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Significance/originality statement

The maternal and paternal genotypes in the first truffle orchard realized with plants inoculated with
the mycelia of the heterothallic fungus 7. borchii were analyzed. The inoculated mycelia persisted in
soil 9 years after plantation and the paternal genotypes were mostly recombinants of the inoculated
mycelia, corresponding to their offspring. The study confirms that meiospores are the most likely

paternal candidate for truffle fertilization and improves our knowledge of sexual truftle reproduction.
Abstract

Tuber borchii (the Bianchetto truffle) is a heterothallic Ascomycete living in symbiotic association
with trees and shrubs. Maternal and paternal genotype dynamics have already been studied for the
black truffles Tuber melanosporum and Tuber aestivum but not yet for 7. borchii. In this study we
analyzed maternal and paternal genotypes in the first truffle orchard realized with plants inoculated
with five different 7. borchii mycelia. Our aims were to test the persistence of the inoculated mycelia,
if maternal and/or paternal genotypes correspond to inoculated mycelia and to assess the
hermaphroditism of 7. borchii. The mating type of each isolate as well as those of mycorrhizas,
ascomata and extraradical soil mycelia was determined. Moreover, simple sequence repeat (SSR)
profiles of maternal and paternal genotypes were assessed in 18 fruiting bodies to investigate the

sexual behavior of this truffle.

The maternal genotypes of the fruiting bodies corresponded to those of the inoculated mycelia with
only two exceptions. This confirmed that the inoculated mycelia persisted 9 years after plantation. As
regards paternal partner, only two had the same genotype as those of the inoculated mycelia,
suggesting hermaphroditism. Most of the new paternal genotypes originated from a recombination of

those of inoculated mycelia.

Key words: mating type, SSR, truffle reproduction, meiospores, mycelial cultures
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Introduction

Ectomycorrhizal fungi assist plants in their growth, therefore playing key roles in forest ecosystem
functioning. In addition, some of them produce edible fructifications representing income
opportunities for farmers and foresters. True truffles are hypogeous fungi belonging to the genus
Tuber, which live in ectomycorrhizal association with a wide range of shrubs and trees (Zambonelli
et al., 2016). The genus Tuber comprises around 200 species but only a few of them have a
considerable value, such as the European species Tuber magnatum Picco (Italian white truffle), Tuber
melanosporum Vittad. (black truffle), Tuber aestivum Vittad. (summer truffle) and Tuber borchii
Vittad. (bianchetto truffle) (Bonito et al, 2010). In recent years, important milestones have been
reached, allowing a better understanding of the truffle life cycle. In 2006, Paolocci and colleagues
found that 7. magnatum is heterothallic and its ectomycorrhizas are formed by primary
(homokaryotic) mycelia. This condition was also confirmed in 7. melanosporum (Riccioni et al.,
2008; Rubini et al., 2011a) and T. borchii (Belfiori ef al., 2016), indicating that heterothallic life style
is common within the Tuber genus and fruiting body production depends on the mating between
mycelia harboring different mating types. Mycelia of both mating types can act as maternal partner,
indicating hermaphroditism (Selosse et al., 2017). The haploid maternal genotype of truffles forms
the sterile tissues of the fruiting body, and it is fed from the surrounding mycorhizas throughout the
maturation time (Rubini et al., 2011a; Murat et al., 2013; Le Tacon et al., 2013). On the contrary, the
paternal genes are confined to the asci and, indeed, the paternal genotypes were rarely found to form

mycorrhizas (Taschen et al., 2016; De la Varga et al., 2017).

In addition to the characterization of mating type idiomorphs, the sequencing of the 7. melanosporum
genome (Martin et al., 2010) has allowed large-scale screening of SSR markers which are being
implemented on a small scale in field trials in order to unravel the interaction between maternal and
paternal genotypes. In the field, 7. melanosporum displays a strong genetic isolation with strains of

opposite mating types spatially confined in separate patches in which a few dominant genotypes can
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persist throughout the years (Rubini ef al.,, 2011b; Taschen ef al., 2016; De la Varga et al., 2017).
Due to the important turnover and small spatial size of the paternal genotypes, it has been suggested
that in most cases germinating ascospores could act as paternal partner (Selosse et al., 2013; Le Tacon
et al., 2016; Taschen et al., 2016; De la Varga et al., 2017; Selosse et al., 2017). However, this

hypothesis remains to be demonstrated and the nature of the paternal genotype is still unclear.

Tuber borchii was long used as a model species within the Tuber genus for transcriptomic and
functional analyses. Tuber borchii, together with T. aestivum, is the species with the widest diffusion
in Europe, adapting to different climatic and soil conditions (Hall et al., 2007; Zambonelli et al.,
2002; Gardin, 2005; Lancellotti et al., 2016). For its gastronomic value and adaptability to different
environmental conditions, 7. borchii cultivation was introduced in European Mediterranean countries
(Italy, Portugal and Spain) and in non-European countries (Hall ez al., 2017; Zambonelli et al., 2015).
The cultivation of 7. borchii, similarly to that of other truffles, is achieved by synthetizing
mycorrhizal plants in specialized nurseries by spore inoculum and planting them in suitable places
(Chevalier and Grente, 1978; Hall et al., 2007). Mycelial inoculum was successfully tested in the
second half of the last century to obtain 7uber mycorrhizal plants (Palenzona et al., 1972; Chevalier,
1973) but, later, it was applied only for experimental purposes due to the difficulties of obtaining
large quantities of mycelium for large-scale inoculation purposes (lotti ef al., 2002; Giomaro ef al.,
2005; Iotti et al., 2012a). Also, once reliable methods for growing 7. borchii mycelium had been
perfected, mycelial inoculation was no longer used because it was commonly thought that the
obtained plants would not have been able to produce fruiting bodies due to heterothallic sexual

reproduction of truffles (Zambonelli et al., 2008).

