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Hidden fairy rings and males—Genetic patterns of natural
Burgundy truffle (Tuber aestivum Vittad.) populations
reveal new insights into its life cycle
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Abstract
Burgundy truffles are heterothallic ascomycetes that grow in symbiosis with
trees. Despite their esteemed belowground fruitbodies, the species’ com-
plex lifecycle is still not fully understood. Here, we present the genetic pat-
terns in three natural Burgundy truffle populations based on genotyped
fruitbodies, ascospore extracts and ectomycorrhizal root tips using microsa-
tellites and the mating-type locus. Distinct genetic structures with high relat-
edness in close vicinity were found for females (forming the fruitbodies) and
males (fertilizing partner as inferred from ascospore extracts), with high
genotypic diversity and annual turnover of males, suggesting that ephem-
eral male mating partners are germinating ascospores from decaying fruit-
bodies. The presence of hermaphrodites and the interannual persistence of
a few males suggest that persistent mycelia may sporadically also act as
males. Only female or hermaphroditic individuals were detected on root tips.
At one site, fruitbodies grew in a fairy ring formed by a large female individ-
ual that showed an outward growth rate of 30 cm per year, with the myce-
lium decaying within the ring and being fertilized by over 50 male
individuals. While fairy ring structures have never been shown for truffles,
the genetics of Burgundy truffle populations support a similar reproductive
biology as those of other highly prized truffles.

INTRODUCTION

The Burgundy truffle (Tuber aestivum Vittad.) is an
ascomycetous soil fungus that forms hypogeous

fruitbodies, which are coveted by chefs around the
world as a culinary delicacy. As most other economi-
cally important truffle species, such as the Italian white
truffle (Tuber magnatum Picco), the bianchetto truffle

Received: 1 April 2022 Revised: 6 June 2022 Accepted: 5 July 2022

DOI: 10.1111/1462-2920.16131

This is an open access article under the terms of the Creative Commons Attribution License, which permits use, distribution and reproduction in any medium,
provided the original work is properly cited.
© 2022 The Authors. Environmental Microbiology published by Society for Applied Microbiology and John Wiley & Sons Ltd.

Environ Microbiol. 2022;1–16. wileyonlinelibrary.com/journal/emi 1

https://orcid.org/0000-0003-0982-4252
https://orcid.org/0000-0002-6674-4323
https://orcid.org/0000-0003-1001-7642
https://orcid.org/0000-0003-4707-2848
https://orcid.org/0000-0002-3821-0818
https://orcid.org/0000-0002-6365-6889
mailto:martina.peter@wsl.ch
http://creativecommons.org/licenses/by/4.0/
http://wileyonlinelibrary.com/journal/emi


(Tuber borchii Vittad.) and the Périgord black truffle
(Tuber melanosporum Vittad.), they belong to the True
truffles of the genus Tuber. This genus contains at least
180 species, most of which are naturally distributed in
the northern hemisphere and all of which live in ectomy-
corrhizal (ECM) symbiosis with trees and shrubs
exchanging nutrients and water for sugars (Zambonelli
et al., 2016). The Burgundy truffle is associated with a
wide range of tree species such as oaks, beeches, horn-
beams and other broad-leaved trees, but also conifers
and some shrubs such as hazels and Cistus. Occurring
in a broad ecological gradient, the species is widely dis-
tributed in Europe with populations ranging from Sweden
to Spain and even North Africa (Molinier et al., 2016a).

Genome sequencing of several truffle species
revealed that most truffles, including T. aestivum, are
heterothallic with a bipolar mating system, where a hap-
loid individual contains a single mating-type locus with
one out of two mating-type idiomorphs named either
MAT 1-1 or MAT 1-2 (Murat et al., 2018). These encode
transcription factors that are involved in the recognition
of opposite mating-type individuals and play a role dur-
ing meiosis by regulating the production of pheromones
and their receptors (Le Tacon et al., 2016; Rubini
et al., 2011b). Haploid structures of two individuals car-
rying the opposite mating type have to meet for sexual
reproduction and fruitbody formation. For T. melanos-
porum, it was shown that most parts of the fruitbody,
that is the peridium and the unfertile tissues of the
gleba, are formed by one of the two mating partners
called the female or maternal partner and these are
also found on surrounding ECM root tips, through which
they obtain sugars from the host tree to grow the myce-
lia and nourish the fruitbodies (Le Tacon et al., 2013;
Le Tacon et al., 2016). Males or paternal partners only
provide genes and are detected by genotyping the
ascospores that are produced within the fruitbody after
meiotic recombination and by inferring their contribution
to the spore genomes (Rubini et al., 2011b). An out-
growing haploid ascospore can act as a male or
female, or both (called hermaphrodites), independently
of the mating type it carries. Several studies reported
the aggregation of T. melanosporum individuals carry-
ing the same mating type into distinct MAT 1-1 and
MAT 1-2 patches based on fruitbody and ECM root-tip
genotyping (De la Varga et al., 2017; Rubini
et al., 2011a; Taschen et al., 2016). A similar aggrega-
tion of female mating types was sometimes found in T.
aestivum (Molinier et al., 2016b; Splivallo et al., 2019),
leading to the question of where paternal individuals of
opposite mating types are located and what structure
they might have (De la Varga et al., 2017; Le Tacon
et al., 2016; Selosse et al., 2017; Taschen et al., 2016).
Following possibilities have emerged: paternal gametes
are sexual ascospores or asexual conidia, or the
ephemeral hyphae germinating from these spores, or
they are from mycelia that persist in soil (De la Varga
et al., 2017), the first being the most likely for T.

melanosporum based on spatial genetic patterns
(Selosse et al., 2017).

Since Tuber spp. are hypogeous completing their
whole life cycle hidden in the soil, they are mainly spread
by small mammals and insects as spore vectors
(Trappe & Claridge, 2005). They have a shorter disper-
sion than epigeous species, resulting in larger popula-
tion differentiation and isolation by distance (IBD)
(Douhan et al., 2011). Indeed, such spatial structures
were shown for both T. aestivum and T. melanosporum
(De la Varga et al., 2017; Molinier et al., 2016b; Murat
et al., 2013; Taschen et al., 2016). To maintain a steady
local population, ECM fungi need to colonize newly
formed tree roots either by mycelial growth or by the
recruitment of new individuals via spores. Different life
strategies have been defined for plants and adopted to
fungi, the simplest being the r–K model: While R-
strategists have a short lifespan and invest most of their
resources into sexual reproduction and spore produc-
tion, K-strategists have a long lifespan and invest mainly
in asexual mycelial growth (Douhan et al., 2011). Which
strategy follows T. aestivum and other truffle species is
not fully clear, but studies of spatial genetic patterns
based on analyses of gleba (female or maternal tissue)
show the presence of both, many rather small genets
often forming only one fruitbody and a high genet turn-
over, but also a small number of individuals that per-
sisted over several years and formed genets over 100 m
in size for both T. aestivum (Molinier et al., 2016b) and
T. melanosporum (De la Varga et al., 2017; Murat
et al., 2013; Taschen et al., 2016).

