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Supplementary Information 

 

Phylogenetic tree. A phylogenetic tree was constructed with 2,338 single-copy protein-coding genes 

identified by orthoMCL (v 2.0.9)1. We aligned the corresponding protein sequence using CLUSTAL 

omega (v 1.2.1)2, extracted the conserved blocks from each alignment with Gblocks (v 0.91b)3 with all 

default parameters and concatenated all the blocks in one sequence per species. Bootstrap analysis and 

tree inference were carried out with the RAxML (Randomized Axelerated Maximum Likelihood) 

program4 with the LG+G+I+F model and 1000 rounds of bootstrapping. The best model was selected 

using ModelTest function of R package phangorn5. Maximum Likelihood phylogeny was midpoint-

rooted with the midpoint function of R package phangorn. Smoothing lambda parameter was 

estimated using chronopl function with the cross-validation enabled of R package ape6. Lambda 

values ranging from 0 to 100,000 were tested to minimize the value of the cross-validation. Penalized 

likelihood molecular clock was then realized with the function chronoPL of R package ape. Tree 

calibration was realized with lower and higher Tuberaceae MRCA (134 and 179 Mya) estimated by 

Bonito et al.7. 

 

Gene family clustering. Protein sequences from the eight Pezizomycetes were clustered with 

FastOrtho (v 1.0)8 which combine BLAST+ (v 2.2.28+)9, here used with an e-value threshold of 1e-5, 

and MCL (v 12.5)10 used with default parameters. 

 

COMPARE analysis. Evolutionary history of gene families of Tuberaceae species and closely related 

Pezizomycetes was analysed using the COMPARE pipeline11. Predicted protein families were 

clustered based on sequence similarity in 16 Ascomycota species using MCL (inflation parameter, 2), 

yielding 11,192 protein clusters. Multiple sequence alignments and maximum likelihood gene trees 

were inferred for each cluster by using PRANK v140603 and RAxML 8.1.2, respectively. For gene 

tree estimation the WAG model of protein evolution was used. To reconstruct gene duplications and 

losses, a genome-wide collection of 13,821 gene trees was first reconciled with the species tree using 

Treefix v1.1.1077. Treefix was run with RAxML site-wise likelihood model, Maximum Parsimony 

Reconciliation model (MPR) and an alpha threshold of 0.001 to find any alternate gene tree topologies 

that minimize duplication/loss costs but are statistically equivalent to the ML gene tree. Orthologues 
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were identified and recoded into a presence/absence matrix, as described in a previous study11. We 

then inferred duplications and losses for each orthogroup along the species tree using Dollo 

parsimony. Gene trees with less than four proteins were excluded. We also reconstructed the genome 

size for a given node by summing over gains and losses to the genome size of the most recent common 

ancestor (MRCA). GO enrichment analysis based on the Fisher exact test with Benjamin–Hochberg 

correction was performed using PFAM domains mapped to protein clusters and creating GO 

annotations with pfam2go version 2015/02/14 followed by enrichment analysis at P < 0.05. 

 

Comparative genomic analyses and annotation of functional categories 

RepeatScout12 was used to identify de novo repetitive DNA in the genome assembly as reported in 

Peter et al.13. CAZymes including glycoside hydrolases (GH), glycosyl transferases (GT), 

polysaccharide lyases (PL), carbohydrate esterases (CE), enzymes that act in conjunction with other 

CAZymes (Auxiliary activities, AA), carbohydrate-binding modules (CBM) and enzymes distantly 

related to plant expansins (EXPN), were identified using the CAZy database (www.cazy.org) 

annotation pipeline14. To compare the distribution of genes encoding CAZymes in the various genomes 

from saprotrophic, symbiotic and pathogenic species, we applied hierarchical clustering of the number 

of genes for each of the 69 species available at the JGI MycoCosm database (Supplementary Table 15) 

using the Genesis software15. The Euclidian distance was used as the distance metric and a complete 

linkage clustering was performed. Secreted proteins were identified using a custom pipeline including 

SignalP v4, WolfPSort, TMHMM, TargetP, and PS-Scan algorithms as reported in Pellegrin et al.16. 

