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Pezizomycetes genomes reveal the molecular
basis of ectomycorrhizal truffle lifestyle
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Tuberaceae is one of the most diverse lineages of symbiotic truffle-forming fungi. To understand the molecular underpin-
ning of the ectomycorrhizal truffle lifestyle, we compared the genomes of Piedmont white truffle (Tuber magnatum), Périgord
black truffle (Tuber melanosporum), Burgundy truffle (Tuber aestivum), pig truffle (Choiromyces venosus) and desert truffle
(Terfezia boudieri) to saprotrophic Pezizomycetes. Reconstructed gene duplication/loss histories along a time-calibrated
phylogeny of Ascomycetes revealed that Tuberaceae-specific traits may be related to a higher gene diversification rate.
Genomic features in Tuber species appear to be very similar, with high transposon content, few genes coding lignocellulose-
degrading enzymes, a substantial set of lineage-specific fruiting-body-upregulated genes and high expression of genes
involved in volatile organic compound metabolism. Developmental and metabolic pathways expressed in ectomycorrhizae and
fruiting bodies of T. magnatum and T. melanosporum are unexpectedly very similar, owing to the fact that they diverged ~100
Ma. Volatile organic compounds from pungent truffle odours are not the products of Tuber-specific gene innovations, but rely
on the differential expression of an existing gene repertoire. These genomic resources will help to address fundamental ques-
tions in the evolution of the truffle lifestyle and the ecology of fungi that have been praised as food delicacies for centuries.

bearing spores sequestered in an inconspicuous globous-
like mass of hyphae. Truffle-forming species have evolved in
nearly every major group of fleshy fungi over 100 times indepen-
dently within the Ascomycota and Basidiomycota and the majority
of evolutionary transitions to a truffle morphology have occurred

| ruffle fungi differentiate into subterranean fruiting bodies

in lineages establishing ectomycorrhizal mutualistic symbiosis with
plants’. This pattern suggests that symbiosis has been a major driver
in the evolution of truffle diversity. The evolution of the hypogeous
lifestyle across a diversity of truffle lineages also suggests that the
transition from epigeous to hypogeous fruiting is driven by strong
selection for traits, for example pungent odours, that promote
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Table 1| Genome assembly statistics for the eight Pezizomycetes

Species Abbreviation Tissue of Assembly Scaffolds N50 Gap Transposable Genes BUSCO CEGMA Sequencing Annotation
origin (Mb) scaffold (%) element (%)
(Mb)
A. immersus Ascim Mycelium 60 706 0.27 11 35 17,877 288(99%) 238 (96%) lllumina JGI
C. venosus Chove Fruiting 124 1,648 0.31 51 53 17986 290 (100%) 240 (98%) lllumina JGI
body
Morchella Morco Mycelium 48 540 0.60 21 8.5 11,600 286(98%) 235(95%) lllumina JGI
importuna
P. confluens Pyrco Mycelium 50 1,588 0.14 0.1 14 13,367 288(99%) 236(95%) 454+ AUGUSTUS,
Illumina SNAP,
GeneMark
Te. boudieri Terbo Mycelium 63 516 0.78 57 32 10,200 290 (100%) 242 (98%) lllumina JGI
T. aestivum Tubae Fruiting 145 3,244 044 91 49.5 9,344 277 (95%)  239(96%) 454 Genoscope
body
T. magnatum Tubma Fruiting 192 1,283 1.81 134 58 9433  286(98%) 234(94%) 454+ JGI
body Illumina
T. melanosporum ~ Tubme Mycelium 125 398 0.64 11 58 10,763 287 (99%)  239(96%) Sanger Genoscope

BUSCO, benchmarking universal single-copy orthologues; CEGMA, core eukaryotic genes mapping approach.

animal dispersal’. The Tuberaceae family is one of the most
diverse lineages of mainly truffle-forming fungi and is presum-
ably one of the earliest diverging clades within the Pezizomycetes
(Ascomycota)®. Truffles, such as the aromatic Périgord black truffle
(T. melanosporum Vittad.), Burgundy truffle (T. aestivum Vittad.),
Piedmont white truffle (T. magnatum Pico) and desert truftle (Te.
boudieri Chatin), have been praised as food delicacies for centuries®.
Despite their ecological importance and a long history as a gour-
met food, there are still many unanswered questions concerning the
biology, genetics and ecology of Tuberaceae’.