The few previous studies addressing genetic struc-
tures of T. aestivum only focused on the distribution of
maternal individuals obtained by analysing fruitbody
samples. The goal of the present study was to character-
ize fine-scale genetic structures of both maternal and
paternal individuals in fruitbodies as well as on ECM root
tips in order to gain a deeper insight in the life cycle of T.
aestivum by addressing (i) the spatial distribution of mat-
ing types, (ii) the fine-scale distribution, interannual per-
sistence and genetic diversity of maternal and paternal
individuals and (iii) the spatial correlation of T. aestivum
soil mycelium amount with fruiting production. To assess
this, fruitbodies were sampled in three natural T. aesti-
vum populations located in northern Switzerland (WSL)
and southern Germany (BB and Ue) over 4 (2016–2019;
WSL), 3 (2011, 2013, 2019; BB) and 2 (2013, 2019; Ue)
years. In two of these sites, ECM root tips were sampled
and genotyped, and in one site, soil samples were col-
lected to quantify T. aestivum mycelium.

EXPERIMENTAL PROCEDURES

Study range and sampling design

The study was conducted in three natural T. aestivum
sites located in southern Germany [district of Konstanz
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(BB) and (Ue); Figure S1] and northern Switzerland
[Birmensdorf (WSL); Figure 1]. Both sites BB and Ue
are extensively described by Molinier et al. (2016b),
who studied the distribution and local genetic patterns
of maternal T. aestivum individuals on these sites in the
years 2011 and 2013. The WSL site consists of a single
isolated host tree of Fagus sylvatica, about 150 years
old, surrounded by a fertile meadow situated within the
fenced area of the Swiss Federal Research Institute
WSL [Figure 2(A)].

Fruitbody material harvested by Molinier et al.
(2016b) was available either dried or frozen. A new
1-day harvest in the BB and Ue sites was conducted at
the end of September 2019 with the help of four trained
truffle dogs. The exact position of fruitbodies was mea-
sured with a TerraSync GPS device (Trimble Interna-
tional, Horgen, Switzerland). For the Ue site, we
additionally included 25 fruitbodies sampled between
2016 and 2018, for which, however, no spatial localiza-
tion was recorded and therefore they were not included
in the main analyses but only in the comparison of
genotype presence in fruitbodies versus ECM root tips.
At the same site, we conducted an ECM root-tip sam-
pling on April 19, 2016, for which 112 soil cores with a
diameter of 4.5 cm and a depth of 10 cm were taken on

a regular 1.2 m grid in a rectangular study plot
(14.6 m � 8.4 m; Figure S1). The samples were trans-
ferred to the laboratory and stored at 4�C until proces-
sing. The roots were cautiously washed under low
running water, gathered in a 1 mm sieve and placed in
a Petri dish. From each soil core, two possible T. aesti-
vum ECMs were collected under a binocular based on
morphology (Agerer, 1987-2006; Molinier et al., 2016a)
and placed individually in lysis buffer for subsequent
genotyping.

For the WSL site, fruitbodies were hunted with a
trained truffle dog every 3 weeks over a 4-year time
period as a part of a large-scale monitoring project. The
exact positions of fruitbodies were individually marked.
Harvested fruitbodies were washed with water to
remove remaining soil particles and thin slices were
dried at room temperature. At the end of the three sea-
sons (2017–2019), the georeferencing of marks was
surveyed using an MS50 tachymeter (Leica Geosys-
tems, St. Gallen, Switzerland). We determined the cen-
tre of the area in which fruitbodies were harvested in
2017 and 2018 using ArcGIS Pro v.2.4.0 (ESRI, Red-
lands, USA) and defined four transects with a length of
6.6 m from which soil cores with a diameter of 4.5 cm
and a depth of 10 cm were collected every 30 cm in

F I GURE 1 WSL Burgundy truffle sampling site with distribution of the Tuber aestivum multi-locus genotypes (MLGs) identified in fruitbodies.
(A) Sampling site harbouring a single Fagus sylvatica host tree surrounded by meadow. Positions of fruitbodies harvested in 2017 are marked
with pink flags. (B) T. aestivum fruitbodies and ascospores (inlet). (C) Ectomycorrhizal root tips characterized by the presence of a light brown
mantle and white, woolly extramatrical mycelium. (D, E) Spatial distribution of maternal (D) and paternal (E) MLGs. MLGs belonging to more than
one sample are indicated by different colours and unique MLGs only present in a single sample are marked with a cross
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September 2019 (Figure 2). From a total of 89 cores
collected, the soil was separated from the roots by
carefully breaking up the soil cores, sieved with a 1 mm
sieve and frozen at �18�C. In 78 cores, tree roots were
present. The roots were treated as described above
and inspected for T. aestivum morphotypes. An addi-
tional root sampling with eight soil cores was performed
at a later stage within the patch including the MAT 1-2
mycelium (Figure 2) to search for ECMs of this mating
type. The abundance of T. aestivum on the total num-
ber of ECMs was estimated visually. If T. aestivum was
likely absent, ECMs of the most similar morphotype
were sampled instead. One ECM per sampling position
(and all T. aestivum morphotypes from the sampling on
the MAT 1-2 patch) was stored in 50 μl lysis buffer PN
(LGC Biosearch Technologies, Berlin, Germany) at
�18�C until DNA extraction.

DNA extraction

Genomic DNA from gleba and ECM samples were
extracted using the KingFisher Flex system (Thermo
Fisher Scientific, Basel, Switzerland) with the Sbeadex
technology using a customized extraction protocol for
plant and fungal material (LGC Genomics, Berlin,
Germany). Gleba samples were disrupted using an
MM400 mill (RETSCH, Haan, Germany) at 30 Hz for
2 min with a 4 mm steel ball. ECMs were lysed manu-
ally with a pestle in 50 μl lysis buffer PN (Macherey-
Nagel, Düren, Germany). After extraction, DNA was
dissolved in 100 μl AMB buffer (LGC Genomics) and
stored at �20�C until genotyping. ECMs sampled in
2016 were extracted using a NucleoSpin 96 Plant II Kit
(Macherey-Nagel) according to the manufacturer’s
instructions and DNA was eluted in 50 μl Elution Buffer

F I GURE 2 Sampling of Tuber aestivum fruitbodies, ectomycorrhizal root tips (ECMs) and soil samples from the WSL site. Fruitbodies
sampled during different years are indicated with different colours. Four transects were defined based on the centre of the fruitbodies harvested
in 2017 and 2018, on which a soil core was collected every 30 cm to gather ECMs and soil samples for mycelium quantification. Positions of
ECMs genotyped as T. aestivum and the MAT 1-2 soil mycelium patch are indicated. Amounts of soil mycelium per sampling position are given
in μg of dried soil mycelium per g of dried soil on the y-axis of transects and are indicated by black dots
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PE. When using the protocols above, most of the
extracted DNA results from the maternal gleba, while
the ascospores remain intact. Therefore, to amplify
paternal genotypes, ascospores were isolated and
DNA was extracted from 99, 72 and 36 fruitbodies at
the WSL, BB and Ue sites, respectively, using a proto-
col adapted from De la Varga et al. (2017). A small
piece of dried or frozen gleba was added into a Petri
dish filled with water. To release spores, the gleba sur-
face was scraped off using either a scalpel or a pipet
tip. Spores were separated from gleba pieces under
the binocular using a micropipette and collected into
1.5 ml Eppendorf tubes. All centrifugation steps were
conducted at 21,000g. Lysis was conducted with an
MM400 mill (RETSCH) in 300 μl of NTE buffer (NaCl
250 mM, Tris–HCl 200 mM, EDTA 25 mM). DNA was
resuspended in 100 μl of water and stored at �18�C.