 

In silico analysis of VOC biosynthetic pathways 

The amino acid sequences of enzymes known to be involved in VOC biosynthetic pathways were 

used as references for BLAST analyses. The KEGG pathway database (sulfur metabolism pathway 

00920; terpenoid backbone biosynthesis pathway 00900; sesquiterpenoid and triterpenoid 

biosynthesis pathway 00909) along with literature-derived information were used to spot key 

enzymes in each pathway17-21. In particular, Saccharomyces cerevisiae or T. melanosporum (v. 1.0) 

predicted polypeptides were retrieved from the KEGG (http://www.genome.jp/kegg/), SGD (the 

Saccharomyces Genome Database, http://www.yeastgenome.org/), or Génoscope 

(https://www.genoscope.cns.fr/) databases. Reference sequences were used as queries for BLASTP 

searches to identify homologs in the eight examined Pezizomycetes. Putative orthologues were 

identified as “best reciprocal hits” and verified by sequence alignment. Multigene families were 

further investigated and verified by phylogenetic analysis using MEGA v. 622. 
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Synteny analysis 

To conduct an analysis of the synteny in the eight genomes, the OMA program23 was used to 

generate a list of orthologous genes. Circos24 was used to visualize the synteny based on orthologous 

genes. We considered a syntenic block only if at least two genes are presents in the same order in the 

different genomes. We used VISTA available at the JGI MycoCosm T. magnatum portal 

(https://genome.jgi.doe.gov/Tubma1/Tubma1.home.html) to investigate the nucleotide sequence 

polymophism at the GH6_1 locus in Tuberaceae. 

 

RNA extraction, RNA sequencing and data analysis 

For RNA extraction, the free-living mycelium of T. melanosporum Mel28 (INRA-Nancy Fungal 

Collection) was grown as described in Tisserant et al.25 on 1% malt agar (Cristomalt- D, Difal, 

Villefranche-sur-Saône, France) for five weeks before harvesting. The free-living mycelium of 

T. magnatum was isolated from a fruiting body collected in Città di Castello, Perugia (Italy). It was 

grown in 100 ml liquid MNM medium supplemented with Bacto Peptone (4 g per L), yeast extract 

(2 g per L), and malt extract (2 g per L) in the dark at 22-24°C for 30 days. Mycelium was then 

sampled and snap frozen in liquid nitrogen before RNA extraction. T. melanosporum 

ectomycorrhizae were sampled on 5-month-old hazel seedlings (Corylus avellana L.), whereas 

T. magnatum ectomycorrhizae were sampled on 6-month-old inoculated Q. robur plantlets. Inoculated 

hazel plantlets were grown in the greenhouse facilities of the Agritruffe Company (Saint-Maixant, 

France), while inoculated oak plants were produced by Robin nurseries (St Laurent du Cros, France), 

following their standard protocols. Five fruiting bodies of T. melanosporum of different maturity and 

from different locations were collected (Supplementary Fig. 13). One T. magnatum fruiting body was 

harvested in Assisi-Valfabbrica (Perugia, Italy) in November 2005 and two in Pietralunga (Perugia, 

Italy) in November 2016. Total RNA from T. magnatum free-living mycelium and fruiting bodies was 

extracted using the Spectrum Plant Total RNA kit (Sigma-Aldrich), following the protocol A and the 

on-column DNase Digestion procedure. Total RNA was extracted from ectomycorrhizal root tips of 

T. magnatum–Q.robur using the RNeasy Plant Mini Kit of Qiagen with DNase step and addition of 20 

mg per ml polyethylene glycol to the RLC extraction buffer. Three replicates were used for RNA-seq 

sequencing. Preparation of libraries from total RNA and 2 x 100 bp Illumina HiSeq sequencing 

(RNA-Seq) was performed at the GET platform (Génopole Toulouse Midi- Pyrénées, Auzeville, 

France) following their standard protocol. Quality filtered reads were aligned to the T. magnatum 

reference transcripts (https://genome.jgi.doe.gov/Tubma1/Tubma1.home.html) using CLC Genomics 

Workbench 9 (Qiagen). To identify differentially regulated transcripts in ectomycorrhizae and fruiting 

bodies compared to free-living mycelium the Baggerly et al.’s test implemented in CLC Genomic 

Workbench and the Benjamini & Hochberg multiple-hypothesis testing to correct  for FDR was 
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applied to the data. If not otherwise indicated, transcripts with ≥5- fold change and a FDR corrected 

P-value <0.05 were used for further analysis. To assess whether symbiosis-regulated transcripts were 

conserved among Pezizomycetes or lineage-specific, their protein sequences were queried against the 

protein sequences of the eight Pezizomycetes genomes using BLASTP as described in Kohler et al.26. 