Previously, the genome of T. melanosporum was sequenced and
revealed a set of unusual genomic features, including a very high
proportion of transposable elements, a restricted set of plant cell
wall degrading enzymes (PCWDEs) and rare gene duplications’.
In addition, transcript profiling of fruiting bodies showed that
the synthesis of volatile organic compounds (VOCs), forming the
pervasive scent of truffles, is supported by a sustained expression
of various VOC-related genes®. However, it is not known whether
VOC metabolism is conserved within Tuberaceae®.

To gain insight into the evolution of ectomycorrhizal symbiosis,
as well as truffle lifestyle within the Pezizomycetes, we sequenced
additional symbiotic truffle-forming species (T. magnatum, T. aesti-
vum, C. venosus Fr. and Te. boudieri) and compared their genomes to
T. melanosporum® and the saprotrophic black morel (Morchella impor-
tuna M. Kuo, O’'Donnell & T.J. Volk), Ascobolus immersus Pers. and
Pyronema confluens Tul & C. Tul’. Here we present the comparative
analysis of these genomes, with particular emphasis on Tuberaceae-
specific sequences, symbiosis- and fruiting-body-regulated genes,
and genes coding for PCWDEs and VOC synthesis. Furthermore,
gene expression in ectomycorrhizae and fruiting bodies from T. mag-
natum and T. melanosporum were compared to gain insights into how
expression patterns changed along the evolution of these truffles.

Genome features and phylogeny of Tuberaceae

Nuclear genomes of the ectomycorrhizal truffles C. venosus,
T. aestivum and T. magnatum in Tuberaceae and Te. boudieri in
Terfeziaceae, as well as of saprotrophic Pezizomycetes M. impor-
tuna and A. immersus, were sequenced (Table 1 and Supplementary
Information). Genomes ranged from 48Mb (M. importuna)
to 192Mb (T. magnatum) (Table 1 and Fig. 1b). Tuberaceae
genomes are significantly larger than Te. boudieri and saprotrophic
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Pezizomycetes genomes. Predicted protein-coding content ranged
from 9,344 for T. aestivum to 17,986 for C. venosus (Fig. lc
and Table 1).

Phylogenetic reconstruction using 2,093 concatenated conserved
single-copy protein-coding genes from the eight Pezizomycetes cor-
roborates previously reported topologies (Fig. 1a)>** with Tuber
spp. clustering together and C. venosus being phylogenetically dis-
tinct from Tuber spp. within Tuberaceae’. We estimated the age
of the most recent common ancestor (MRCA) of Pezizomycetes
at 470+ 67 million years (My), in accordance with previous esti-
mations'’. We also determined that Tuberaceae began diverging
around 140+ 10 Ma in the Early Cretaceous, which corresponds to
the time when the Angiosperms evolved''.

A comparison of Tuberaceae genomes revealed no evidence
of whole genome duplication events (that is, no segmental dupli-
cations). Despite the high proportion of scattered transposable
elements and other repeated elements, a substantial gene co-lin-
earity (microsynteny) among Tuberaceae genomes was apparent
(Supplementary Fig. 1). As expected, there is a high correlation
between the number of syntenic regions and the estimated age of
divergence between the various clades (Supplementary Fig. 2).

Invasion of Tuberaceae genomes by transposable elements
Transposable element content ranged from 3.5% in A. immersus
to 58% in T. magnatum and T. melanosporum (Table 1 and
Supplementary Fig. 3). There was a strong association (Pearson’s,
r=0.83, P=0.01) between genome size and the proportion of
repeated elements across species (Fig. 1b and Supplementary Fig. 4),
confirming that genome expansion in Tuberaceae is mainly driven
by transposable element proliferation. Genome size, and conse-
quently proportion of transposable elements, negatively correlates
with the size of the gene repertoire (Pearson’s, r=-0.92, P=0.001;
Supplementary Fig. 3), highlighting the impact of transposable ele-
ments on the coding space. Gypsy long-terminal repeat (LTR) ret-
rotransposons are the most frequent known transposable elements,
representing up to 46% of the T. magnatum genome (Supplementary
Fig. 3). Their age distribution shows that they have been proliferat-
ing over the past 5 to 6 Myr for T. melanosporum, T. aestivum and
C. venosus, while LTR accumulation in T. magnatum is more ancient
and occurred between 6 and 14Ma (Supplementary Fig. 5). As
a result of LTR sequence degeneration, very ancient invasions of
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Fig. 1| Molecular phylogeny and genome features for the eight Pezizomycetes species. a, Phylogenetic relationship, genome size and number of
gene models for the eight Pezizomycetes sequenced in this study. The maximum-likelihood phylogeny is constructed using 2,093 conserved, single-
copy orthologous Pezizomycetes genes. Divergence time intervals and bootstrap values are displayed near tree nodes. b, Proportion of transposable
elements and non-repeated sequences. ¢, Number of gene models. ECM, ectomycorrhizal; SAP, saprotrophic; TE, transposable element. Note that the
ectomycorrhizal Te. boudieri may establish endomycorrhizal associations under certain growth conditions®.