To quantify T. aestivum mycelium in the soil, soil
samples were lyophilized for 2 days and 250 mg was
used from each sample to isolate DNA with the DNeasy
PowerSoil Pro Kit (Qiagen, Stockach, Germany)
according to the manufacturer’s instructions. This kit
proved to not extract DNA from truffle spores (Chen
et al., 2021). Samples were disrupted in an MM400 mill
(RETSCH) with the protocol given for the TissueLyser
II and DNA was eluted in 100 μl of C6 solution and
stored at �18�C.

Molecular genotyping

Gleba, ascospore, ECM and soil samples were geno-
typed using the mating-type locus and 14 nSSR
markers. The mating-type locus was amplified using
the same primers and conditions as described by Moli-
nier et al. (2016b). Reactions were performed with a
final volume of 20 μl containing 0.2 μM of each primer
(Microsynth, Balgach, Switzerland), 4 μg/ml of bovine
serum albumin (BSA, Qiagen), 1� concentration (10 μl)
of the JumpStart REDTaq ReadyMix PCR Reaction
Mix (Merck KGaA, Darmstadt, Germany), 2 μl of DNA
extracts (Gleba and ECM samples 1:10 diluted, asco-
spore and soil samples undiluted), and ultra-pure water
up to 20 μl. A total of 34 cycles for gleba, and 37 cycles
for ascospore, ECM and soil samples were used. PCR
products were run on a 1.5% agarose gel containing
ethidium bromide for DNA labelling and visualized by
using a c300 digital imager (Azure Biosystems, Dub-
lin, USA).

Then, 14 nSSR loci (aest01, aest06, aest07,
aest10, aest15, aest18, aest24, aest25, aest26, aest28,
aest29, aest31, aest35 and aest36) were amplified
using primers developed by Molinier et al. (2013).
PCRs were conducted using the Qiagen Type-it Micro-
satellite PCR Kit (Qiagen). As described by Molinier
et al. (2016b), two different primer mixes were used
according to expected allele sizes to prevent an over-
lapping of fragments. Additionally, a third mix consisting

of primer pairs aest01 and aest31 was used, since
these primers show a weak amplification in the multi-
plex reaction. Due to a poor amplification of aest01 and
aest31 on ascospore extractions in samples originating
from southern Germany, they were excluded for down-
stream analysis. The monomorphic marker aest15 was
left out for the analysis of the ECM samples from Ue
due to a low amplification in some samples. PCR reac-
tions were conducted with a final volume of 10 μl con-
taining a 1� concentration (5 μl) of the Multiplex Type-it
Reaction Mix (Qiagen), 0.2 μM primer Mix, 2 μl of Tem-
plate DNA (Gleba and ECM samples 1:10 diluted,
ascospore samples undiluted) and water up to 10 μl.
Fluorescent forward primers were ordered at Thermo
Fisher Scientific Basel and reverse primers at Micro-
synth AG Balgach. PCR reactions were performed
using an Applied Biosystems Veriti 96 Well Thermal
Cycler (Thermo Fisher) with the following conditions:
15 min at 94�C followed by 30–39 cycles of 30-s dena-
turation at 94�C, 90 s of annealing at 60�C and 60 s of
elongation at 72�C, with a final extension of 30 min at
60�C. Cycle number was adjusted based on previous
PCR reactions. Nuclear SSR PCR products were
diluted between 1:10 and 1:16 for primer mix 1 and mix
2, respectively, and 1:3 or 1:4 for primer mix 3 depend-
ing on the amplification yield of previous PCR reac-
tions. A volume of 10 μl of the Applied Biosystems Hi-
Di Formamide (Thermo Fisher Scientific) and 0.1 μl of
GeneScan 500 LIZ Size Standard (Thermo Fisher Sci-
entific) was mixed with either 1 μl of diluted PCR prod-
ucts amplified with mix 1 or 1 μl of each dilution of PCR
products amplified with mix 2 and mix 3. Fragment
analysis was carried out in an ABI 3130 Genetic Analy-
ser (Applied Biosystems).

Quantification of T. aestivum soil mycelium

To quantify the amounts of soil mycelium, a real-time
qPCR approach based on the fungal ITS sequence
using primers and probes designed by Gryndler et al.
(2013) and a Takyon No ROX Probe Core Kit
(Eurogentec, Seraing, Belgium) was used. To obtain a
standard curve for absolute quantification of ITS copy
numbers, a plasmid containing the T. aestivum ITS
sequence was constructed as described in Supplemen-
tary Information. Reactions were performed with a vol-
ume of 20 μl containing a 1� concentration of qPCR
Core Kit No ROX buffer (2 μl), 5.5 mM qPCR core kit
No ROX MgCl, 0.2 mM qPCR Core Kit No ROX dNTPs,
1 U/reaction (0.2 μl) qPCR Core Kit No ROX Takyon
enzyme, 0.1 mM Invitrogen Rox (Thermo Fisher Scien-
tific), 0.2 mg/ml BSA (Qiagen), 0.3 μM T. aestivum spe-
cific primers, 0.1 μM T. aestivum specific TaqMan
probe, either 5 μl of soil DNA samples (1:10 diluted) or
5 μl of plasmid DNA for the standard curve plus 5 μl of
soil matrix (1:10 diluted soil extraction near the sam-
pling site, where no T. aestivum mycelium is present)
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and water up to 20 μl. qPCR reactions were run in an
Applied Biosystems QuantStudio 5 qPCR machine
(Thermo Fisher Scientific) with the following conditions:
3 min at 95�C followed by 40 cycles of 10 s at 95�C
and 60 s at 60�C. Data were analysed within the
Thermo Fisher Cloud Connect by using an absolute
quantification approach on triplicates of each sample.
Standard curves were considered as reliable with an
R2 ≥ 0.997 and an efficiency between 90% and 110%.
To assess the quality of the quantification, the coefficient
of variation [(standard deviation/mean) � 100] was cal-
culated for each triplicate. The absolute amount of soil
mycelium (μg of dried mycelium/g of dried soil) was cal-
culated based on the values obtained by Gryndler et al.
(2013); 1 g of dried soil mycelium = 9.37 � 1010 ITS
copies.

Data analysis

Identification of multi-locus genotypes

Raw nSSR data were analysed using GeneMapper
v.5.0 (Thermo Fisher Scientific), applying the same bin
set used by Molinier et al. (2016b), with the mating-type
locus being used as an additional marker. Only unam-
biguously resolved genotypes (including the mating
type) were considered for the analysis. In addition,
nSSR data of maternal genotypes of gleba samples
previously obtained (Molinier et al., 2016b) for the sites
in southern Germany for the years 2011 and 2013 were
included for the analysis.

Genetic diversity [i.e. allele frequencies, unbiased
expected diversity (i.e. heterozygosity in diploid data)
(uHe)] and assignment of MLGs based on the nSSR
profiles and the mating-type locus were assessed for
haploid and diploid (zygotes) datasets with GenAlEx
v.6.512b implemented in Excel 2016 (Peakall &
Smouse, 2012). To test if samples grouped into the
same MLG can be considered as true clones, without
carrying the same MLG by chance, the probability that
copies of an MLG arose from sexual reproduction (Psex)
was calculated using MLGsim with 1000 simulations
(Stenberg et al., 2003). A significant Psex value implies
that copies of the same MLG are true clones and origi-
nate from asexual reproduction. Samples from MLGs
having a non-significant Psex value were considered as
unique genotypes for further analysis. Accordingly, a
set of clone-corrected MLG data were created, where
the centre of each significant MLG was computed in
ArcGIS Pro v.2.4.0 to overcome the bias of sampling a
genotype multiple times (Taschen et al., 2016).