Recently, the first truffle orchard realized with plants inoculated by 7. borchii mycelia began to
produce (Iotti et al., 2016). This truffle orchard was established in Cadriano (Bologna) inside an

intensive agricultural area where 7. borchii had not been found for at least 30 years (Zambonelli and

Wiley-Blackwell and Society for Applied Microbiology
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Morara, 1984; Morara et al., 2009). Moreover, the presence of large mycophagus mammals like wild
boars, which could introduce truffle spores in the orchard from far sites (Piattoni et al., 2014), was
excluded. The plants were inoculated with five different strains singly and in mixture. Truffle
production was first assessed in February 2016, 9 years after planting. We hypothesized that the
strains used for inoculation had different mating types and that fertilization had occurred between
them (lotti et al., 2016). This plantation represents a unique opportunity to investigate 7. borchii

sexual reproduction.

The aims of this study were to address the following questions: 1) were mycelium genotypes able to
be perennial for 9 years in the root system? 2) did maternal genotypes correspond to mycelium used
for plant inoculation? 3) did paternal genotypes correspond to offspring of original genotypes or was
hermaphroditism more frequent in 7. borchii than T. melanosporum? In order to address these
questions, polymorphic simple sequence repeat (SSR) markers were identified in the 7. borchii
genome (Murat et al., 2018). These SSRs were applied to genotype the inoculated strains used for
plant colonization, as well as maternal and paternal genotypes of harvested ascomata. Mating type
distribution in the orchard was also determined for inoculated mycelia, mycorrhizas, ascomata and

soil samples.

Results

SSR characterization

More than one thousand SSRs (1,111 in total) were found in the 7. borchii genome. Among the 31
SSR primer pairs selected in silico analysis, 14 were used in subsequent analyses since produced a
single band per sample and showed polymorphisms. They were used to analyze the polymorphism of
50 ascomata harvested in Italy and Hungary as well as the samples from the Cadriano truffle orchards.
MLGsim analysis showed that all the 50 ascomata from Italy and Hungary were different from each
other, resulting in 50 multilocus genotypes (MLGs) (genotypic diversity = 1; Supplementary Table

S1). The number of alleles ranged from 3 to 10 and the He from 0.208 to 0.739 (Table 1 and

Wiley-Blackwell and Society for Applied Microbiology
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114 Supplementary Table S1). Most of the SSRs are localized in intergenic regions with the exception of
115  Tbl51, Tb293, and Tb46 that are localized in gene models.

116  Table 1

117 Genotyping of the inoculated mycelia

118  The SSRs and mating type analyses made it possible to genotype the five T. borchii strains used to
119  inoculate truffle seedlings. The strain 2364 was assigned to C-MLG 13, the strain Tb98 to C-MLG _8,
120  the strain 1Bo to C-MLG_6, the strain 2292 to C-MLG 18 and the strain 2352 to the C-MLG_14.
121  Two strains (2292 and 1Bo) have the MAT 1-2-1 gene coding for the HMG-domain protein and the
122 other three strains (Tb98, 2352 and 2364) have the MAT 1-1-1 gene coding for the alpha-domain
123 protein (Table 2). Although the arrangement of the groups of plants inoculated with the same strain(s)
124 in four rows along the plantation was casual at the time of plantation, the distribution of the two
125  mating types proved to be spatially alternated across the truffle ground (Fig. 1).

126 Figs 1 and 2

127 Genotyping of the maternal tissue (gleba) and mating characterization of ECM and soil mycelium
128  The maternal tissue of 18 ascomata out of 33 collected in the truffle orchard was successfully
129  genotyped using both SSR and mating type primers (Table 2 and 3). At least two ascomata for each
130  plant group inoculated with the same strain were genotyped. The other 15 ascomata were only mating
131  typed and not considered for SSR analyses because the respective paternal genotypes failed to be
132 characterized (Table 2).

133 Table 2 and 3

134 Amplifications of the maternal tissue with both mating type and SSR primers gave single and specific
135  amplicons. The 18 ascomata were grouped into 6 different genotypes (C-MLGs): 4 with MAT 1-1-1
136 (C-MLG_8, C-MLG 13, C-MLG 10, C-MLG 14) and 2 with MAT 1-2-1 (C-MLG_3, C-MLG 18)
137  (Table 2 and Supplementary Table S2). Most of the analyzed ascomata (15/18) have the same C-
138  MLG of the strains used to inoculate the plants where they were collected (C-MLG_8, C-MLG_13,

139 C-MLG_18, C-MLG_14). Three female genotypes (C-MLG_8, C-MLG_13, C-MLG_14) showed a

Wiley-Blackwell and Society for Applied Microbiology



Page 7 of 37

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

significant P sex value that supports the hypothesis that the ascomata of each of these genotypes are
part of the same clone (Supplementary Table S3). One ascoma (4658), found in the group of plants
inoculated with the strain 1Bo (C-MLG_6) had the same genotype (C-MLG _14) of the neighboring
strain 2352 (about 5 m far) (Figs. 1 and 2). Only two ascomata (4601, 4633) had female genotypes
(C-MLG_3 and C-MLG _10) different from those used to inoculate the plants (Table 2). In particular,
C-MLG_10 showed a SSR profile which differs from that of the inoculated strain 2364 (C-MLG_13)
for the presence at locus Tb1 of a different allele which is present in the strains Tb98 and 2292. On
the contrary, C-MLG_3 had two loci (Tb151 and Tb46) with alleles not present in any inoculated
strain (Supplementary Table S1). The genotype C-MLG_6 corresponding to the inoculated strain 1Bo
was never found as maternal genotype in the truffle ground.

The ascomata found in the plants inoculated with a mixture of strains showed the maternal genotypes
C-MLG_8 and C-MLG 14, corresponding to the strains Tb98 and 2352, respectively.