LTR retrotransposons cannot be dated, but they were massive as
they represent the largest proportion of current retrotransposon
population (Supplementary Fig. 3). No evidence of repeat-
induced point mutation was detected in sequenced Pezizomycetes
(Supplementary Fig. 6). The presence of enzymes involved in DNA
methylation (Supplementary Table 1) suggests that methylation
induced premeiotically controls the activity of repeated sequences
in these species'*'*.

Core, dispensable and species-specific genes

To compare gene repertoires encoded by sequenced Pezizomycetes
and identify species-specific gene families that might contribute
to trait diversification, we clustered the predicted proteins to infer
orthologous gene groups (orthogroups), including core genes (that
is, occurring in the eight species), dispensable genes (that is, found
in at least two species) and species-specific genes (that is, unique
to a taxa). To define species-specific genes in a broader context, we
then searched for orthologous sequences in>500 published fun-
gal genomes. While the set of core genes is in the range of 2,443
to 2,511, the repertoire of species-specific genes is much lower in
Tuber species compared to the other taxa (Supplementary Fig. 7).
Species-specific genes, which are also referred to as taxonomically
restricted genes, mostly encode proteins with no known function.
They are thought to determine specific traits, such as adaptation to
different environmental niches or preferential colonization of cer-
tain host plants’. The highest number of genes in both C. venosus
and A. immersus compared to other Pezizomycetes is explained by
their higher proportion of species-specific genes.

To determine whether there are significant differences between
the shared and species-specific genes, we compared their protein
length, exon and intron numbers, protein families database (Pfam)
and transmembrane domain content, and signal peptide presence
(Supplementary Table 2). According to our results, the averages of
the above features of the two gene sets are significantly different.
Species-specific genes exhibit the lowest values for most genetic fea-
tures, suggesting that they evolve separately from the species-shared
genes. The transcriptional RNA-Seq analysis revealed that 34%
(T. melanosporum) to 87% (C. venosus) of species-specific genes have
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transcripts. Overall, the analysis of genetic features indicates that the
two gene sets are noticeably distinct and that species-specific genes
have a smaller gene size, fewer exons and a lower proportion of
expressed genes than the conserved genes, suggesting a differential
evolution, that is they might be evolutionarily young genes.

Accelerated rate of genome diversification in Tuberaceae
The new genomes, and more specifically Tuberaceae and Terfeziaceae
genomes, offer a unique opportunity to examine the evolution of
truffle-related and ectomycorrhiza-related genes, and gene families
across the Pezizomycetes clade. Reconstructing genome-wide dupli-
cation and contraction events in Pezizomycetes, as well as in a large
sample of additional fungal species including representatives of the
major subphyla, revealed a considerable heterogeneity in the tempo-
ral dynamics of genome diversification between the different clades
(Fig. 2). Approximately 1,200 gene duplications are marking the ori-
gin of Pezizomycetes, followed by gradual genome contractions in all
Pezizomycete lineages. Of note, as few as 84 gene duplications were
inferred for the common ancestor of Te. boudieri and A. immersus
(Terfeziaceae + Ascobolaceae), whereas considerable species-spe-
cific gene diversification was observed in these species, which may
be due to the low sampling density in this clade. On the contrary,
branches leading to Tuberaceae showed on average 400 to 1,000 gene
duplications and 800 to 1,200 gene losses per branch. Notably, we
found that the rate of gene duplication within the genus Tuber was
1.7- to 2.2-fold higher than in the other lineages (Supplementary
Fig. 8). In addition to Tuber species, we inferred >7,000 gene dupli-
cations in the lineage leading to C. venosus, although most of the
duplicated genes are of unknown function (Supplementary Fig. 7).
This latter lineage shows the highest rate of genome diversification
among Pezizomycetes (~10-fold faster than that estimated for the
other clades), although further sampling of species will be necessary
to understand how duplications happened along this lineage.
Altogether, Tuberaceae has a significantly accelerated evolution of
its gene repertoire (analysis of variance (ANOVA), P=0.015) com-
pared to other ascomycetous species in this dataset, possibly reflect-
ing an increased rate of genomic evolution underlying traits specific
to either symbiosis and/or hypogeous fruiting-body formation.
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ANOVA within the entire hypogeous Ascomycetes dataset (that
is, Tuberaceae + Terfeziaceae) also indicated a significantly higher
rate of gene duplication compared to non-hypogeous ascomycetes
(P=0.014). A similar, albeit slightly weaker trend was observed
for the gene loss rates in the Tuberaceae, which is significantly
higher than in the other clades (P=0.032), indicating once again
an accelerated gene turnover in these particular species (but not
in the hypogeous Ascomycetes in general, P=0.061). Of note, we
also inferred a significant number of terminal duplication events
in Tuber species (1,000 to 1,200 per branch, yielding orphan genes)
(Supplementary Fig. 8), suggesting a possible role of species-specific
adaptive changes in the evolution of the genus.