Mating type distribution

For each site, the spatial aggregation index (Ac) of mat-
ing types was calculated on the complete and clone-

corrected datasets for all years combined and for the
year 2019 separately in the BB site using GenClone
v.2.0 (Arnaud-Haond et al., 2007). Statistical signifi-
cance of the Ac index was tested against the null
hypothesis of a spatially random distribution of samples
using a re-sampling approach based on 1000 permuta-
tions. The Ac index ranges from 0 to 1, where 0 indi-
cates that the membership of nearest neighbours to the
same MLG does not differ from the average probability
across all occurrences, and 1 means that all nearest
neighbours preferentially share the same MLG
(Molinier et al., 2016b).

Clonal diversity and fine-scale spatial genetic
structure

Genotypic diversity was calculated as follows:
R = (Nb. of significant MLGs � 1)/(Nb. of ramets � 1),
ranging from 0 to 1, where 0 means that there is a sin-
gle clone of the same MLG and 1 means that all sam-
ples belong to an individual MLG. We used GenClone
v.2.0 to calculate (i) the adapted Simpson index for
genotypic diversity (D*), also ranging from 0 to 1, where
1 represents maximal diversity, (ii) the Simpson even-
ness index (ED*), which ranges from 0 to 1, where
1 means that all MLGs show equal frequencies, and
(iii) the spatial aggregation index (Ac) of maternal and
paternal MLGs. The clonal-specific range, defined as
the farthest distance between two samples belonging
to the same MLG, was measured in ArcGIS Pro
v.2.4.0. For zygotes, that is fruiting bodies for which
maternal and paternal genotypes were identified,
inbreeding coefficients Fis (i.e. 1 � observed heterozy-
gosity Ho/mean expected heterozygosity He) were cal-
culated in GenAlEx v.6.512b using a diploid dataset,
estimating the proportion of inbreeding under the
assumption of random mating. Fis values are ranging
from �1 to 1, with values close to zero representing
random mating. Positive values suggest inbreeding,
while negative values are an indicator of excess hetero-
zygosity (Peakall & Smouse, 2012).

To investigate the distribution of MLGs in relation to
geographic distance, we performed an IBD and a spatial
autocorrelation analysis using the clone-corrected data-
sets for both maternal and paternal genotypes from the
two southern Germany populations. IBD analysis was
conducted with the haploid data option using GenAlEx
v.6.512b. Genetic and geographic distance matrices
were generated and a Mantel test was performed with
999 permutations (Peakall & Smouse, 2012). To further
evaluate the possible effect between genetic related-
ness and geographic distances of individuals, a spatial
autocorrelation approach based on the Kinship coeffi-
cient (Fij) described by Loiselle et al. (1995) was applied
using SPAGeDi v.1.5 (Hardy & Vekemans, 2002). A
number of 13 distance classes between 5 and 500 m
were defined and it was tested whether the observed
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pairwise Fij values were significantly different from
0, representing random mating, using 10,000 random
permutations of spatial locations. As described by Hardy
(2003), the spatial genetic structure was analysed using
the Sp statistic, calculated as Sp = �b/(1 � F1), where
b represents the slope of the regression of Fij values on
the natural logarithm of spatial distance and F1 is the
average Fij value of the first distance class.

Principal component analysis, genetic
clustering and population differentiation

Principal component analysis (PCA) was conducted on
a subset of the clone-corrected dataset containing
maternal and paternal genotypes originating from
southern Germany and on the complete clone-
corrected dataset including all fruitbody samples from
all three sites using the dudi.pca function of the R
package ADE4 v. 1.7.18 (Dray & Dufour, 2007). Geno-
typic variation across all individuals was summarized
along the three most informative axes.

Population genetic structure was investigated using
Bayesian clustering analysis implemented in STRUC-
TURE v.2.3.4 (Pritchard et al., 2000) to determine the
most likely number of genetic groups or sub-popula-
tions. We used the clone-corrected datasets and set
the analysis with the putative populations range of
K = 1–10, under the admixture model with correlated
allele frequencies (Falush et al., 2003), and without a
priori information of the location origin of each sample.
We independently ran the analysis with 10 replicates
for each value of K, a burn-in of 500,000 Markov Chain
Monte Carlo iterations, followed by 750,000 iterations.
We inspected the convergence of the replicates and
diagnosed the optimal K value based on the stabiliza-
tion of �Log(K) values as visualized in Structure Har-
vester v.0.6.94 (Evanno et al., 2005; Earl and vonHoldt,
2012) and on the mean similarity scores computed by
CLUMPAK v.1.1 (Kopelman et al., 2015). The assign-
ment of each individual to one of the genetic clusters
was based on the ancestry coefficient threshold
of ≥0.5.

Pairwise genetic differences among the three popu-
lations (WSL, BB and Ue) and among the three genetic
groups (sites Ue and BB) were calculated on the clone-
corrected datasets with the distance measure ΦPT for
haploid data using GenAlEx v.6.512b. In a case study
of high mutation and low migration rate, ΦPT is an
appropriate estimator of genetic differentiation
(Kronholm et al., 2010). ΦPT values range between
0 and 1, where a pairwise value of 1 means two fully
differentiated groups. Significance of ΦPT values was
tested using analysis of molecular variance with
999 random permutations of samples (genotypes)
across the full datasets (Peakall & Smouse, 2012). We
tested for spatial aggregation (Ac index, see above) of

genetic groups in the BB site using the clone-corrected
dataset.

Mapping

To visualize spatial patterns, ArcGIS Pro v.2.4.0 was
used to describe the sampling site and to map distribu-
tion of MLGs.

RESULTS

Sampling overview

In the natural T. aestivum site WSL, 291 T. aestivum
fruitbodies were harvested over 4 years (109, 78, 28,
76; 2016–2019). Their spatial locations revealed a fairy
ring structure similar to those of some epigeously fruit-
ing fungi [Figures 1(A) and 2]. From these, we success-
fully genotyped 205 gleba and 66 ascospore samples.
Out of 89 soil cores collected on four transects
(Figure 2) to sample T. aestivum ECM morphotypes [-
Figure 1(C)] and to quantify mycelium, this species was
present and successfully genotyped from one ECM root
tip in each of 12 samples (Figure 2).

On three intensive truffle hunts with four trained truf-
fle dogs, 74 (43 in 2013 and 31 in 2019) and 75 (33 in
2011, 39 in 2013 and 3 in 2019) fruitbodies were har-
vested and georeferenced in the BB and Ue sites,
respectively (Figure S1). Of the sampled fruitbodies,
66 and 68 gleba, as well as 37 and 20 ascospore sam-
ples, were successfully genotyped in the BB and Ue
sites, respectively. In the Ue site, we included 39 non-
georeferenced fruitbodies sampled between 2016 and
2018, of which 25 gleba and 20 ascospore samples
were successfully analysed. We also collected
221 ECM root-tip samples on a regular grid in the cen-
tre of this site in April 2016, of which 84 were geneti-
cally identified as T. aestivum and 66 could be included
in the genetic analyses as all markers were success-
fully genotyped.