The persistence of the inoculated strains in the areas where the plants were originally planted was
also confirmed by mating type analyses of the other 15 ascomata. All these ascomata had the same
mating type as the strain used to inoculate the plants where they were collected (Table 2). Nine
samples were identified as MAT 1-1-1 and 6 as MAT 1-2-1. In the case of plants inoculated with the
mixture of strains, PCRs revealed the presence of both mating types although spatially isolated in
different plants: MAT 1-2-1 under the plants 15 and 17 (ascomata 4639 and 4660) and MAT 1-1-1
under the plants 51, 52 (ascomata 4640, 4657, 4664) and 13 (ascoma 4675) (Fig. 1, Table 2).

A total of 23 root samples taken under 23 of the collected ascomata were processed to characterize
mating types of ectomycorrhizas (ECMs) (Fig. 1, Table 2). Molecular analyses with 7. borchii
species-specific primers confirmed the identity of the ECMs morphotyped in each root sample. In
total, 115 ECMs identified as 7. borchii (5 for each collection point) were analyzed.

Remarkably, each ECM amplified a single and specific mating type amplicon. All ECMs had the
same mating type as the inoculated strain and as the ascoma under which they were collected (Table

2).

Wiley-Blackwell and Society for Applied Microbiology
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166  Soil analysis also confirmed the persistence of the inoculated mating types. In almost all soil samples,
167  the mating type corresponded to that of the inoculated strain and of the ascoma maternal tissue and
168  ECMs collected in the same position, with only two exceptions: soils collected under ascomata 4677
169  and 4642. They were found in the same group of plants where the genotypes of the two ascomata
170 (4601 and 4633) differed from the one used to inoculate the plants (Table 2, Fig. 2).

171

172 Genotyping of paternal tissue (spores)

173 The SSRs analysis performed on the spores was successful only for 18 of the 33 analyzed ascomata.
174  Sixteen paternal genotypes were found on the 18 ascomata characterized by SSRs (Table 2 and 4).
175  The percentage of success of spore DNA extraction was only 55% probably due to the difficulties in
176  breaking T. borchii spores or the too low quantity of extracted DNA.

177  Table 4

178  In zygotes, the Fig was 0.058 with a p-value of 0.11, indicating a non-significant departure from 0;
179  consequently, even if the Fig is positive there is no heterozygote deficit.

180  Most of the paternal C-MLGs were different from the female C-MLGs and were characterized by the
181  recombination of the alleles of the inoculated strains (Fig. 3). Four paternal MLGs (C-MLG _1; C-
182 MLG 2; C-MLG_4, C-MLG 16, ascomata 4600, 4652-4599, 4651 and 4635 respectively) showed
183  new alleles (loci Tb151 and/or Tb46) never detected in the inoculated mycelia, although they were
184  detected in the maternal tissue of ascoma 4601 (Supplementary Table S1). Two paternal C-MLGs
185  had new alleles not present in any maternal genotype in the loci Tb17 (C-MLG_9) and Tb293 (C-
186 MLG 9 and C-MLG 16) (Fig. 3, Supplementary Table S2). Only two MLGs (C-MLG 14 and C-
187  MLG 18) were detected as both maternal and paternal genotypes but only one (C-MLG 14)
188  according to the P-Sex value can be considered as a true hermaphroditic strain (Table 4 and
189  Supplementary Table S3). This hermaphroditic C-MLG_ 14 was found as male and female in adjacent

190  areas of the experimental field (Fig. 2). Only one C-MLG found only as male (C-MLG_2) for two

Wiley-Blackwell and Society for Applied Microbiology
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samples was supported by a significant P sex value, indicating that this genotype is a clone
(Supplementary Table S3).
Fig.3

Discussion

In this study, truffles harvested in a 7. borchii orchard were investigated by using mating type and
SSR markers for the first time. Mating type primers were recently designed and tested only on T.
borchii pure cultures and not applied to environmental samples (Belfiori ef al., 2016). On the other
hand, SSR analyses were carried out on other truffle species (7. aestivum and T. melanosporum) but
never on 1. borchii (Rubini et al., 2005; Riccioni et al., 2008; Murat et al., 2013; Molinier et al.,
2015,2016a, 2016b; Taschen, et al., 2016; De la Varga et al., 2017; Schneider-Maunory et al., 2018).
In this study, T. borchii-specific SSR loci were selected, tested for their polymorphisms on 50
ascomata of different origin and used to assess the genetic structure of 7. borchii population in the
studied truffle orchard. The level of polymorphism of the developed SSR is highly variable (He
ranges from 0.208 to 0.739) as already observed for other Tuber spp. (Murat et al., 2011; Molinier et

al., 2013).

Most of the studies on the genetic structure of truffle population have been conducted in human-made
or natural truffle grounds where the identity of the strains colonizing roots was not known (Murat et
al., 2013; Taschen, et al., 2016; Molinier et al., 2016b; De la Varga et al., 2017). On the contrary, the
T. borchii plantation under investigation was established with plants inoculated with five different
mycelial strains without knowing their mating type. As supposed by lotti et al. (2016), the inoculated
strains were found to belong to different mating types which is the necessary condition for fruiting in

a heterotallic fungus like 7. borchii (Belfiori et al., 2016).

Clonal structure suggests the persistence of the inoculated strains

Wiley-Blackwell and Society for Applied Microbiology
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215  Ascoma SSR analysis demonstrated that the maternal C-MLGs of the fruiting bodies was the same
216  as the corresponding inoculating strains, as also supported by the significant Psex value of three
217  female genotypes corresponding to the inoculated strains. Several works demonstrated that in Tuber
218  species the maternal tissue of ascomata and surrounding ECMs have the same genotype (Rubini et
219  al.,2011b, Murat et al., 2013; Molinier ef al., 2016b; Taschen et al. 2016; De la Varga et al., 2017).
220  Moreover, a physical and nutritional link between these fungal structures has been proved (Le Tacon
221 et al., 2013; Deveau et al., 2019). For these reasons, our results suggest the persistence of the
222 inoculated mycelia 9 years after plantation on the root systems. A similar result was already found
223 for seedlings inoculated with the basidiomycete Laccaria bicolor for which the introduced strain was

224 still present in the inoculated plots 10 years after plantation (Selosse ef al., 1998).