The distribution of the symbiosis-regulated transcripts within each cluster were quantified according 

to their putative function as CAZymes, small secreted proteins (SSPs), with KOG classification or 

without KOG. The enrichment of SSPs in symbiosis-regulated transcript clusters was assessed by 

comparing their percentage in symbiosis-regulated transcript clusters to their relative percentage in the 

total gene repertoire and applying a Fisher’s exact test (P<0.01 for enrichment). Data were visualized 

and hierarchically clustered using the euclidean distance metric and the average-linkage clustering 

method in R (package HeatPlus). For Venn diagrams 

http://bioinformatics.psb.ugent.be/webtools/Venn/ was used. Microarray data from T. melanosporum 

are described in Martin et al.18 and available at NCBI/GEO as series GSE17529, the T. magnatum 

RNA-Seq data as GEO series [Submitted]. For Supplementary Figure 12, microarray data published 

by Le Tacon et al.27 from fruiting bodies at different developmental stages and harvested over several 

years on the truffle orchard at Rollainville, France were used. The P. confluens RNA-seq data are 

available under GEO accession number GSE61274. 

 

Supplementary Results 

DNA decay acting on cellobiohydrolase GH6 

Secreted cellobiohydrolases (CBH) of glycoside hydrolase families 6 and 7 (GH6 and GH7) act most 

efficiently on highly ordered microcrystalline cellulose, hydrolyzing either from the reducing or non-

reducing end to liberate predominantly cellobiose. Two to five GH7 genes were identified in the 

saprotrophic Pezizomycetes. In contrast, no such gene was found in Tuberaceae, and a single GH7 

gene is present in Te. boudieri (Supplementary Table 3). No GH6 gene is encoded by 

T. melanosporum genome, whereas a single gene copy was predicted in T. aestivum and three gene 

copies in T. magnatum and C. venosus (Supplementary Fig. 10A). In T. magnatum and T. aestivum, a 

single gene, called GH6_1 (JGI ID# 301672 and GSTUAT00006748001, respectively), is expressed in 

free-living mycelia and ectomycorrhizae, and its structure is supported by RNA-Seq reads 

(Supplementary Fig. 10A). Two additional copies found in T. magnatum, called GH6_2 (JGI ID# 

351473) and GH6_3 (JGI ID# 219130), are probably pseudogenes since they are truncated and not 

expressed in any of the tissues analyzed (Supplementary Fig. 10A). To investigate the mechanism 

underlying the loss of GH6_1 in T. melanosporum, we used the functional T. aestivum GH6_1 gene as 

a query to search for sequence similarities in T. melanosporum genome. We identified small sequence 

fragments corresponding to GH6 gene at the expected GH6 locus in the genome assembly, but 90% of 
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the GH6 sequence was missing (Supplementary Fig. 10B). Large syntenic blocks framed the position 

of the GH6 locus, indicating that the general local genome organization was not modified as a result of 

transposon activity (Supplementary Fig. 11). This finding suggests that DNA decay is the inactivation 

mechanism specifically driving the loss of GH6 in T. melanosporum. It remains to be determined 

whether this inactivation mechanism is involved in the loss of other PCWDEs. 

 

All Tuberaceae are heterothallic 

The sequenced strains of T. aestivum and T. magnatum only encode the MAT1-2-1 gene, while 

C. venosus only harboured the MAT1-1-1 gene (Supplementary Table S11). This indicates 

heterothallism as a common reproductive mode in Tuberaceae. Not only the already sequenced 

genome of T. melanosporum, but also single strains of T. indicum and T. borchii harbor either the 

MAT1-1-1 or the MAT1-2-1 genes18, 28-30. Among other sequenced Pezizomycetes, both MAT1-1-1 

and MAT1-2-1 genes were found in P. confluens, as shown by Traeger and colleagues31, whereas 

only MAT1-1-1 gene was found in A. immersus. No MAT gene was found in Te. boudieri when 

either MAT1-1-1 or MAT1-2-1 genes from other Pezizomycetes were used as BLAST queries 

(Supplementary Table S8). A low level of sequence synteny was found around the MAT locus of 

these fungi. Homologs of the RSM22 and COX13 genes were identified next to the MAT locus of 

T. magnatum, T. aestivum and T. melanosporum, but not in C. venosus, M. importuna, P. confluens 

and A. immersus, whereas homologs of T. melanosporum gene model GSTUMT200009628001 

were found next to the MAT locus of all Tuberaceae along with M. importuna. 
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Legends of Supplementary tables as presented in the SupplementaryTables.xlsx file 

 

Supplementary Table 1. Conservation of genes involved in RIP-like genome defense in the 

sequenced Pezizomycetes. 