To gain insights into the unique features of Tuberaceae and Tuber
genomes, we compared the frequencies of Gene Ontology annota-
tions of genes that showed duplications in these clades. Although
most of the duplicated genes specific to Tuberaceae had no func-
tional annotation, several functions were found to be overrepre-
sented compared to other Pezizomycetes in particular genes involved
in DNA binding, transposition, RNA metabolism and biosynthesis
of aromatic and organic cyclic compounds (Supplementary Fig. 9).
These compounds contribute to the pungent flavours released by
truffle fruiting bodies.

Tuberaceae have a restricted set of PCWDEs

In sequenced Pezizomycetes, the total number of secreted carbo-
hydrate-active enzymes involved in plant polysaccharide degra-
dation ranged from 49 for the symbiotic Te. boudieri to 203 for
the coprophilic A. immersus (Fig. 3). As expected, based on their
saprotrophic lifestyle, genomes of A. immersus, M. importuna and
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P. confluens encode a large repertoire of PCWDEs, including lig-
nin-, cellulose-, hemicellulose- and pectin-degrading enzymes,
as well as multiple carbohydrate-binding modules, indicating the
potential to degrade a large set of substrates found in decaying
soil organic matter and plant debris (for example, herbivore dung)
(Supplementary Table 3). In contrast, these PCWDE genes are
lacking, or occur at a very low level, in Tuber spp. and Te. boudieri
(Supplementary Table 3).

The set of PCWDEs in truffles is as low as the repertoire reported
from previously sequenced ectomycorrhizal basidiomycetes'®
(Fig. 3). This corroborates a convergent decrease in plant cell wall
degrading capacity of ectomycorrhizal ascomycetous and basidio-
mycetous symbionts'®"”, resulting in a limited ability to decompose
soil (plant) organic matter and host plant cell wall materials. DNA
decay is probably the inactivation mechanism specifically driv-
ing the loss of GH6 in T. melanosporum (Supplementary Material,
Supplementary Figs. 10 and 11).

Of note, genes coding for pectate lyase (PL1), rhamnogalactu-
ronan endolyase (PL4) and pectin acetylesterase (CE12) are pres-
ent in ectomycorrhizal Pezizomycetes, whereas they have been
lost in ectomycorrhizal basidiomycetes, indicating that the former
symbionts may use these enzymes for the colonization of the mid-
dle lamella of host roots. Intriguingly, the PCWDE repertoire of
C. venosus is closer to saprotrophic taxa (for example P. confluens)
than to ectomycorrhizal Tuber spp. Its substantial PCWDE reper-
toire suggests that C. venosus mycelium can also acquire carbon
directly from soil organic matter, although the natural abun-
dance "N/"C ratio of its fruiting body, a signature of carbon
sources used for elaborating fruiting-body tissues, is typical of
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Fig. 3 | Distribution of secreted PCWDEs in Tuberaceae and other sequenced Pezizomycetes. The double hierarchical heatmap shows gene copy
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species abbreviations.

ectomycorrhizal symbionts'?, that is host photoassimilates are the
major source of carbon.