225  The maternal genotypes of ascomata 4601 and 4633 (C-MLG_3 and C-MLG _10, respectively) found
226  in adjacent groups of plants at the southern edge of the truffle orchard differed from those of the
227  inoculated mycelia. Ascomata 4601 had two alleles not present in the inoculated strains (loci Tb151
228  and Tb46) and this suggests an introgression of a foreign genotype on the host roots inoculated with
229  1Bo. Ascoma 4633 showed a different combination of the alleles found in the inoculated strains and
230  thus could originate from ECMs colonized by a germinating spore corresponding to an offspring of

231  inoculated mycelia.

232 Mating type of ECMs and almost all ascomata and soil mycelia was the same as the inoculated strain,
233 confirming the results obtained by SSR analyses. The only exception was found in the group of plants
234  inoculated with the strain 1Bo where a different mating type (MAT 1-1-1) was found in the soil (Fig.
235  2). Since the strain 2352 located in the adjacent group of plants has MAT 1-1-1, its mycelium was
236  probably able to migrate towards the plants inoculated with strain 1Bo. This migration could also
237  have been favored by the death of one uninoculated hazel separating the group of plants inoculated
238  with the strains 1Bo and 2352. Moreover, the strain 1Bo did probably not establish itself in the truftle

239  ground because of the low level of root colonization at the planting time (data not shown). Indeed

Wiley-Blackwell and Society for Applied Microbiology
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1Bo genotype was not found as maternal genotype in these or other plants and its specific alleles of
the loci Tb155 and Tb46 were also never found in any paternal genotype. The 1Bo mycelium was, in
fact, isolated in 1997 and repeated subcultures are known to affect the viability and infectivity of a
Tuber strain (Piattoni et al., 2017). Both the adjacent strain 2352 and the foreign genotype C-MLG 3
found as female in the ascomata 4658 and 4601, respectively, could have taken advantage of the
scarce colonization of strain 1Bo (Fig. 2). However, we cannot exclude the possibility that the
mycelium and ECMs of strain 1Bo were still present in the soil and the production of the ascoma of

this strain could have occurred.

The plants inoculated with the mixture of strains showed that MAT 1-1-1 and MAT 1-2-1 dominated
in separate areas either considering ECMs, soil mycelium or maternal tissue of ascomata. In order to
better understand the dynamics of the mating types, we analyzed another 29 ascomata, and the
respective ECMs and soils collected in the following year (February-March 2017). These additional
analyses confirmed that, the ascomata, mycorrhizas and soil mycelium had the same mating type of
the inoculated strain (Table and Fig. S5). As in 2016, the only exceptions were the two sample sets
collected under plants inoculated with the strain 1Bo. Fourteen of these 29 ascomata were collected
under the plants inoculated with the mixture of strains and only MAT 1-1-1 was found in these new
samples (Table and Fig. S5). This result confirms that also in 7. borchii a single mating type tends to
dominate in a single soil patch, as found for 7. melanosporum and T. aestivum in natural and
cultivated truffle ground, and confirms that in field conditions only one strain or multiple strains of
the same mating type tend to colonize one single plant (Rubini et al., 2011b; Linde and Selmes, 2012;
Zampieri et al., 2012; Murat et al., 2013; Rubini ef al., 2014; Molinier et al., 2016b; De la Varga et
al., 2017). This can be explained by considering that a vegetative incompatibility (VI) system exists
in T. borchii which prevents hyphal interactions between hyphae of different strains (Sbrana et al.,

2007). Although the sets of genes which regulated VI in filamentous ascomycetes was not found in

Wiley-Blackwell and Society for Applied Microbiology
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265  T. melanosporum genome (lotti et al., 2012b), other molecular mechanisms controlling self/nonself
266  recognition are involved in segregation between strains of different mating types in the field (Rubini

267  etal., 2011b; Selosse et al., 2013) and prevent hyphal fusion in axenic conditions (Iotti et al., 2016).

268
269  Meiospores are the most important origin of male genotype

270  Most of the male C-MLGs are new genotypes and seem to be originated from spores, confirming the
271  hypothesis made for 7. melanosporum that the locally dispersed spores are the major source of male
272 genotypes (Selosse et al., 2013; Taschen et al., 2016; Le Tacon et al., 2016; De la Varga et al., 2017).
273  In fact, the male C-MLGs showed an allele recombination of the alleles present in the maternal
274  genotypes which are mostly (5 out of 6) represented by the inoculated strains. The numbers of
275  generations to account for the observed diversity of paternal recombinant genotypes should be at least
276  two. In fact, for example, C-MLG 15 could derive from a first mating between C-MLG_8 and C-
277  MLG 18 and then the mycelium/conidia originated from the spores of the formed ascoma could have
278  fertilized strain 2352 or 2364. Thus the ascoma production started before our first survey with trained
279  dogs in the truffle ground (lotti ef al., 2016). Only three male genotypes presented new alleles and
280  perhaps we could suppose that they originated from spores coming from other sites. Although it is
281  not possible to exclude the arrival of spores from the natural 7. borchii grounds which are located
282  several kilometers away (lotti ef al.,, 2016), likely they could also have come from cultivated T.
283 borchii orchards in the area. Tuber borchii cultivation has become very popular in Italy in the last

284  few years after the first results obtained by spore inoculation (Zambonelli et al., 2000).

285  The role of spores in fertilization could explain the increase in truffle production obtained by
286  inoculating spores in the field (Murat ef al., 2016) and the decrease in production attributed to ascoma
287  overharvesting in natural truffle grounds. Moreover, it stresses the importance of animals in spore
288  dispersal (Piattoni et al., 2014; Zambonelli et al., 2017; Ori et al., 2018) not only to promote truffle

289  colonization of new areas but also to favor truffle fertilization in non-productive plants.