Supplementary Table 2. Structural features of total genes, species-specific genes and shared (non-

specific) genes in the sequenced Pezizomycetes.  

Supplementary Table 3. Distribution of carbohydrate-active enzymes (CAZymes) in the sequenced 

Pezizomycetes. 

Supplementary Table 4. Upregulated genes (>5-fold) in T. magnatum ectomycorrhizae (ECM) 

compared to free-living mycelium (FLM). Upregulated genes in fruiting-body (FB) are also showed 

(see Supplementary Table S9). Clusters referred to Fig. 4A. 

Supplementary Table 5. Downregulated genes (>5-fold) in T. magnatum ectomycorrhizae (ECM) 

compared to free-living mycelium (FLM). Downregulated genes in fruiting-body (FB) are also 

showed. ND, not detected in ECM.  

Supplementary Table 6. Most highly upregulated transcripts in ectomycorrhizae (ECM) of both 

T. melanosporum-C. avellana and T. magnatum-Q. robur associations compared to free-living 

mycelium (FLM).  

Supplementary Table 7. Number of genes and percentage of KOG categories up-regulated in T. 

magnatum (Tubma) and T. melanosporum (Tubme) ectomycorrhiza (ECM) and fruiting bodies (FB), 

compared to free-living mycelium (FLM). For Tubme oligoarray data was used, whereas for Tubma 

RNA-Seq data was used.  

Supplementary Table 8. Presence of mating-type genes in the sequenced Pezizomycetes. The 

scaffold containing the MAT locus is indicated. ND, not detected  

Supplementary Table 9. Upregulated genes (>5-fold) in T. magnatum fruiting body (FB) compared 

to free-living mycelium (FLM). Upregulated genes in ectomycorrhizae (ECM) are also showed (see 

Supplementary Table S4).  

Supplementary Table 10. Downregulated genes (>5-fold) in T. magnatum fruiting body (FB) 

compared to free-living mycelium (FLM). Downregulated genes in ectomycorrhiza (ECM) are also 

showed.  

Supplementary Table 11. Upregulated genes in fruiting body (FB) of both T. melanosporum and 
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T. magnatum by comparison to free-living mycelium (FLM). 

Supplementary Table 12. Presence and sequence similarity of fruiting body-upregulated genes from 

T. magnatum in genomes of other sequenced Pezizomycetes (linked to Fig. 4B)  

Supplementary Table 13. Relative expression of genes implicated in sexual reproduction in fruiting 

bodies of T. melanosporum, T. magnatum and T. aestivum. Orthologs of genes involved in mating and 

meiosis in yeast are listed on the right panel. For T. melanosporum (Tubmel), Tubme1, fruiting bodies 

of T. melanosporum harvested on different sites at different dates. Tubme2, immature fruiting bodies 

of T. melanosporum harvested at the Rollainville truffle orchard during Winter 2010-2011; Tubme3, 

mature fruiting bodies of T. melanosporum harvested at the Rollainville truffle orchard during Winter 

2010-2011; Tubme4, mature fruiting bodies of T. melanosporum harvested at the Rollainville truffle 

orchard during Winter 2013-2014; Tubmag, mature fruiting bodies of T. magnatum harvested in 

Piedmont (Italy); Tubae, a fruiting body of T. aestivum harvested in Northeastern France. See also 

Supplemental Fig. S13. 

Supplementary Table 14. Identification and expression of the enzymes involved in the biosynthesis 

of volatile organic  compounds (VOC) in the fruiting body of the sequenced Pezizomycetes. For Pyrco 

the gene number corresponds to those of Mycocosm (DOE-JGI).  