On the other hand, Tuberaceae has a richer set of copper-
dependent lytic polysaccharide monooxygenases involved in chitin
(AA11) degradation (Supplementary Table 3), which suggests their
ability to partly acquire nitrogen and carbon from the soil fungal
necromass'’.

Shared symbiosis genes in truffle ectomycorrhizae

We found that 5,229 (75%) of the 6,952 orthologous T. magnatum/
T. melanosporum genes were expressed in T. magnatum-Quercus
robur and T. melanosporum-Corylus avellana ectomycorrhizae
(Supplementary Fig. 12A), indicating that developmental and
metabolic pathways associated with symbiosis in these truffles
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are very similar, despite their interaction with different host spe-
cies. However, among orthologous genes, 218 and 253 displayed a
species-specific expression in either T. melanosporum or T. magnatum,
respectively (Supplementary Fig. 12A). Differential gene expression
analysis of T. magnatum-Quercus robur ectomycorrhizae identified
514 upregulated and 928 downregulated genes, relative to free-liv-
ing mycelium (fold-change > 5, false discovery rate (FDR), P <0.05)
(Supplementary Tables 4 and 5). Highly upregulated genes of known
function include oxidoreductases (thioredoxin, cupredoxin, laccase,
cytochrome P450), transcription factors, RNA metabolism-related
proteins, and membrane transporters (carbohydrates, ammonium,
amino acids, peptides) (Supplementary Table 4). As previously
observed for T. melanosporum’, root colonization by T. magnatum
triggers the induction of a limited set of PCWDEs. Genes coding for
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GHS5 endoglucanases, GH28 polygalacturonase, CE12 carbohydrate
esterase, GH43 arabinosidase and GH12 xyloglucan hydrolase are
amongst the most upregulated genes (Supplementary Table 4), sup-
porting their involvement in hemicellulose degradation during root
apoplast colonization.

Most T. magnatum symbiosis-upregulated genes are conserved in
other Pezizomycetes, including saprotrophic species (66%, clusters V
and VI in Fig. 4a). These genes code for key metabolic and cellular

NATURE ECOLOGY & EVOLUTION | VOL 2 | DECEMBER 2018 | 1956-1965 | www.nature.com/natecolevol

functions (for example, membrane transporters, signalling proteins,
oxidases, Zn-finger transcriptional factors) that are related to the
symbiotic metabolism (for example, increased nutrient fluxes between
symbionts) and symbiosis-related changes in hyphal development
(Supplementary Table 4). Approximately one-third of symbiosis-
induced genes are homologous to genes only present in Tuberaceae
(clusters I, II and III). This large set of mycorrhiza-induced genes
conserved in Tuberaceae indicates that similar ancient gene networks
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are involved in development and functioning of ectomycorrhizae in
Tuberaceae species (for example, Supplementary Table 7). This is in
agreement with the fact that the ancestral ecology for Tuberaceae
is presumed to be ectomycorrhizal because all of the extant spe-
cies possess this ecology, and the MRCA of the family was probably
ectomycorrhizal with angiosperm hosts at the end of the Jurassic
period (156 Ma)®.

A low proportion (15%) of T. magnatum symbiosis-upregulated
genes are similarly induced in T. melanosporum-Corylus avel-
lana ectomycorrhizae (Supplementary Fig. 12B, Supplementary
Table 6)>*. They are involved in core metabolic pathways required
for an efficient symbiosis, such as carbohydrate, oligopeptide, amino
acid and lipid transporters, or root colonization (for example, GH5
endoglucanase), but most of them (62-69%) have no known func-
tion (Supplementary Tables 6 and 7).

Shared fruiting-body-related genes in truffle

Although the vegetative mycelia of several Tuber species can be
grown on agar medium and ectomycorrhizae produced by inocu-
lated trees under controlled environmental conditions, truffle
fruiting cannot be triggered in the laboratory. This is further com-
plicated due to the heterothallic mating system of Tuber species
(Supplementary materials, Supplementary Table 8). Therefore, fruit-
ing bodies of T. magnatum were sampled in truffle grounds, their
transcriptome analysed by RNA sequencing and compared to pub-
lished T. melanosporum transcript profiling’. We found that 5,173
genes (74%) of orthologous T. magnatum/T. melanosporum genes
were also expressed in T. magnatum fruiting bodies (Supplementary
Fig. 12C). Most of these genes (5,010) are expressed in both truffles,
indicating that developmental and metabolic pathways associated
with the reproductive (sexual) stage of these two truffles are very
similar. This is surprising, given that these species diverged ~100 Ma
and belong to two separate clades>*’.