Mating type frequency and distribution

At the WSL sampling site, all maternal gleba samples
(except for one) and all ECMs were genotyped as MAT
1-1. Mating type characterized on soil samples by PCR
revealed that even in the soil mycelium, MAT 1-1 was
dominating over MAT 1-2. Only in 22% of the MAT-
PCR positive samples, both MAT loci were detected by
non-quantitative PCR (qPCR) analyses (Table S1).
These locations did not overlap with the presence of
truffle fruitbodies and usually contained low quantities
of T. aestivum mycelia (Table S1). One distinct patch of
MAT 1-2 was found at five sampling positions within
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the fairy ring (Figure 2). So far, no fruitbodies were har-
vested in this area. Since no ECM root tips of T. aesti-
vum were present in these samples on the transect, we
additionally collected eight soil cores within the mycelial
patch of MAT 1-2, and morphologically and genetically
identified several ECM root tips as T. aestivum, which
all carried the MAT 1-2.

In the sites in southern Germany, mating types were
significantly aggregated for both the complete and
clone-corrected datasets in the Ue site (Ac = 0.74 with
p = 0.001 and Ac = 0.47 with p = 0.02, respectively)
and for the complete (Ac = 0.52, p < 0.001), but not the
clone-corrected dataset (Ac = 0.31, p = 0.06; Table 1)
in the BB site. A less pronounced aggregation of mating
types in the BB than the Ue site can be observed when
visualized on maps (Figure S2). In the Ue site, the
aggregation of mating types was also present at the
root level on ECMs (Ac = 0.60, p < 0.001; Figure 3).
Within the same soil core, the two randomly selected T.
aestivum morphotypes always showed the same
mating type.

Analysis of multi-locus genotypes and
genetic diversity

All nuclear simple sequence repeats (nSSR) markers
were polymorphic across all sites, except for aest15
(Table S2). The number of alleles per locus ranged
from one to eight, with five loci being monomorphic for
the WSL and Ue sites, and one for the BB site. Overall,
low values of effective allele and unbiased expected
diversity were found; with the mean uHe = 0.06/0.09,
0.19/0.19 and 0.33/0.40 (all samples/clone-corrected)
at the WSL, Ue and BB site, respectively (Table 1,
Table S2).

In fruitbodies, 56 multi-locus genotypes (MLGs)
were detected at WSL (i.e. two maternal, 54 paternal),
63 in the BB (i.e. 32 maternal, 29 paternal and two
hermaphrodites) and 53 in the Ue site (i.e., 31 mater-
nal, 18 paternal and two hermaphrodites; Tables S3
and S4). Of the MLGs found in multiple samples,
which are true clones as they showed a significant
Psex value, all at WSL (two maternal and two paternal)
and Ue (two maternal and two hermaphrodites) and
one hermaphrodite out of the four MLGs (two maternal
and two hermaphrodites) at the BB site were present
over several years (Table S3). One of these MLGs
persisted for 9 years (i.e. 2011–2019; a maternal indi-
vidual in the Ue site). Hermaphroditic MLGs with sig-
nificant Psex values made up 3.17% and 3.92% of the
total number of MLGs in the BB and Ue site, respec-
tively. While paternally acting ramets of these MLGs
were found in only 1 year, maternally acting ones were
detected over several years for three of the four her-
maphrodites (Table S3). No MLG was shared between
the three analysed sites. T
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All ECMs of T. aestivum sampled along the tran-
sects at the WSL site showed the same genetic profile
as the dominant maternal individual. However, the
additional five ECM root-tips sampled within the MAT
1-2 mycelial patch and characterized as such, revealed
a new MLG (Psex = 0.02, p = 0.04) showing a new
allele for the locus aest18, which so far was monomor-
phic for this site. All other nSSR markers of this new
MLG showed the same allele as the dominant maternal
individual.

At the Ue site, comparing MLGs present in fruitbo-
dies (including additional fruitbodies from the years
2016–2018) and ECMs collected in 2016, 68 MLGs
were exclusively detected in fruitbodies, 21 only in
ECMs, and six in both (considering non-significant
MLGs as multiple individuals; Table S3). For those
MLGs that persisted over the years and were true
clones, all but two (MLG I and MLG Q, both located
over 36 m away from the ECM sampling plot) were
identified in ECMs. With this enlarged dataset, we iden-
tified three additional perennial MLGs, including one
hermaphrodite (MLG P), which acted paternally in
2011, maternally in 2016 and 2017 and was present in
two ECM root tips in 2016. MLG D, which only occurred
twice in paternal ascospore samples in 2011 and 2013,
was also detected in the ECMs sampled in 2016, but

this finding requires further investigations given the
non-significant Psex value, meaning that MLG D cannot
be considered as a true clone. Therefore, only maternal
and hermaphroditic genotypes were present at ECM
root tips.

Genotypic diversity and spatial genetic
structure at the WSL site

Genotypic diversity and evenness at the WSL site was
rather low (R = 0.201, D* = 0.444, ED* = 0.377;
Table 1). Only two maternal MLGs were observed com-
pared to the 54 paternal ones, with maternal MLG D
showing a frequency of 0.976 [Figure 1(D,E);
Table S3]. This is also represented in the genotypic
diversity being much lower for females (R = 0.005,
D* = 0.048) than for males (R = 0.785, D* = 0.793)
and higher aggregation of females (Ac = 1.000,
p < 0.001) compared to males (Ac = 0.169, p = 0.01;
Table 1). Of the 54 paternal individuals, only two were
found in several samples and persisted over the years.
One of them exhibited a similar clonal subrange (8.4 m)
as the dominating maternal individual (9.7 m; Figure 1
(D,E); Table 1). The inbreeding coefficient (Fis) calcu-
lated for zygotes, that is fruitbodies for which maternal

F I GURE 3 Distribution of Tuber aestivum multi-locus genotypes (MLGs) identified in the ectomycorrhizal (ECM) root tips sampled in 2016 in
conjunction to fruitbody MLGs. Mating types present in soil cores and the MLG membership of each ECM are given. For each sampling point,
two ECM root tips of the T. aestivum morphotype were sampled, and in those where T. aestivum was genetically characterized, the MLG of each
ECM root tip is given above and below the sampling point. MLGs consisting of multiple ECM root tips with non-significant Psex values are labelled
with their theoretical MLG plus a number. Significant ECM MLGs are indicated by polygons and the spatial location of their corresponding
fruitbody MLG by ellipses in the same colour. The aggregation (Ac) of ECM MLGs was calculated with all ECM samples. The mating-type
aggregation index Acmat was calculated using only one ECM sample per soil core (both ECM root tips always showed the same mating type) and
corrected for clones
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and paternal alleles are available, was negative
(Fis = �0.026), indicating random mating within
this site.

Genotypic diversity and spatial genetic
structure in southern Germany

High genotypic diversity was found in both sites, BB
(R = 0.608, D* = 0.932) and Ue (R = 0.575,
D* = 0.911). As at the WSL site, paternal diversity was
higher than maternal diversity (Table 1). Maternal but
not paternal MLGs were significantly aggregated, more
pronounced in the Ue (Ac = 0.715, p < 0.001) than in
the BB (Ac = 0.3721, p < 0.001) site (Table 1;
Figure S3). A maximum clonal subrange of 185.9 m
was measured in BB, an MLG acting as hermaphrodite
(MLG E), and 45.5 m in Ue, a maternally acting MLG
(MLG C; Table 1, Table S3). At the Ue site, all paternal
individuals were unique MLGs. The distribution of
maternally and paternally acting ramets within her-
maphrodites shows visually no clear spatial pattern.
Paternal ramets were more scattered, while maternal
ones show a stronger aggregation for MLG D, but the
opposite was found for MLG E in the BB site
(Figure S4).

