
Microbiote,  
interactions bactéries-truffes  

et arômes des truffes 

Aurélie	DEVEAU	
	

INRAE	Nancy	Grand	Est	
aurelie.deveau@inrae.fr	



Aperçu 

1.  Quelques	définitions	et	généralités	sur	le	microbiote,	les	bactéries	et	les	
champignons	

2.	Le	microbiote	des	truffes	
	
3.	Bactéries	et	mycorrhization	
	
4.	Bactéries	et	truffes	
	
5.	Des	arômes	et	des	bactéries	



Microbiome et microbiote 

Définitions	:	ensemble	des	micro-organismes	vivant	dans	un	environnement	/	
habitat	donné	(micro[biome]	=	environnement	dans	lequel	vivent	les	micro-
organismes)	
	
Exemples	:	microbiote	intestinal,	microbiote	racinaire,	du	fromage	...	
	
Synonymes	:	flore	microbienne,	micro-flore,	communautés	microbiennes	



Microbiome et microbiote 

Qui sont les micro-organismes qui forment les microbiotes ? 
 

Les	bactéries			 Les	champignons	

Les	protistes	Les	arthropodes	

Les	nématodes	

levures	 champignons		
filamenteux	



Le microbiote des truffes 

Les	bactéries			 Les	champignons	

levures	 champignons		
filamenteux	



Bactéries et champignons jouent un rôle majeur  
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Péridium Gleba 
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Péridium Gleba 

Identité et diversité 

Sol EcM	
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Mycorrhize 

-> Un nombre restreint de groupes bactériens dans la truffe 



Péridium Gleba 

Identité et diversité 

-> Des communautés différentes à l’intérieur et en surface de la truffe  

Péridium 

gleba 



Péridium Gleba 

Identité et diversité 

Sol 

->Des communautés similaires dans la truffe de Bourgogne et dans 
une moindre mesure dans la truffe blanche d’Alba 



En	résumé:		
	
•  les	truffes	sont	massivement	colonisées	par	des	bactéries	à	tous	les	

stades	de	leurs	vies	(mycorrhizes,	ascocarpe/truffe,	mycélium)	
	
•  Les	truffes	sont	colonisées	par	des	espèces	bactériennes	spécifiques	

en	comparaison	d’autres	environnement	(sol	...)	

Les communautés bactériennes des truffes 



Les bactéries auxiliaires de la mycorhization 
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Les bactéries auxiliaires de la mycorhization 
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Les bactéries auxiliaires de la mycorhization 

Pépinière 2 
Pépinière 3 


T.	melanosporum	–	Pin	d’Alep:	
	15,2	%	->	28	%	(+	bactérie)	

T.	melanosporum	–	Chêne	:	
	25,2	%	->	33,4	%	%	(+	bactérie)	



Les bactéries auxiliaires de la mycorhization 

En	résumé	:		

•  certaines	bactéries	stimulent	la	formation	de	mycorhizes	
par	différentes	espèces	de	truffes	(en	serre)	
	
•  Pas	de	travaux	en	truffières	sur	le	long	terme	



Les bactéries et la truffe 



Les bactéries et la truffe 

•  	Pourquoi	cette	colonisation	massive	?	

•  Néfastes	?	Bénéfiques	?	Sans	importance	?	



Les bactéries, néfastes, bénéfiques, neutres ? 

Trufficulteur		 Truffe		

Objectifs:		

!  Production	de	
(beaucoup)	de	truffes	

!  Bon	état		
!  Arômes	plaisants	et	

typiques	

Objectif	=	se	reproduire	abondamment	

!  Production	de	beaucoup	de	spores	
!  Spores	à	maturité	
!  Pas	de	maladie	
!  Arômes	qui	attirent	les	«	agents	de	

dispersion	(sangliers...)	
!  Désagrégation	de	la	truffe	



Les bactéries, néfastes, bénéfiques, neutres ? 

1.  Stimulation	de	la	reproduction	

2.  La	nutrition	des	truffes	
3. Maladies	

4.  Décomposition	des	truffes	et	détérioration	de	l’arôme	

5.  Contribution	à	la	formation	de	l’arôme	



Des bactéries impliquées dans la fructification de 
champignons 

Champignon de Paris Pleurote 



Qu’en est-il des truffes ? 