A total of 489 upregulated and 1,073 downregulated genes
(fold-change > 5, FDR P <0.05) were identified in T. magnatum
fruiting bodies by comparison to free-living mycelium (Fig. 4b
and Supplementary Tables 9, 10 and 12). Among upregulated
genes, 121 (25%) are well conserved and share a sequence homol-
ogy with sequenced Pezizomycetes (cluster VI); 163 (33%) have
homologues in other Tuberaceae only (clusters I, III, IV and V).
Among the most highly upregulated, shared genes, oxidoreduc-
tases (for example alcohol oxidase, cytochrome P450), membrane
transporters and enzymes of sulfur metabolism (sulfate adenyl-
yltransferase, adenylsulfate kinase) were found (Supplementary
Tables 7 and 9).

As many as 178 genes (36%) are specific to T. magnatum (cluster
VII). Up to 90% of the latter have no known function or conserved
protein domain (Supplementary Table 12). Some of these species-
specific genes may partly explain T. magnatum morphological and
metabolic idiosyncrasies, although specificities in fruiting-body
morphologies and truffle metabolism can also be driven by expres-
sion changes in a few conserved genes.

Expression of genes involved in the sexual reproduction machin-
ery (that is, mating and meiosis) was assessed in several immature
and mature T. melanosporum and T. magnatum fruiting bodies
sampled in truffle orchards over several years. Despite a substan-
tial transcript profile variability, probably reflecting the unavoidable
heterogeneity inherent to environmental samples (Supplementary
Fig. 13, Supplementary Table 13), the expression levels of these
genes were overall remarkably similar between species and among
samples.

Aroma biosynthesis in truffles

Truffle aroma comprises a complex mixture of VOCs®. By combin-
ing in silico analysis of biosynthetic pathways with transcriptome
profiling, we found that genomes of the Tuberaceae, but also those
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from the other sequenced Pezizomycetes, encode genes of biosyn-
thetic pathways (for example sulfate reduction, amino acid and fatty
acid catabolism) leading to truffle VOCs (Supplementary Table
14). However, specific gene expression patterns were characterized
in several taxa by a closer comparison of their transcript profiles.
Expression of genes coding for enzymes and transporters involved
in specific (often rate-limiting) steps of sulfur-amino acid metabo-
lism, such as sulfate reduction, the homocysteine-methionine cycle
and VOC synthesis from methionine, is particularly sustained in
Tuber species (Fig. 5), in line with the fact that sulfur volatiles are
key constituents of truffle VOCs and play a crucial role in their sex-
ual reproduction, that is sulfur-related volatile organic compounds
(S-VOC:s) released by truffles are attractive to rodents and truffle
flies®, which disperse their spores.

C. venosus shows a low expression of almost all of the S-VOC-
related genes. This finding suggests that the unique flavour of
the pig truffle may originate from a different set of pathways. In
addition, the expression patterns of genes involved in the Ehrlich
pathway, leading to alcohol and aldehyde VOCs, appear to be quite
distinctive in most Tuber species (Supplementary Table 14). For
instance, the higher expression levels of genes coding for branched-
chain and aromatic amino acid transferases probably explain the
preferential occurrence of specific VOCs (for example veratrole,
anisole, 3-methyl-1-butanal) in T. melanosporum compared to the
other truffles. Unexpectedly, specific VOC compositions of individ-
ual truffle species may thus be largely explained by the differential
expression of selected subsets of metabolic genes, while variation in
gene content and/or gene copy number appear to play a relatively
minor role in Tuber aroma formation.

The analysis of the expression profiles of genes involved in fatty
acid synthesis revealed significant similarities between Tuber spe-
cies and M. importuna, yet failed to explain the quite unique vola-
tile ester profile of T. melanosporum (Supplementary Table 14).
Similarly, the production of 2,4-dithiapentane by T. magnatum
could not be traced down to a specific gene repertoire, corroborat-
ing recent results showing that VOCs may actually be produced by
the community of bacteria, yeasts and moulds specifically associ-
ated with different truffle species’. Future challenges include the
experimental assessment of the catalytic properties of specific
enzymes involved in VOC biosynthesis and the elucidation of the
role played by fruiting-body-associated microorganisms in aroma
formation.