Supplementary Table 15. Fungal species, their lifestyle and abbreviations of the genome assemblies 

used in this study.   
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Supplementary figures 

 

 

 

 
 

Supplementary Figure 1. Genome synteny in Tuberaceae. Circos plot showing syntenic regions in 

four Tuberaceae species. One syntenic block is considered only if at least two orthologous genes are 

presents in the same order in at least two genomes. The yellow, orange and red links correspond to 

syntenic blocks composed by <5, 5-10 and >10 genes, respectively. 
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Supplementary Figure 1. Genome evolution in Pezizomycotina. Circos plot showing the syntenic regions in the four Tuberaceae species. 
One syntenic block is considered only if at least two orthologous genes are presents in the same order in at least two genomes. The yellow, 
orange and red links correspond to syntenic blocks composed by less than 5, 5-10 and more than 10 genes, respectively.  



11  

 
 

Supplementary Figure 2. Genome synteny in Pezizomycetes. A high correlation (Pearson’s, r = -

 0.96, P = 1.3e-15) between the number of syntenic blocks and the estimation age for each pair of 

Pezizomycetes genomes. Up to 1,441 syntenic blocks are conserved between T. melanosporum and 

T. aestivum, whereas only 153 syntenic blocks are shared by A. immersus and P. confluens. 

Abbreviations, Ascobolus immersus (Ascmi1), Terfezia boudieri (Terbo), Pyronema confluens 

(Pyrco), Morchella importuna (Morim), Choiromyces venosus (Chove), T. melanosporum (Tubme), 

T. magnatum (Tubma) and T. aestivum (Tubae). 

  

 

 

 

 

Supplementary Figure 2. High correlation (Pearson’s, r = - 0.96, P = 1.3e-15) between the number of syntenic blocks and the estimation age for each pair of 
Pezizomycetes genomes. Up to 1,441 syntenic blocks are conserved between T. melanosporum and T. aestivum, whereas only 153 syntenic blocks are shared by A. 
immersus and P. confluens (Supplementary Fig. 1; Supplementary Fig. 2). Abbreviations, Ascobolus immersus (Ascmi1), Terfezia boudieri (Terbo), Pyronema 
confluens (Pyrco), Morchella importuna (Morim), Choiromyces venosus (Chove), Tuber melanosporum (Tubme), T. magnatum (Tubma) and T. aestivum (Tubae).  
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Supplementary Figure 3. The genome coverage (a) and copy number (b) of transposable elements in 

the sequenced Pezizomycetes. The numbers in bubbles indicate the coverage/copy number of 

transposable element families. The total coverage/copy number are presented on top. Chove, 

Choiromyces venosus; Terbo, Terfezia boudieri; Tubae, Tuber aestivum; Tubma, Tuber magnatum; 

Ascim, Ascobolus immersus; Morco; Morchella importuna; Pyrco, Pyronema confluens. 

  

Supplementary Figure 3. The coverage (A) and copy number (B) of transposable elements of eight Pezizomycètes. The 
numbers in bubbles indicate the coverage/copy number of transposable element families. The total coverage/copy number are 
presented on top. Chove, Choiromyces venosus; Terbo, Terfezia boudieri; Tubae, Tuber aestivum; Tubma, Tuber magnatum; 
Ascim, Ascobolus immerses; Morco; Morchella importuna; Pyrco, Pyronema confluens. 
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Supplementary Figure 4. The relationship between gene numbers, exon size, intron size, Gypsy 

LTR and total TE content (in Mb) and genome assembly size (in Mb) in Tuberaceae and other 

Pezizomycetes. The significance of the correlation was tested by Spearman test in R using cov.test() 

function of stats package. Each species are coded by a color: Ascobolus immersus (Ascmi1) in red, 

Terfezia boudieri (Terbo) in purple, Pyronema confluens (Pyrco) in blue, Morchella importuna 

(Morim) in green, Choiromyces venosus (Chove) in black, Tuber melanosporum (Tubme) in grey, T. 

magnatum (Tubma) in yellow and T. aestivum (Tubae) in orange. 
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Supplementary Figure 4. The relationship between gene numbers, exon size, intron size, Gypsy LTR and total TE content (in Mb) and genome assembly 
size (in Mb) in Tuberaceae and other Pezizomycetes. The significance of the correlation was tested by Spearman test in R using cov.test() function of stats 
package. Each species are coded by a color: Ascobolus immersus (Ascmi1) in red, Terfezia boudieri (Terbo) in purple, Pyronema confluens (Pyrco) in blue, 
Morchella importuna (Morim) in green, Choiromyces venosus (Chove) in black, Tuber melanosporum (Tubme) in grey, T. magnatum (Tubma) in yellow 
and T. aestivum (Tubae) in orange. 
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Supplementary Figure 5. Age distribution of Gypsy LTR in the eight selected Pezizomycetes over 

the last 15 millions years.  