Wiley-Blackwell and Society for Applied Microbiology
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Only one strain (strain 2352; MAT 1-1-1; C-MLG_14) displayed actual evidence for
hermaphroditism. This strain was found as male in one ascoma (4601) collected in the adjacent plants
inoculated with another strain (1Bo, MAT 1-2-1). This ascoma was located under the same group of
plants where both mating types were found in the soil and the C-MLG_14 was also found as female
in one ascoma (4658). Although not statistically supported, another C-MLG (C-MLG_18) was found
in adjacent groups of plants as male and female, supporting the possibility that fertilization can occur
also between mycelia. These results suggest that hermaphroditism is not frequent in 7. borchii, as

already reported for 7. melanosporum (De la Varga et al., 2017).

Consideration on the truffle life cycle

Although this study gives new important insights into truffle biology, it was not able to completely
resolve the mystery of the reproduction strategy in truffles. How are the ascospores able to fertilize
the mycelium of different mating types? We can suppose that the ascospores germinate and originate
a mycelium that, directly or by conidia formation, fertilizes other compatible mycelia in the soil or
on the roots. As suggested for 7. melanosporum, competition and/or vegetative incompatibility events
can prevent the growth of this new mycelium in the root system extensively colonized with the
mycelium of the opposite mating type (De la Varga et al., 2017). However, when host roots are not
colonized by other truffle strains, the new genotype could be able to establish on them and function
as a new female (maternal) genotype. 7. melanosporum and T. magnatum presented a significant
heterozygote deficit with high levels of inbreeding (Paolocci et al., 2006; Riccioni et al., 2008;
Taschen et al. 2016; De la Varga et al., 2017). In T. borchii we did not find such inbreeding since Fis
was not significantly different from 0, suggesting no departure from panmixia in the Cadriano
population. This means that all opposite genotypes have the same probability to breed. Could it be

explained by the possibility of 7. borchii to form conidia? Indeed, the conidia formation in 7.
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315 melanosporum and T. magnatum was never observed in contrast to 7. borchii and other species in the
316  Puberulum clade (Urban et al., 2004; Healy et al., 2012; Ian Hall personal communication).
317  Additional studies will be necessary to clarify these aspects of truffle life cycle, focusing on field
318  experiments to detect conidia in the Cadriano population as well as in the laboratory to induce conidia

319  production and ascospore germination.

320

321  Experimental Procedures

322 Plantation and ascoma sampling

323  The study was carried out in an experimental truffle orchard in Cadriano (Bologna, Italy) established
324  in autumn 2007-2008, planting seedlings of Pinus pinea L., Quercus pubescens Willd., Quercus
325  robur L. and Corylus avellana L. The seedlings were inoculated with 5 different 7. borchii pure
326  cultures (strains Tb98, 2352, 2292, 1Bo, 2364) separately and together as described by lotti et al.
327  (2016). Seedlings inoculated with the same strain(s) were grouped along four rows and separated by
328  non-inoculated guard plants of C. avellana (Fig. 1). Ascoma production was firstly verified in 2016
329  when 99 ascomata (total weight 722.2 g) were collected through February and March (lotti ef al.,
330  2016). Each ascoma was weighed and fragments were either freeze-dried at -65 °C for three days in
331 a Virtis Benchtop 2 K lyophilizer (SP Industries) and then stored at -20 °C (gleba) or fixed in FAA
332 (gleba and peridium) for molecular and morphological analyses, respectively. The remaining portion
333  of each ascoma was dried and deposited in the Mycological Herbarium of Hypogeous Fungi of the
334  Bologna University (CMI-UNIBO). Fruiting position and metadata of 33 truffles processed in this

335  study are reported in Fig. 1 and Table 3.

336

337  Mycelial strains

338  The 5 strains of 7. borchii used for the seedling inoculation were preserved at 4 °C in 15 ml tubes
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containing 6 ml of Potato Dextrose Agar half strength (hsPDA) (Difco) in the culture collection of
the Mycological Center of Bologna University (CMI-UNIBO). The cultures were renewed every year

on fresh hsPDA.

For their genetic characterization, the cultures were transferred on fresh modified woody plant
medium (mMWPM) (lotti et al., 2005) without agar addition and incubated in the dark at 23 + 1 °C for

60 days.

Soil and root sampling

Soil and ECMs were sampled under 23 ascomata collected in February 2016 (Table 2) during truffle
surveys. A 20-cm-long soil core was taken under each ascoma by using a 6-cm-diameter soil corer.
ECMs were carefully separated from soil and washed in sterile water while any root fragment, stone

or organic debris was removed under a stereomicroscope (x 12) from the remaining soil.

ECMs were examined under a stereomicroscope (% 40) and those of 7. borchii were identified based
on their morphological features (Zambonelli et al., 1993). Tuber borchii ECMs were vortexed in a
1.5 ml tube for 30 s, spun for 2 min at 17,000 g to remove soil particles from the mantle and then

stored in sterile water at -80 °C pending further molecular characterization.

Soil samples were freeze-dried at - 65 °C for three days and then pulverized and homogenized by
mortar and pestle. Three 15 ml tubes containing 5 g of soil were prepared for each sample and then

stored at - 20°C until DNA extraction.

Molecular assays

DNA extraction

The complexity of the genetic analyses carried out in this study and, in particular, the necessity to

differentially target the maternal and paternal tissues of ascomata have implicated the selection of
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363  different strategies to isolate and/or amplify DNAs.

364 A direct PCR strategy avoiding DNA isolation (Iotti and Zambonelli, 2006) was applied to confirm

365  the identity of ECMs and to characterize the mating type of mycelia, ascomata and ECMs.