Conclusions

In Pezizomycetes, the transition from saprotrophic nutrition mode
and epigeous fruiting body to the ectomycorrhizal lifestyle and
truffle habit occurred at least twice in the MRCAs of Tuberaceae
and Terfeziazeae. From a genomic point of view, Tuber species
appear quite similar overall, with a strikingly high abundance of
transposons, low protein-coding gene repertoires, restricted sets
of PCWDEs, highly expressed genes involved in VOC synthe-
sis, and conserved genes with no known function, preferentially
expressed in fruiting bodies, and presumably associated with their
formation. Some of the observed differences at the genome and
transcriptome levels have probably contributed to the evolution of
their specific phenotypic features. Our findings also suggest that
the complex cocktail of Tuber VOCs are not the result of specific
gene innovations, but mostly rely on the differential expression
of existing gene repertoire. The present Tuberaceae genomes have
provided significant insight into our understanding of the evolu-
tion of complex developmental and morphological traits. It also
led to the identification of a number of genes specifically related
to ectomycorrhizae and truffle development. A detailed under-
standing of the ontogenetic and metabolic roles played by these
genes will require an in-depth functional characterization of their
protein products.
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Methods

Strains and fungal material used for genome sequencing. Genomic DNA used for
sequencing T. aestivum, T. magnatum and C. venosus genomes were extracted from
fruiting bodies (ascomata) sampled in truffle grounds at Montdoré (Haute-Sadne,
France), Montemagno (Piedmont, Italy) and Charmes State Forest (Vosges, France),
respectively. Cultures of free-living mycelium were used for M. importuna, A. immersus
and Te. boudieri. Strain RN42 (CBS 140666) of A. immersus was grown as described in
Rhounim et al*% Strain S1 (ATCC MYA-4762) of Te. boudieri was grown on cellophane
sheet placed on a solid Fontana medium in the dark at 25°C for 1 month*.

Genome sequencing, assembly and annotation. T. melanosporum and
P. confluens genomes have previously been published’’. Genomes of A.
immersus, M. importuna, Te. boudieri and C. venosus were sequenced by the
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US Department of Energy Joint Genome Institute (JGI) (Table 1) using a
combination of Illumina fragment (270 base pair (bp) insert size) and 4kb long
mate-pair (LMP) libraries, and assembled using ALLPATHS-LG*. T. aestivum
genome was sequenced by the Genoscope (Institut de Génomique, Evry,
France) using 454 and Illumina sequencing technologies, and assembled using
Newbler (Roche). Final consensus was polished as described in Aury et al.”.

T. magnatum genome was sequenced by using 454 and Illumina sequencing
platforms (Beckman Genomics) and a long jump insert (20 kb) mate-pair
library (Eurofins), and assembled using ALLPATHS-LG and GapCloser. Gene
prediction for T. melanosporum and T. aestivum was performed using the
Genoscope annotation pipeline (see Martin et al.” and Dubarry et al.” for
details), whereas gene predictions for genomes sequenced at JGI, as well as

T. magnatum, were annotated using the JGI annotation pipeline (see Kohler et al.'®
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for details) and made available via the JGI MycoCosm database (jgi.doe.
gov/fungi”’). Transcriptomes of all species produced at JGI were sequenced
using Illumina, assembled using Rnnotator and used for genome annotation
(see Kohler et al.'® for further details). According to BUSCO (Benchmarking
Universal Single-Copy Orthologs)*** over 94% of the fungal single-copy
orthologues were found in gene repertoires (Table 1). We also checked the
mappability of expressed sequence tag sequences generated by RNA-Seq analysis
of full-length complementary DNA libraries, and found that >97% of them
could be mapped to the assemblies, indicating a nearly complete coverage of the
protein-coding gene regions.

Comparative genomic analyses. Gene family clustering, COMPARE analysis,
phylogenetic analysis, annotation of functional categories, in silico analysis

of VOC biosynthetic pathways, synteny analyses, RNA extraction, RNA
sequencing and data analysis are described in the Supplementary Information.

Reporting Summary. Further information on research design is available in the
Nature Research Reporting Summary linked to this article.