 

Supplementary Figure 6. Estimation of RIP (Repeated Induced Points) indexes in 1000 bp 

windows. The number of windows with both TpA/ApT > 2 and (CpA+TpG)/(ApC+GpT) < 0.7 are 

indicated. Stagonospora nodorum was included in this analysis since this species has a RIP defense 

mechanism. 
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Supplementary Figure 5. Age distribution of Gypsy LTR in the eight selected Pezizomycetes over the last 15 millions years.  
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Supplementary Figure 6. Estimation of RIP (Repeated Induced Points) indexes in 1000 bp windows. The number of windows with both TpA/ApT 
> 2 and (CpA+TpG)/(ApC+GpT) < 0.7 are indicated. Stagonospora nodorum was included in this analysis since this species has a RIP defense 
mechanism. 
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Supplementary Fig. 7. Gene conservation in the eight sequenced Pezizomycete species. Bar graphs 

represent the sets of core (black and grey), dispensable (red), and species-specific (blues) genes as 

well as those with homology with genes of other fungal species (green) according to a blast query 

against JGI Mycocosm database (https://genome.jgi.doe.gov/programs/fungi/index.jsf).  

  

Supplementary Fig. 7. Gene conservation in the eight sequenced Pezizomycete species. Bar graphs represent the sets of core (black and grey), 
dispensable (red),  and species-specific (blues) genes as well as those with homology with genes of other fungal species (green) according to a blast 
search in JGI Mycocosm database.  
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Supplementary Figure 8. Rate of genome diversification in Ascomycota. (a) Gene duplication 

(G)/loss (L) histories along a phylogeny of 16 fungal species of Pezizomycetes (red box) and other 

Ascomycota. Green numbers correspond to duplication and red numbers to loss. (b) Gene 

duplication (rG) and loss rates (rL). Species tree was inferred from 1,028 single-copy genes using 

partitioned maximum likelihood (RAxML) (alignment length, 329,332 amino acids). Abbreviations: 

Artol1, Arthrobotrys oligospora; Ascim1, Ascobolus immersus; Ascsa1, Ascocoryne sarcoides; 

Botci1, Botrytis cinerea; Chove1, Choiromyces venosus; Cenge3, Cenococcum geophilum; Monha1, 

Monacrosporium haptotylum; Neucr_trp3_1, Neurospora crassa; Podan2, Podospora anserina; 

Oidma1, Oidiodendron maius; Morim1, Morchella importuna; Pyrco1, Pyronema confluens; 

Tubae1, Tuber aestivum; Tubma1, Tuber magnatum; Tubme1_2 , Tuber melanosporum; Terbo1, 

Terfezia boudieri.  

 

Supplementary Figure 8. Rate of genome diversification in Ascomycota. A. Gene duplication (G)/loss (L) histories along a phylogeny of 16 fungal species of Pezizomycetes (red box) and 
other Ascomycota. Green numbers correspond to duplication and red numbers to loss. B. Gene duplication (rG) and loss rates (rL). Species tree was inferred from 1,028 single-copy genes 
using partitioned maximum likelihood (RAxML) (alignment length, 329,332 amino acids). Abbreviations: Artol1, Arthrobotrys oligospora; Ascim1, Ascobolus immersus; Ascsa1, Ascocoryne 
sarcoides; Botci1, Botrytis cinerea; Chove1, Choiromyces venosus; Cenge3, Cenococcum geophilum; Monha1, Monacrosporium haptotylum; Neucr_trp3_1, Neurospora crassa; Podan2, 
Podospora anserina; Oidma1, Oidiodendron maius; Morim1, Morchella importuna; Pyrco1, Pyronema confluens; Tubae1, Tuber aestivum; Tubma1, Tuber magnatum; Tubme1_2 , Tuber 
melanosporum; Terbo1, Terfezia boudieri.  
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Supplementary Figure 9. Gene diversification along a phylogeny of 16 fungal species, including 

the eight sequenced Pezizomycetes. Biochemical functions based on Gene Ontology categories 

enriched are listed for Pezizomycetes, Pezizomycetes but not Tuberaceae and Tuberaceae only. See 

Supplementary Figure 8 for species abbreviations.  