366  Soil DNA was extracted using the CTAB-based protocol described by Iotti ez al. (2012¢) adapted for
367 1 g of soil. Crude DNA solutions were then purified using the Nucleospin Plant II kit (Macherey-
368  Nagel, Diiren, Germany) following the manufacturer’s instructions. Total DNAs were quantified by
369 a NanoDrop ND-1000 Spectrophotometer (Thermo Scientific) and their quality evaluated with

370  optical density (OD) 260/280 nm and 260/230.

371  DNA extraction for analyses of SSR polymorphisms was performed using three different protocols:
372 1) DNeasy® Plant Mini Kit (Qiagen, Hilden, Germany) was used to isolate DNA from 50 mg of
373  lyophilized mycelia by applying the manufacturer’s instructions; 2) Nucleospin Plant II kit
374  (Macherey-Nagel, Diiren, Germany) was used to isolate DNA from 50 mg of frozen gleba
375  (corresponding to the female tissue) by applying the manufacturer’s instructions; 3) spore DNA was
376  isolated by placing thin slices of lyophilized gleba in 1 ml of sterile water within a petri plate; after
377  precipitation from the floating gleba slice to the bottom of the plate, about 200 spores were transferred
378 ina 1.5 ml tube and their DNA isolated according to De la Varga ef al. (2017). DNA extraction from

379  each spore sample was repeated up to three times if the amplification of paternal genotypes failed.

380  DNA extracts were stored at -20°C until processed.

381  Tuber borchii identification

382  The species-specific primer pair Tbol-Tboll (Amicucci et al., 1998) were used to confirm the identity
383  of the morphotyped 7. borchii ECMs by direct PCR and to detect the presence of 7. borchii extra-
384  radical mycelium in DNA soil extracts. For PCRs we used 1 pl of a 1:10 dilution of DNA (10-50 ng
385 DNA) in a reaction volume of 10 pul. The REDTaq DNA polymerase and REDTaq PCR reaction

386  buffer (1.1 mM MgCl, final concentration) were used according to the protocol of SIGMA, with 200
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uM of each dNTP, 0.2 uM of each primer, and 75 nug BSA (only for ECMs). PCR reactions were
performed in a BioRad thermalcycler with the following conditions: 6 min at 94 °C followed by 34
cycles of denaturation at 94 °C for 30 s, annealing at 50 °C for 30 s, extension at 72 °C for 30 s, and
a final extension at 72 °C for 5 min. PCR products were run on 2% agarose gel and visualized by

staining with ethidium bromide.

Mating type identification

Mating type identification of pure cultures, ascomata, ECMs (five from each soil sample), and extra-
radical soil mycelium was performed by applying a multiplex PCR, using both the specific primer
pairs B1-B3 and B23-B33 (Belfiori et al., 2016) designed to identify the 7. borchii MAT 1-1-1 and

MAT 1-2-1 genes, respectively.

Multiplex PCRs of mating type genes were performed in a total volume of 25 pl consisting of 1x Ex-
Taq Buffer (TaKaRa), 400 nM for each dNTP, 40 pg of bovine serum albumin, 400 nM for each
primer, 0.75 U of Ex Tag® DNA polymerase (TaKaRa). Few aerial hyphae, or small portions of
gleba (sterile veins) and ECM mantle were transferred directly to the PCR tubes in place of the
extracted DNA. The direct PCRs were performed with the following conditions: 6 min at 94 °C
followed by 34 cycles of denaturation at 94 °C for 30 s, annealing at 60 °C for 30 s, extension at 72
°C for 30 s, and a final extension at 72 °C for 5 min. PCR products were run on 2% agarose gel. The
same conditions were applied to identify the mating type of extra-radical soil mycelium by adding 30

ng of soil DNA extracts to the PCR mixtures and avoiding BSA addition.

Selection of polymorphic SSR primers

MISA program (http://pgrc. Ipk gatersleben.de/misa/download/misa.pl) was used to search for SSR
markers in the recently released 7. borchii genome (Murat et al., 2018). Tri-, tetra-, penta-, and

hexanucleotide satellites with at least 6 repetitions and excluding composite SSRs were selected as
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412 search parameter. Subsequently, primer pairs were designed based on the sequences flanking the
413  selected SSRs using Primer 3 software (Rozen and Skaletsky, 2000). The functionality of the
414  designed primers was tested using AmplifX software (http://crn2m.univ-mrs.fr/pub/amplifx-dist).
415  After in silico analyses, a total of 31 primer pairs were designed and tested in PCR and visualized in
416 4% agarose gel. Among then 14 were retained since they produced only one band per sample and
417  showed polymorphisms. They were used to search for polymorphisms on 50 ascomata from Italy and
418  Hungary (Supplementary Tables S1 and S4). The genotyping was realized in the Gentyane platform
419  (INRA, Clermont-Ferrand, France). The mating type of these ascomata was also determined as

420  described above.

421

422 SSR identification

423 The extracted DNA from mycelia, gleba and spores was amplified using a set of primer pairs
424 amplifying the 14 polymorphic SSR loci (Table 1 and Supplementary Table S4). The amplification
425  of maternal genotypes (gleba) was carried out only for the ascomata on which the amplification of

426  paternal genotypes (spores) was successful.

427  PCRs were performed in a total volume of 10 pl consisting of 1x REDTaq Buffer (1.1 mM MgCl,
428  final concentration), 200 uM for each dNTP, 0.2 uM of each primer and 1U DNA polymerase (RED
429  Taq Sigma-Aldrich) and 1 pl template DNA diluted 10 times (10-50 ng DNA).

430  The PCR reactions were performed with the following conditions: 4 min at 94 °C followed by 34
431  cycles of denaturation at 94 °C for 30 s, annealing at 55-60-65°C for 30 s depending on the primer,
432  extension at 72 °C for 30s, and a final extension at 72 °C for 5 min. PCR products were run on 4%

433 agarose gel.