When looking at the clone-corrected datasets, signifi-
cant IBD was observed for both maternal (R = 0.422,
p ≤ 0.001) and paternal (R = 0.385, p ≤ 0.007) individ-
uals in the Ue, but only for paternal ones in the BB site
(R = 0.208, p = 0.036; Figure S5). In general, a weaker
IBD was assessed in the BB than in the Ue site. At the
Ue site, both maternal and paternal genotypes showed
a similar R-value supporting similar dispersion capacities
(Figure S5). Spatial autocorrelation evaluated with the
Kinship coefficient (Fij) was significant up to 6 m for
maternal and paternal individuals in both BB and Ue
sites (Figure S6). Sp values indicating the decrease of
pairwise kinship over geographic distance were slightly
higher for both maternal and paternal individuals in the
Ue (maternal: Sp = 0.13, paternal: Sp = 0.08;
Figure S6) compared to the BB (maternal: Sp = 0.08,
paternal: Sp = 0.07) site, coinciding with the IBD analy-
sis (Figure S5). Considering only the first 5 m for the
regression analysis, both sites showed similar Sp values
with high estimates for maternal (Sp = 0.55 and 0.54 for
the BB and Ue site, respectively) and low estimates for
paternal individuals (Sp = 0.05 for both BB and Ue
sites), suggesting a strong genetic structure within the
first 5 m for females, but not males (Figure S6). Looking
at the zygotes, high inbreeding was observed for both
BB (Fis = 0.232) and Ue (Fis = 0.172; Table 1) sites.

Population differentiation and subdivision

For the two sites in southern Germany, we found three
genetic clusters with high genotypic variation and low

levels of admixture within individuals [Figure 4(A,C),
Figures S7, S9, S11]. All individuals in the Ue site were
assigned to one cluster, whereas within the BB site,
two main genetic clusters were characterized [cluster
1 in Ue, clusters 2 and 3 in BB; Figures 4(C),
Table S4]. However, one unique maternal MLG, found
in the BB site in 2019, was grouped into the genetic
cluster 1 which dominated in the Ue site [Figure 4(C),
Table S4]. The three clusters were strongly differenti-
ated as indicated by high ΦPT values [Figure 4(A)] and
were significantly spatially aggregated in the BB site
considering maternal MLGs (Ac = 0.43, p = 0.009) but
not for paternal ones (Ac = 0.37, p = 0.065;
Figure S2). In 92% of the 37 zygotes analysed in the
BB site, maternal and paternal MLGs shared the similar
cluster memberships and only three fruitbodies arose
from mating of individuals from different genetic clus-
ters (clusters 2 and 3; Figure S2).

The three populations BB, Ue and WSL were clearly
differentiated based on principal component and
Bayesian clustering analyses [Figure 4(B,D),
Figure S8]. We inspected the estimated probability dis-
tribution across K values and found at K = 4 a clear
separation of the three populations and a substructure
in the BB site as supported by the PCA analysis
(Figures S10 and S12). The four genetic clusters dif-
fered by high ΦPT values, with the lowest value found
between clusters 2 and 3 in the BB site [Figure 4(B)].

Hidden fairy ring

Fruitbodies at the WSL site grew on a fairy ring struc-
ture with a radial outgrowth trend of around 30 cm per
year (Figure 2). Mycelium quantifications and ECM
assessment along the four transects revealed a high
correlation between the amounts of soil mycelium, the
presence of T. aestivum ECMs and the production of
fruitbodies on the ring (Figure 2). When T. aestivum
ECMs were present, they usually colonized a high per-
centage of the fine roots in that sample (up to 80%).
Soil mycelium of T. aestivum ranged from 0 μg dried
mycelium per gram dried soil to a maximum of
592.7 μg g�1 soil (Table S1). The highest amounts of
soil mycelium were detected on transect 1, where also
many fruitbodies were produced and many ECMs were
found. A peak of soil mycelium was detected on the
inside of the ring on transect 3 spanning over five sam-
pling positions, which was genotyped as MAT 1-2
(Figure 2).

DISCUSSION

Mating type distribution

Like other Tuber species, T. aestivum is a heterothallic
fungus with a dominant haploid life cycle, where two
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haploid mycelia from opposite mating type have to
meet for sexual reproduction (Molinier et al., 2016a).
Several studies of Périgord truffle (T. melanosporum)
populations revealed a strong mating-type aggregation
with spatial structuring of maternal individuals carrying
the opposite MAT locus (De la Varga et al., 2017; Murat
et al., 2013; Rubini et al., 2011a; Taschen et al., 2016).
The same was recently described in a T. borchii

plantation (Leonardi et al., 2019). Such aggregation of
mating types seems to occur in the Burgundy truffle as
well, but at a lesser prevalence with mixed patterns
based on current and previous studies. Splivallo et al.
(2019) analysed the distribution of mating types in two
T. aestivum orchards, where in one orchard the mating
types were uniformly distributed and in the other a
strong aggregation of MAT 1-1 individuals was found.

F I GURE 4 Genetic structure of Tuber aestivum populations based on the subset (only populations in Southern Germany) and complete
clone-corrected dataset. (A, B) Principal component (PC) analyses on the clone-corrected subset containing samples from BB and Ue (A) and
on the complete clone-corrected dataset consisting of samples from all three populations (B). Pairwise ΦPT values, representing the genetic
differentiation between groups, are given in the lower half of the matrices with corresponding p values from the AMOVA analysis in upper half
(inlet tables). (C, D) Admixture analysis among the two (C) and three (D) populations of T. aestivum based on the clone-corrected datasets. Each
barplot shows the level of admixture within individuals and colours reflect assignment probabilities to respective genetic clusters. The assignment
of each individual to one of the genetic clusters was based on the ancestry coefficient threshold of ≥0.5 (Table S4). AMOVA, analysis of
molecular variance
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In our study, aggregation was observed in the BB site
and occurred significantly in the Ue site, not only as
revealed by the fruitbody data but also as evidenced by
the ECM root level and soil mycelia in the WSL site.
Rubini et al. (2011a) suggested that spatial structuring
of mating types could be due to competitive exclusion
between different genotypes, in which the mating-type
locus is involved as a marker of self-recognition and
vegetative incompatibility, as shown for other fungal
species [i.e. Neurospora crassa, Sordaria brevicollis,
Ascobolus stercorarius and Aspergillus heterothallicus
(Glass et al., 2000)]. However, for sexual reproduction,
tissues of opposite mating type have to fuse, which
suggests that incompatibility is suppressed in reproduc-
tive structures. How this is accomplished is unclear, but
studies on N. crassa indicate that repressed transcrip-
tion of loci mediating mating-type associated vegetative
incompatibility might be the mechanism (e.g. tol locus;
Shiu & Glass, 1999). Under the assumption that sexual
reproduction is costly and controlled by a trade-off,
mating-type associated vegetative incompatibility could
prevent too frequent mating due to the low probability
that two compatible individuals of opposite mating type
meet (Selosse et al., 2013). Further research is needed
to demonstrate whether such a mechanism exists and
could be activated or inhibited depending on unknown
intrinsic or extrinsic factors.