 

 

Shared by Pezizomycetes + Tuberaceae 
nucleotide binding; catalytic activity; nuclease activity; transposase activity; protein, ATP 
binding; nucleobase-containing compound metabolic process; DNA recombination; 
transposition_ DNA-mediated; cellular aromatic, nitrogen compound metabolic process; DNA 
integration; pyrophosphatase activity; oxidoreductase activity; hydrolase activity (ester bonds, 
acid anhydrides,  acid anhydrides_ in phosphorus-containing anhydrides); transmembrane 
transporter activity;  transposition; purine , adenyl ribonucleotide binding; heterocycle metabolic 
process; carbohydrate derivative binding ;organic cyclic compound metabolic process; 
heterocyclic compound binding; organic substance biosynthetic process; localization 

Specific to Tuberaceae: 
RNA metabolic process; aromatic compound biosynthetic process; organic cyclic compound 
biosynthetic process 

Pezizomycetes but not Tuberaceae 
RNA binding; ribonuclease activity; hydrolase activity (O-glycosyl compound); protein kinase 
activity; carbohydrate metabolic process; transcription from RNA polymerase II promoter; 
cellular protein modification process; lipid, organonitrogen metabolic process;  kinase activity; 
transferase activity (phosphorus-containing groups, alcohol group as acceptor, 
nucleotidyltransferase activity);  hydrolase activity (glycosyl bonds);  ATPase activity;  
carbohydrate binding;  polysaccharide binding; cellulose binding; intrinsic component of 
membrane; protein, macromolecule modification process;  transition metal ion binding; vesicle 
docking; response to stimulus; establishment of localization in cell; transmembrane transport; 
oxidation-reduction process 

Shared by Tuber + Tuberaceae: 
Nucleotide, purine nucleoside, nucleic acid  binding; catalytic activity; nuclease; endonuclease 
activity;  transporter activity; protein, ATP binding; nucleobase-containing compound, cellular 
aromatic compound, nitrogen compound  metabolic process; pyrophosphatase activity; 
hydrolase activity (acid anhydrides, acid anhydrides_ in phosphorus-containing anhydrides); 
nucleoside-triphosphatase activity; transmembrane transporter activity; ion binding; heterocycle 
metabolic process; localization; establishment of localization; organic substance, nucleic acid  
metabolic process; organic cyclic compound, carbohydrate derivative, nucleoside phosphate, 
heterocyclic compound binding; organic cyclic compound metabolic process 

Tuberaceae but not Tuber: 
DNA binding; transposase activity; DNA recombination; transposition_ DNA-mediated; DNA 
integration; RNA metabolic process; oxidoreductase activity; hydrolase activity_ acting on ester 
bonds; aromatic compound biosynthetic process; 
Transposition; metal ion binding; organic cyclic compound biosynthetic process; organic 
substance biosynthetic process;   

Specific to Tuber: 
DNA-directed RNA polymerase complex; intron homing; drug transmembrane transporter 
activity; RNA polymerase complex   

Morim1 

Morim1'
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Supplementary Figure 10. Evolution of the GH6 cellobiohydrolase genes in Tuberaceae. (A) 

Neighbour-joining tree of GH6_1, GH6_2, and GH6_3 cellobiohydrolases in the sequenced 

Pezizomycetes. Right panel shows the protein size in amino acids and the approximate level of 

expression in at least one tissue (- no expression, + low expression and ++ high expression). (B) 

Alignment of the nucleotide sequences of the GH6_1 locus in Tuber aestivum and T. melanosporum. 