434  Genomic DNA was analyzed using an ABI 3730XL sequencer (Applied Biosystems, Foster City,
435  California, USA) from "Plateforme de Génotypage GENTYANE" (Clermont-Ferrand, France). The

436  size of the alleles was analyzed with the Peak scanner software v.1.0.
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SSR analyses were carried out only on ascomata because, when the genome sequencing of 7. borchii
(Murat et al., 2018) made possible to select the SSR markers, the mycorrhizas were already analyzed

for mating type characterization by using direct PCR and successively disrupted (see above).
Data analyses

Gene diversity or expected heterozygosity (He) was calculated using GenAlex v6.51.b2 (Peakall and
Smouse, 2006) in Excel 2011. The He is a measure of the probability that two copies of the same
gene chosen randomly in a population will have different alleles (Nei, 1973). This estimator is based
on the allele frequency and can be calculated as: He = 1Y Rpi?. The genotypic diversity was calculated
using Multilocus 1.3 (Agapow and Burt, 2001). It corresponds to the probability that two individuals
taken at random have different genotypes. In other words, this value is 0 if every individual has the

same genotype, and 1 if every individual has a different genotype.

The fixation index Fig was calculated for zygote (maternal+paternal genotypes) in the Cadriano
population using GenAlex v6.51.b2. In this analysis only the nine polymorphic SSR in this population
were used. The significant departure from Fig = 0 was estimated using the R script developed by

Taschen ef al. (2016); script available at http://dx.doi.org/10.5061/dryad.vm1 1r.

MLG analysis of the inoculated mycelia, and the maternal (gleba) and paternal (spores) ascoma
tissues harvested in Cadriano was realized using the 14 polymorphic SSR markers combined with the
mating type gene. MLGsim 2.0 (Stenberg ef al., 2003) was used for MLG identification and the
calculation of the likelihood (PSex) that copies of MLGs result from sexual reproduction or clonal
spread. The threshold value (< 0.05) for testing the significance of the PSex for each genotype was
estimated using 1000 simulations. When the PSex values fell below the threshold value, it was

concluded that identical genotypes originated from clonal multiplication.
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Legends of tables
Table 1 — Characteristics of the 14 SSRs used to characterize the Tuber borchii clones involved in

this study.

Table 2 — Genotyping of the inoculated strain and of the ascoma, ectomycorrhizas and mycelium at

the points where the samples were collected.

Table 3 — Metadata of the 7. borchii ascomata of Cadriano truffle ground used in this study.
Table 4 - Genetic diversity for maternal, paternal genotypes.

Figure legends
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Fig. 1 - Scheme of the experimental plantation realized with mycelial inoculated seedlings. The
circles show the codes of inoculated strains or their mixture (Mix). Different circle types indicate
different host plants. Triangles and asterisks indicate the position of samples and types of analyses
applied to them. The dotted rectangle indicates the area of the plantation enlarged in Fig. 2.

Fig. 2- Area of the plantation where a true hermaphrodite strain was found (C-MLG _14). This
strain was found as female in ascomata 4651, 4652 and 4658 and as male in ascoma 4601 located in
the adjacent plants. This ascoma presents a new female C-MLG (C-MLG_3).

Fig. 3 - Characteristics of the maternal (a) and paternal (b) genotypes of the 18 analyzed ascomata.
Supplemental material

Table S1 — Multilocus genotypes (MLG) found in the 50 ascomata analyzed from different
populations.

Table S2 —Multilocus genotypes (C-MLG) found in the Cadriano plantation.

Table S3- Genotype description, probability of genotype occurrence resulting from distinct sexual
events (PSex) for all samples harvested in the plantations.

Table S4- Tested microsatellite primers. In bold the selected polymorphic microsatellites.

Table S4- Tested microsatellite primers. In bold the selected polymorphic microsatellites.

Table and Fig. S5- Mating type analysis of the ascomata, ectomycorrhizas and soil mycelia of the

samples collected in 2017. In the figure triangles indicate the position of samples analyzed.
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SSR name Repeat motif Genome localization? Nab Hee

Tb244 (GAGGGA)q Intergenic 5 0.562
Tbl (TATTTT),, Intergenic 3 0.626
Tb83 (GACT)s Intergenic 3 0.263
Tbl1 (AGGC)s Intergenic 4 0.319
Tb151 (AAC)g Gene model (UTR) 8 0.472
Tb155 (GGA)» Intergenic 7 0.649
Tb156 (GAG)g Intergenic 5 0.432
Tb17 (TTTAGA)s Intergenic 3 0.266
Tb206 (CCTT)s Intergenic 3 0.617
Tb293 (AGAAGG)s Gene model (intron) 10 0.739
Tb43 (CTTTT)s Intergenic 4 0.255
Tb704 (AAAG)s Intergenic 6 0.595
Tb43bis (TACC)s Intergenic 4 0.208
Tb46 (AGA), Gene model (CDS) 6 0.456

aUTR = untraslated region, CDS = coding sequence

bNa = Number of allele observed

‘He = expected heterozygosity
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sample inoculated strain ascoma genotypes
strain mating type* genotype
plant n. n. strain ascoma ECM soil maternal paternal

