxa present disjunct
distributions between the west and east Mediterranean, and these disjunct biogeographical patterns
are the results of the complex paleogeographic history of the present Mediterranean region [50]. Land
bridges between the Italian and Balkan shores of the Adriatic sea occurred in the Neogene through the
formation of the Apulo-Dalmatic Realm [51] and likely during the Pleistocene glaciations [52]. Thus, it
is conceivable that by enabling the migration of mycophagist animals these geological events may
have favored truffle spore dispersal between the two peninsulas. Along the same reasoning, as the
two shores of the Adriatic sea shared basically the same climate and soil (calcareous soil of cretaceous
origin) conditions [53], it is more than conceivable that whatever the truffle migration direction was,
the newly introduced truffle strains encountered host species and pedoclimatic conditions that have
favored their settlement. Mycophagist-mediated spore dispersal across the Alps also appears to be
the most conceivable explanation of the higher relatedness of Istrian specimens to those from Italy
rather than to those from the Balkans. A more extensive sampling of specimens from both sides of the
Adriatic sea covering, in particular, the latitudes spanning from 40◦ to 42◦ N, coupled with the use of
phylogenetically informative functional markers, would help us to further test the “bridge” hypothesis.
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4.3. Genetic Structure and Conservation Implications

Unearthing T. magnatum population genetic structure may have important implications for
conservation of its biodiversity. Differently from black truffle species, T. magnatum cultivation is not
yet established [13]; thus, propagation of this species is almost exclusively natural. In vitro isolation of
mycelium strains is also very challenging as this species shows a very slow growth rate and optimal
nutritional requirements have not been identified yet. Thus, the preservation of T. magnatum strains ex
situ in genetic banks is currently unfeasible. Rather, the most affordable strategy for the conservation
of T. magnatum biodiversity relies on the preservation of its natural habitats. On these premises, results
of the present study may be of relevance to identify and preserve populations and strains specific and
adapted to different environments.

5. Conclusions

Here we have shown that T. magnatum genetic diversity is higher than hitherto thought and
geographically structured across the Italian peninsula and Balkan/Pannonia region. Our findings
are of relevance to make inferences about the phylogeographic history of this species but also for
marketing and conservation purposes. The price of white truffles is traditionally dictated by their
geographic provenance; thus, by increasing the number of genetic markers it would be possible, in the
near future, to trace the origin of these truffles. This is a prerequisite to promote and sustain local white
truffle-linked ecosystem services and economies but also to evaluate if and to what extent genetic
determinants concur to shape the aroma variability across white truffles of different provenance. From
a conservation point-of-view, the presence of a phylogeographic structure led us to hypothesize that
T. magnatum strains of different geographic areas might exhibit different adaptation traits. In the light
of the difficulties in its cultivation/propagation and of a global warming scenario, preservation of
T. magnatum natural habitats from both Italy and the Balkan/Pannonian countries is therefore crucial to
prevent the erosion of its biodiversity.
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indicated when identical MLG are found, Table S6: AMOVA analysis among all populations and considering
two regional groups of populations (Italy, and Balkans/Pannonia), Figure S1: Allelic richness in eight geographical
groups. The geographical groups are indicated below the figure. Each geographical group includes all individuals
from populations (numbered as in Table 1) reported in parentheses, Figure S2: Average genotypic diversity in
function of the number of loci, Figure S3: Estimation of the most probable k. (a) Mean log likelihood over 5
runs (error bars = standard deviations) and (b) ∆K, the second order rate of change in the likelihood at each K,
Figure S4: STRUCTURE analysis performed on Balcan/Pannonian populations only, based on admixture model
and correlated allele frequencies. Each K is represented by a different color. Populations are indicated below the
figure and their geographic origin above.
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