The red arrows underline exons in the T. aestivum sequence. NA, not available. 
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Supplementary Figure 11. Comparison of the genomic region containing T. aestivum GH6 

cellobiohydrolase gene to syntenic regions in T. melanosporum, C. venosus, Te. boudieri, 

M. importuna (formerly M. conica) and A. immersus (Ascim1) using the VISTA program available at 

T. magnatum JGI genome portal. The red arrow indicates the GH6 gene remnants in 

T. melanosporum. 

  

GH6_1 locus 

Tuber melanosporum – scaffold 147 

Tuber aestivum – scaffold 153 

T. magnatum: Scaffold 102: 463500-478000 ABC transporter 

Supplementary Figure 11. Comparison of the genomic region containing T. aestivum GH6 cellobiohydrolase gene to T. melanosporum, C. venosus, Te. boudieri, 
M. importuna (formerly M. conica) and A. immersus (Ascim1) using the VISTA program available at T. magnatum JGI genome portal. The red arrow indicates the 
GH6 gene remnants in T. melanosporum. 
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Supplementary Figure 12. Venn diagrams showing shared and species-specific gene expression (A, 

C) and up-regulation (B, D) in T. magnatum (Tubma) and T. melanosporum (Tubme) 

ectomycorrhizae (A, B) or fruiting bodies (C, D), compared to their respective free-living mycelium 

(FLM). For the comparison, 6,952 orthologous genes were identified by Best Reverse BlastP Hit. 

From this set, 5,809 were called in T. melanosporum array datasets used for this analysis. A gene was 

considered as expressed when its rpkm value was >5 or its array expression value >100 5. A gene 

was considered as up-regulated when its fold change was >5 (FDR p-value>0.05). 

 

Supplementary Figure 12. Venn diagrams showing shared and species-specific gene expression (A, C) and up-regulation (B, D) in T. magnatum (Tubma) and 
T. melanosporum (Tubme) ectomycorrhizae (A, B) or fruiting bodies (C, D), compared to their respective free-living mycelium (FLM). For the comparison, 
6,952 orthologous genes were identified by Best Reverse BlastP Hit. From this set, 5,809 were called in T. melanosporum array datasets used for this analysis. 
A gene was considered as expressed when its rpkm value was >5 or its array expression value >1005. A gene was considered as up-regulated when its fold 
change was >5 (FDR p-value>0.05). 
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Supplementary Figure 13. Expression of genes implicated in sexual reproduction in fruiting bodies 

of Tuber melanosporum, T. magnatum and T. aestivum. Orthologs of genes involved in mating and 

meiosis in yeast are listed on the right panel. For T. melanosporum (Tubmel), Tubme1, fruiting 

bodies of T. melanosporum harvested on different sites at different dates. Tubme2, immature fruiting 

bodies of T. melanosporum harvested at the Rollainville truffle orchard during Winter 2010-2011; 

Tubme3, mature fruiting bodies of T. melanosporum harvested at the Rollainville truffle orchard 

during Winter 2010-2011; Tubme4, mature fruiting bodies of T. melanosporum harvested at the 

Supplementary Figure 13. Expression of genes implicated in 
sexual reproduction in fruiting bodies of Tuber melanosporum, T. 
magnatum and T. aestivum. Orthologs of genes involved in 
mating and meiosis in yeast are listed on the right panel. For T. 
melanosporum (Tubmel), Tubme1, fruiting bodies of T. 
melanosporum harvested on different sites at different dates. 
Tubme2, immature fruiting bodies of T. melanosporum harvested 
at the Rollainville truffle orchard during Winter 2010-2011; 
Tubme3, mature fruiting bodies of T. melanosporum harvested at 
the Rollainville truffle orchard during Winter 2010-2011; 
Tubme4, mature fruiting bodies of T. melanosporum harvested at 
the Rollainville truffle orchard during Winter 2013-2014; 
Tubmag, mature fruiting bodies of T. magnatum harvested in 
Piedmont (Italy); Tubae, a fruiting body of T. aestivum harvested 
in Grand-Est region (France). Color scale of the heat map from 
no expression (= 0) in yellow to highest expression in red (= 1). 
Data were visualized and clustered using R (package HeatPlus). 
The hierarchical clustering was done by using a binary distance 
metric and Ward clustering method. See also Supplementary 
Table S12. 
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Rollainville truffle orchard during Winter 2013-2014; Tubmag, mature fruiting bodies of 

T. magnatum harvested in Piedmont (Italy); Tubae, a fruiting body of T. aestivum harvested in 

Grand-Est region (France). Color scale of the heat map from no expression (= 0) in yellow to highest 

expression in red (= 1). Data were visualized and clustered using R (package HeatPlus). The 

hierarchical clustering was done by using a binary distance metric and Ward clustering method. See 

also Supplementary Table S13. 

 