n.
1 4597 2292 2 2 2 2 C-MLG_18 nd nd
46 4598 Tb 98 1 1 nd nd C-MLG_8 C-MLG_8 C-MLG_7
10 4599 Tb 98 1 1 nd nd C-MLG_8 C-MLG_8 C-MLG_2
69 4600 2364 1 1 nd nd C-MLG_13 C-MLG_13 C-MLG_1
63 4601 1Bo <€ 2 2 nd nd C-MLG_6 C-MLG_3 C-MLG_14
47 4602 Tb 98 1 1 nd nd C-MLG_8 C-MLG_8 C-MLG_18
33 4633 2364 € 1 1 1 1 C-MLG_13 C-MLG_10 C-MLG_20
39 4634 2292 2 2 nd nd C-MLG_18 C-MLG_18 C-MLG_5
68 4635 2364 1 1 nd nd C-MLG_13  C-MLG_13  C-MLG_16
15 4639 MIX na 2 2 2 na nd nd
51 4640 MIX na 1 1 1 na nd nd
44 4641 Th 98 1 1 1 1 C-MLG_8 nd nd
65 4642 1Bo 2 2 2 1 C-MLG_6 nd nd
6 4644 Tb 98 1 1 1 1 C-MLG_8 nd nd
47 4647 Th 98 1 1 1 1 C-MLG_8 nd nd
10 4648 Tb 98 1 1 nd nd C-MLG_8 C-MLG_8 C-MLG_15
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44 4649 Th 98 1 1 nd nd C-MLG_8
23 4650 2352 1 1 1 1 C-MLG_14
59 4651 2352 1 1 1 1 C-MLG_14
61 4652 2352 1 1 1 1 C-MLG_14
68 4653 2364 1 1 1 1 C-MLG_13
45 4654 TB98 1 1 1 1 C-MLG_8
41 4655 2292 2 2 2 2 C-MLG_18
44 4656 TB98 1 1 1 1 C-MLG_8
52 4657 MIX na 1 1 1 na

65 4658 1Bo € 2 1 nd nd C-MLG_6
6 4659 TB98 1 1 1 1 C-MLG_8
17 4660 MIX na 2 2 2 na

27 4662 2352 1 1 1 1 C-MLG_14
52 4664 MIX na 1 1 1 na

13 4675 MIX na 1 1 1 na

65 4677 1Bo 2 2 2 1 C-MLG_6
13 4699 MIX na 1 1 1 na

*1 correspond to the mating type MAT 1-1-1, 2 correspond to MAT 1-2-1.
t C-MLG of the strain 2352

The arrow indicate the samples having a maternal C-MLG (in bold) different from the inoculated strain
nd = not determined

na = not applicable
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C-MLG_8
nd
C-MLG_14
C-MLG_14
C-MLG_13
nd
nd
C-MLG_8
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nd
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C-MLG_8
C-MLG_8
nd
nd

C-MLG_19
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ascoma sampling date weight (g) plant tree species inoculated strain
4597 08/02/2016 35 1 Pinus pinea 2292
4598 08/02/2016 34 46 Pinus pinea Th9o8
4599 08/02/2016 13.9 10 Quercus pubescens Th98
4600 08/02/2016 54.7 69 Corylus avellana 2364
4601 08/02/2016 20.9 63 Quercus pubescens 1Bo
4602 08/02/2016 2 47 Pinus pinea Th98
4633 12/02/2016 0.59 33 Quercus robur 2364
4634 12/02/2016 1 39 Quercus pubescens 2292
4635 12/02/2016 2.28 68 Quercus robur 2364
4639 19/02/2016 5.53 15 Pinus pinea MIX
4640 19/02/2016 9.73 51 Quercus pubescens MIX
4641 19/02/2016 6.84 44 Quercus pubescens Th98
4642 19/02/2016 3.42 65 Pinus pinea 1BO
4644 19/02/2016 0.27 6 Quercus pubescens TB98
4647 19/02/2016 27.73 47 Pinus pinea TB98
4648 25/02/2016 9.94 10 Quercus pubescens Th98
4649 25/02/2016 0.53 44 Quercus pubescens Th98
4650 25/02/2016 6.18 23 Pinus pinea 2352
4651 25/02/2016 0.38 59 Pinus pinea 2352
4652 25/02/2016 17.23 61 Pinus pinea 2352
4653 25/02/2016 7.39 68 Quercus robur 2364
4654 25/02/2016 2.73 45 Quercus pubescens TB98
4655 25/02/2016 5.17 41 Quercus pubescens 2292
4656 25/02/2016 1.19 44 Quercus pubescens Th98
4657 25/02/2016 12.79 52 Quercus pubescens MIX
4658 25/02/2016 6.66 65 Pinus pinea 1Bo
4659 02/03/2016 4.67 6 Quercus pubescens Th98
4660 02/03/2016 6.33 17 Pinus pinea MIX
4662 02/03/2016 19.24 27 Quercus pubescens 2352
4664 02/03/2016 6.96 52 Quercus pubescens MIX
4675 18/03/2016 11.24 13 Pinus pinea MIX
4677 18/03/2016 2.06 65 Pinus pinea 1Bo
4699 06/04/2016 5.87 13 Pinus pinea MIX
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Number of sampled ascocarps 18
Number of inocula genotyped 5
Maternal genotypes

Number of samples genotyped 18
Number of genotypes 6
Number of genotypes with Psex < 0.05 3
Maximum number of ascocarps per genotype 8
Number of genotype represented by a single ascocarp 3
Paternal genotypes

number genotyped zigotes 18
Number of homozygosus zygotes 0
Zigotes Fis 1
Number of genotypes 16
Number of genotypes with Psex < 0.05 1
Maximum number of ascocarps per genotype 2
Number of male genotypes represented by a single ascocarp | 12
Hermaphodite genotypes

Total number (number of genotypes whit Psex < 0.05) 1
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/A Ascoma, ECM and soil mating
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Fig. 1 - Scheme of the experimental plantation realized with mycelial inoculated seedlings. The circles show
the codes of inoculated strains or their mixture (Mix). Different circle types indicate different host plants.
Triangles and asterisks indicate the position of samples and types of analyses applied to them. The dotted
rectangle indicates the area of the plantation enlarged in Fig. 2.
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Fig. 2- Area of the plantation where a true hermaphrodite strain was found (C-MLG_14). This strain was
found as female in ascomata 4651, 4652 and 4658 and as male in ascoma 4601 located in the adjacent plot
This ascoma presents a new female C-MLG (C-MLG_3).
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E C-MLG of the inoculated mycelia

[ C-MLG of the inoculated mycelia
W Recombinants of maternal C-MLGs

O New maternal C-MLG
[ C-MLGs with new alleles

Fig. 3 - Characteristics of the maternal (a) and paternal (b) genotypes of the 18 analyzed ascomata.
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