Genetic diversity and spatial genetic
structure

Our sites revealed low genetic diversity with usually
one dominant allele at a given locus, especially in the
WSL and Ue site (uHe = 0.09 and 0.19, respectively),
although the markers were established as highly poly-
morphic (Molinier et al., 2013). This is likely due to the
geographical range of our study being restricted to a
regional scale. The few studies that reported genetic
diversity using similar numbers of nSSR markers
showed generally higher values of expected diversity
for natural T. aestivum (He = 0.31–0.62; Molinier
et al., 2013; Molinier et al., 2015a; Molinier
et al., 2015b) and for natural and planted T. melanos-
porum populations (He = 0.21–0.59; Taschen
et al., 2016; De la Varga et al., 2017) compared to our
findings. The two sites WSL and Ue are relatively iso-
lated and most likely the gene pool is rarely enriched by
migrants. Although genetic diversity was low, genotypic
diversity was high and similar to what is found in other
truffle sites (e.g. 0.04–0.64 maternal, 0.50–1.00 pater-
nal; Molinier et al., 2015a; Taschen et al., 2016; De la
Varga et al., 2017; Schneider-Maunoury et al., 2020).
This also indicates that several closely related individ-
uals have established these populations. Consistent
with the high prevalence of non-significant Psex values
in all sites, more nSSR markers or next-generation

sequencing data would have been needed to discrimi-
nate all individuals in these populations at a deeper res-
olution. Furthermore, at sites in southern Germany, we
found high inbreeding coefficients, suggesting that
maternal and paternal gametes of zygotes are closely
related to each other. Similar Psex values and higher
inbreeding coefficients than our measurements were
reported in several natural and planted T. melanos-
porum populations using 10–13 nSSR markers (De la
Varga et al., 2017; Riccioni et al., 2008; Schneider-
Maunoury, 2019; Taschen et al., 2016). Inbreeding was
also indicated for T. magnatum (Paolocci et al., 2006)
but not for T. borchii, the only Tuber species of these
four for which conidia formation has been reported
(Leonardi et al., 2019). At the WSL site, the whole pop-
ulation is probably composed of closely related individ-
uals and therefore, neither inbreeding (which in
principle determines whether closely related individuals
mate more often than expected by chance within this
population) nor a clear spatial structuring was detected
due to lack of genetic variability. For the sites in
Germany, a strong spatial structuring of males and
females indicates that closely related individuals are
spatially close and reproduce sexually. The same pat-
tern was observed for T. melanosporum and might
arise under the following conditions, as hypothesized
by Selosse et al. (2017): (i) spores originating from one
or a few fruitbodies are locally deposited by animals, so
that these immigrated spores, which will grow into
maternally and paternally acting gametes, are geneti-
cally similar; (ii) male gametes are seldom dispersed;
(iii) since IBD was also observed in truffle plantations,
where plants have been inoculated with several fruitbo-
dies and spore mixtures are additionally disseminated
in the field, other mechanisms besides the local deposi-
tion of a few genetically related spores must drive such
spatial genetic patterns. Selosse et al. (2017) hypothe-
sized that vegetative incompatibility is not exclusively
controlled by loci close to the mating type or the mating
type itself, but also by loci in other parts of the genome.
Interestingly, our autocorrelation analyses at sites in
Germany showed that at very small spatial distances
(i.e. <5 m), maternal individuals have a much stronger
genetic structure than paternal ones. This pattern could
be explained by such a vegetative incompatibility
mechanism, translated into competition effects, which
may act more strongly on maternal individuals forming
longer-lived mycelia and ECM root tips than on ephem-
eral paternal structures.

Colonization strategies, hermaphrodites
and genets at ectomycorrhizal root tips

Our observations on the presence, persistence and
turnover of maternal, paternal and hermaphroditic
genotypes in the three sites are consistent with what
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has been found for T. melanosporum, confirming that
(i) T. aestivum is hermaphrodite with usually forced uni-
sexual behaviour with paternal, but also many maternal
genotypes being short-lived and generally propagating
over short distances by sexual spores (ii) a few, but
often dominating maternal individuals spread by vege-
tative growth and produce most of the fruitbodies, in
our case more than half of all truffles in each of the sites
and (iii) hermaphroditism is possible but rare, in our
case only 3%–4% of all characterized genotypes, as
similarly found for the Périgord truffle (De la Varga
et al., 2017; Schneider-Maunoury, 2019; Selosse
et al., 2017; Taschen et al., 2016). At each site, one to
four maternal genotypes produced fruitbodies over sev-
eral years, up to 9 years in the case of the Ue site. Two
hermaphrodites at the BB site spread up to 185 m,
which is in the same range as found for the Périgord
truffle in a natural truffle ground in southern France
(Taschen et al., 2016). If these genotypes had spread
only by vegetative growth, then T. aestivum would be
one of the largest genet forming ECM fungus (Douhan
et al., 2011).

For the WSL site, all ECM root tips analysed on the
transects showed the same genotype as the large
maternal individual producing the fruitbodies, which fur-
ther supports that T. aestivum has a life cycle similar to
the one proposed for T. melanosporum, with only
maternal individuals being present at ECM root tips
(Murat et al., 2013; Rubini et al., 2011a; Schneider-
Maunoury et al., 2020; Selosse et al., 2017). A substan-
tial spatial overlap of maternal or hermaphroditic
fruitbody MLGs with the occurrence of belowground
ECM was also found at the Ue site, although many indi-
viduals were exclusively detected either in fruitbodies
or in ECMs. In the first case, this was expected as we
only sampled ECMs once in 2016 in a restricted area
but have fruitbody occurrences from 2011 to 2019. In
the second case, this may indicate that not all MLGs
being present at root tips produce fruitbodies every
year, as reported for T. melanosporum (De la Varga
et al., 2017) and other ECM fungal species (Douhan
et al., 2011), or that we simply missed them during our
sampling campaigns. Furthermore, we found only
maternal or hermaphroditic MLGs on ECMs and no
individuals acting solely paternally.

While maternal individuals of fruitbodies stem from
the same mycelium forming the ECM root tips, the ori-
gin of paternal genotypes is still unknown. High geno-
typic variation and annual turnover of males observed
in the present study support the hypothesis that pater-
nal genotypes are recruited from ascospores, where a
spore originating from a decomposed fruitbody, or
spread by an animal, germinates and mates immedi-
ately without the formation of a persistent mycelium.
This is also indicated by the observed aggregation of
mating types from maternal individuals, which reduces
intermingling and the probability that two persistent

mycelia of opposite mating type meet. In addition, De la
Varga et al. (2017) reported that for T. melanosporum,
most fruitbodies are formed within a cluster of mating
types and not at the boundary between them where
mycelia would meet, which is likewise spatially explicit
in our study case. These findings bear major implica-
tions for truffle farming, because they suggest that the
application of ascospores on and in soil such as in
traps (Murat et al., 2016) is a scientifically founded
practice to promote fruiting by providing male partners
for fruitbody formation. In fact, this has been practised
for some time by truffle farmers based on their success-
ful experience (De la Varga et al., 2017).