Data availability

Genome assemblies and gene annotations are available at JGI MycoCosm website
by following these links: A. immersus v1.0, https://genome.jgi.doe.gov/Ascim1;
C. venosus v1.0, https://genome.jgi.doe.gov/Chovel; M. importuna v1.0, https://
genome.jgi.doe.gov/Morcol; P. confluens v1.0, https://genome.jgi.doe.gov/
Pyrcol; Te. boudieri v1.1, https://genome.jgi.doe.gov/Terbo2; T. aestivum

v1.0, https://genome.jgi.doe.gov/Tubael; T. magnatum v1.0, https://genome.jgi.
doe.gov/Tubmal; T. melanosporum v1.2, https://genome.jgi.doe.gov/Tubmelv2.
Assemblies and annotations of T. aestivum and T. melanosporum are available

at the European Nucleotide Archive under accession numbers PRJEB11238

and PRJEA38847, respectively. Other genome assemblies are archived at NCBI
under the following accession numbers: A. immersus v1.0 (PRJNA346638),

C. venosus v1.0 (PRINA20409), M. importuna v1.0 (PRINA217205), P. confluens
v1.0 (PRJNA65573),Te. boudieri vl.1 (PRINA200599) and T.magnatum v1.0
(PRJNA439374).
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For hierarchical and complex designs, identification of the appropriate level for tests and full reporting of outcomes

Estimates of effect sizes (e.g. Cohen's d, Pearson's r), indicating how they were calculated

X OOX OO OO 0OX O 00
O XXO XK X XOX XX

Clearly defined error bars
State explicitly what error bars represent (e.g. SD, SE, Cl)

Our web collection on statistics for biologists may be useful.

Software and code

Policy information about availability of computer code

Data collection NA
Data analysis The software used in this paper is extensive. It is detailed in the methods and supplementary methods sections (with version parameters
and run parameters)

For manuscripts utilizing custom algorithms or software that are central to the research but not yet described in published literature, software must be made available to editors/reviewers
upon request. We strongly encourage code deposition in a community repository (e.g. GitHub). See the Nature Research guidelines for submitting code & software for further information.

Data

Policy information about availability of data
All manuscripts must include a data availability statement. This statement should provide the following information, where applicable:

- Accession codes, unique identifiers, or web links for publicly available datasets
- Alist of figures that have associated raw data
- A description of any restrictions on data availability

Genome assemblies and annotations are available at the JGI MycoCosm and Genoscope portals, and NCBI as detailed in the paper.
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Field-specific reporting

Please select the best fit for your research. If you are not sure, read the appropriate sections before making your selection.

|:| Life sciences D Behavioural & social sciences |X| Ecological, evolutionary & environmental sciences

For a reference copy of the document with all sections, see nature.com/authors/policies/ReportingSummary-flat.pdf

Ecological, evolutionary & environmental sciences study design

All studies must disclose on these points even when the disclosure is negative.

Study description Comparative genomics of full nuclear genomes and comparative transcriptomics of field-collected truffles

Research sample Tuber aestivum fruit body, T. magnatum fruit body, Choiromyces venosus fruit body, Ascobolus immersus mycelium,
Terfezia boudieri mycelium, Morchella conica mycelium

Sampling strategy not applicable

Data collection The genomic DNA used for sequencing T. aestivum, T. magnatum and C. venosus genomes were extracted from fruiting bodies
(ascomata)
sampled in truffle ground Montdoré (Haute-Sabne, France), Montemagno (Piedmont, Italy) and Charmes State Forest (Grand-Est,
France),

respectively.

Timing and spatial scale  Samples were collected from truffle grounds in France and Italy. Sample sizes were set based on the availability of samples because
truffles cannot be produced under controlled conditions.Our results and discussion are all framed within the parameters of statistical

certainty.
Data exclusions not applicable
Reproducibility For transcriptomic analyses 3 replicates were realized
Randomization not applicable
Blinding not applicable

Did the study involve field work? [ | Yes X No

Reporting for specific materials, systems and methods

Materials & experimental systems Methods

>

/a | Involved in the study n/a | Involved in the study

IZ Unique biological materials IZ D ChiIP-seq

D Antibodies IE D Flow cytometry

D Eukaryotic cell lines IZ D MRI-based neuroimaging
D Palaeontology

D Animals and other organisms

XXX XX ]

D Human research participants

Unique biological materials

Policy information about availability of materials

Obtaining unique materials  Fruiting bodies of truffles are unique materials collected in truffle grounds and produced in environmental seetings. All the
sample tissues were used for DNA or RNA extraction.
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