If we assume that hyphae outgrowing from asco-
spores function as male gametes, then we should prin-
cipally be able to find both mating types as mycelia in
the soil, at least in certain time periods. Chen et al.
(2021) in fact reported the detection of both mating
types in 38% and 77% of soil samples under non-
productive and productive trees, respectively, in T. mel-
anosporum plantations in France. They suggested that
recording the presence of both mating types could be
used as a tool to optimize the truffle orchard manage-
ment. In our case, we never detected both mating types
in the soil where truffles were produced at the WSL site,
but only in a few samples that revealed small amounts
of truffle mycelia. Although we used less sensitive
methods than Chen et al. (2021), which might explain
this discrepancy, the time point at which these samples
were taken may also be critical, assuming short-lived
paternal mycelia. In a T. aestivum plantation in France,
the lowest amounts of T. aestivum mycelia were found
in March/April and the highest tended to be in July/
August and December (Todesco et al., 2019). So the
latter might be good periods to check for the presence
of both mating types in the same soil core (we took
them in September). Less common, persisting mycelia
also produce male gametes as indicated by our data
and in previous reports (De la Varga et al., 2017;
Schneider-Maunoury et al., 2020). This is the case
when hermaphroditic genotypes are present at ECM
root tips and act maternally and paternally as identified
in southern Germany. However, at the WSL site, two
paternal individuals must have persisted for several
years by acting exclusively paternally and without being
detected on ECM root tips. It is unclear what ecological
niche these individuals occupy and how they can sur-
vive without a carbon supply of an autotrophic partner.
It is unlikely that they can persist as free-living soil
mycelium for several years, since the sequencing of
Tuber spp., including T. aestivum, revealed a high
reduction of plant cell-wall degrading enzymes
(PCWDEs) which would be required for a saprophytic
lifestyle (Murat et al., 2018). However, note that few
PCWDEs were kept and the enzymes for fungal cell-
wall degradation are not reduced, which might allow
carbon to be gained from fungal and to some extent
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plant necromass (Miyauchi et al., 2020). A more inten-
sive search for ECMs of paternal genotypes should
reveal whether a few ECM root tips might be sufficient
for paternal survival.

Restricted gene flow within and among
populations

In southern Germany, we found that gene flow between
the sites seems to exist but is relatively rare based on
well-differentiated genetic clusters, even if they are only
3 km apart. Even within the BB site, high pairwise ΦPT

values between the genetic clusters imply low gene
flow leading to well-differentiated subpopulations.
These subpopulations are spatially structured, even
over the sampling years (e.g. 2013 and 2019). At loca-
tions where the clusters spatially overlapped, we found
three fruitbodies that arose by mating of individuals
belonging to two different clusters. This indicates that
no intrinsic genetic barrier exists and gene flow is pos-
sible, but rarely happens, most likely because the clus-
ters are spatially separated. This was similarly
concluded for T. melanosporum, where mating of unre-
lated genotypes was occasionally found in zygotes
(De la Varga et al., 2017), but mostly, closely related
spores released from decaying fruitbodies fertilize their
‘mother’ individual (which initially formed the fruitbody)
because they are sufficiently close in space. In other
words, this very local fertilization favoured by limited
spore dispersal ability entails a non-random sorting of
alleles within populations, which results in high genetic
structuring within a site. Such restricted gene flow might
be advantageous for local adaptation as long as the
individuals carry beneficial allele(s), but it is unclear
whether it is critical for adaptation to rapid environmen-
tal changes as this may depend on previous stressful
environmental conditions (Reed et al., 2003).

Hidden fairy ring at WSL

To our surprise, the fruitbodies at the WSL site were
growing in a fairy ring structure in the rooting zone of
the host tree Fagus sylvatica, the ring being shifted in
relation to the trunk of the tree. To our knowledge, this
is the first time such a structure is described for a truffle
species. Fairy rings, also called witch rings, are fungal
fruitbodies growing in a circular structure in grasslands
or around a host tree and consist of one or several indi-
viduals whose mycelia grow radially out from a central
point (Peter, 2006). In our study, the mycelium was
formed by one large individual as indicated by the
nSSR data of maternal gleba samples and the ECMs.
The observed outgrowth of the fruitbody-producing ring
of about 30 cm per year is a slightly higher growth rate
than previously proposed for the Burgundy truffle, that

is approximately 16 cm per year measured for mycelia
in a mixed forest (Gryndler et al., 2015). As the fairy
ring had a radius of about 4 m in 2017, this individual
might then have been 13 years old. Population genetic
analyses show that the genetic diversity is very low in
this site, which corresponds well to the hypothesized
population history to be probably founded by spores
that originated from one or a few closely related fruitbo-
dies that were deposited on rare occasions by dispers-
ing animals. It is unclear why one individual
outcompeted the others in growing and colonizing ECM
root tips, but germinating, closely related spores of the
opposite mating type could then act as paternal part-
ners to form the fruitbodies.

The strong correlation between the amounts of soil
mycelium, the presence of ECM root tips and the pro-
duction of fruitbodies has been observed previously
(Chen et al., 2021 and citations therein) and suggests
that fruitbodies are preferentially formed in areas abun-
dantly colonized by T. aestivum mycelium and where
this species often dominates at fine root tips (for a more
detailed discussion of mycelial quantities, see Supple-
mentary Information). Interestingly, as reported for
other fairy-ring forming fungi (cf. Peter, 2006), the
mycelium seems to decay inside the ring indicated by
lower amounts of soil mycelium and the absence of
ECMs within the ring. Nevertheless, we detected a
patch of T. aestivum mycelium carrying the MAT 1-2
locus inside the ring spanned over five sampling posi-
tions. So far, no fruitbodies were harvested in this area
but after a more thorough search for T. aestivum ECMs
at this zone, we detected a new individual on several
ECMs showing a MAT 1-2 genotype. This individual
has neither acted as paternal nor maternal partner in
the fruitbodies analysed so far and carries a new allele
at the locus aest18 that has not been detected in any
other individuals at this site, but otherwise has the
same alleles as the large maternal individual. It remains
unclear whether spores carrying this allele were pre-
sent since the first colonization event or whether this
allele was introduced later. Assuming a growth rate of
about 30 cm per year, this individual would be about
2 years old. It seems that once the fairy ring passed
over that region and mycelia decomposed in the inside,
which must have happened about 6–7 years ago, the
mycelium of an opposite mating type was able to colo-
nize roots and the soil. The young age of this perennial
mycelium (i.e. 2 years old) might explain the absence
of fruitbodies. Plantations of Burgundy truffle-inoculated
host trees require 5–10 years to produce fruitbodies
(Stobbe et al., 2013). While in plantations a combina-
tion of settled soil conditions, the presence of spore
inoculum for male partners as well as the ages of the
tree and the mycelium may be decisive, in our sampling
site, the first three mentioned conditions should be
appropriate and only mycelial age varies compared to
the productive maternal individual. It will be interesting
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to follow if this mycelial patch persists and grows, if and
when fruitbodies will be formed, and whether these will
structure themselves again on a new fairy ring.

Our study revealed that the Burgundy truffle has a
similar life cycle to its better-studied cousin, the Péri-
gord truffle. In both species, generally few, long-lived
maternal mycelia produce most of the fruitbodies after
mating with short-lived paternal individuals that grow
out from closely related ascospores. These findings
provide a scientific foundation for the common practice
in truffle farming of distributing spores under inoculated
trees to increase productivity by providing paternal part-
ners. Although rare, the ecological niche of perennial
paternal individuals remains open and requires further
research with intensive ECM sampling and monitoring
of both the spatial distribution and timing of the pres-
ence of mating types in soils of productive sites. Fur-
thermore, the presumed life cycle leading to severe
inbreeding and restricted gene flow seen in natural Bur-
gundy and Périgord truffle populations raises concerns
about the adaptability of these economically and eco-
logically important ECM species to the rapid climate
change we are already facing.
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