Mycelium		
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Mycelium		
maternel	
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Les bactéries, néfastes, bénéfiques, neutres ? 

??	1.  Stimulation	de	la	reproduction	

2.  La	nutrition	des	truffes	
3. Maladies	

4.  Décomposition	des	truffes	et	détérioration	de	l’arôme	

5.  Contribution	à	la	formation	de	l’arôme	



La nutrition des truffes 

Air:		
O2	–	20	%	
	N2	–	80%	

Ammonium, NH4+ 
Nitrate, NO3-  

L’azote, un élément indispensable au vivant 

Légumineuses 
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La nutrition des truffes 

Air:		
O2	–	20	%	
	N2	–	80%	

Ammonium, NH4+ 
Nitrate, NO3-  

L’azote, un élément indispensable au vivant 

Légumineuses 

Truffe 

Litière 
?	 T.	melanosporum		

T.	aestivum	
	
T.	magnatum	

✗	
	

✓/?	



Les bactéries, néfastes, bénéfiques, neutres ? 

1.  Stimulation	de	la	reproduction	

2.  La	nutrition	des	truffes	
3. Maladies	

4.  Décomposition	des	truffes	et	détérioration	de	l’arôme	

5.  Contribution	à	la	formation	de	l’arôme	



Des bactéries à l’origine de maladies  
de champignons 

35 
 
 

 

Figure 1. In-vitro pathogenicity assays to quantify the virulence of an isolate when 
inoculated on fresh mushroom caps. It describes the visual characteristics used to 
score the blotch symptoms as none, mild, moderate and severe in a pathogenicity 
assay.  

 

Figure 2. Pathogenicity bioassays in pots to confirm the virulence of isolates when 
inoculated in the casing soil. Brown blotch symptoms were caused by (A) P. 
salomonii (IPO3765) and (B) P. costantinii (LMG 22119T) and ginger blotch 
symptoms were caused by ‘P. gingeri’ isolates (C) P8018 and (D) IPO3777, in 
independent pathogenicity bioassays in pots. 



Des bactéries à l’origine de maladies  
de champignons ? 

•  Phénomènes	de	pourrissements	(-30%	production	Australie	2010)	
•  Deux	champignons	identifiés	:	Trichothecium	crotocinigenum	

							Acrostalagmus	luteoalbum	
•  Problèmes	majeurs	causés	par	les	larves	d’insectes	et	les	insectes	
•  Programme	de	recherche	en	cours	

©	F.	Serre	
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Détérioration de l’arôme après récolte & bactéries 

pathway leading to thiophene derivatives remains elusive (14),
and this is also the case for 2,4-dithiapentane, the major odorant
of T. magnatum. In contrast, based on the genome of T. melano-
sporum, pathways leading to odorants commonly produced by
yeasts and bacteria most likely exist in truffles as well (34, 35). This
is the case, for example, for the Ehrlich pathway, which consists of
the catabolism of specific amino acids and results in dimethyl
sulfide, 2-phenylethanol, 2- and 3-methylbutanol, and numerous
other volatiles common to microbes and truffles (35). The Ehrlich
pathway consists of a three-step process involving the initial
transamination of an amino acid, followed by decarboxylation

and reduction steps (36). Indeed, enzymes fulfilling these steps
most likely exist in T. melanosporum (34, 35); their functions have
nevertheless not yet been demonstrated. At this stage, however,
genomes provide limited insights on the possible identity of the
producer of specific odorants, because either the pathways leading
to those odorants are highly conserved among yeasts, bacteria, and
truffles (i.e., the Ehrlich pathway) or the biosynthetic pathways are
not known (i.e., thiophene derivatives and 2,4-dithiapentane).

By combining knowledge about the structure of truffle micro-
biomes (Fig. 1) with literature data on the ability of specific mi-
crobes to produce odorants, we speculate here on the origin of

FIG 2 Ability of microbes to produce typical odorants of truffle fruiting bodies. List of odorants and aroma descriptors from T. melanosporum (T. melano.) and
T. aestivum (29), T. indicum, T. himalayense, and T. sinense (30), T. borchii (16), and T. magnatum (31). Occurrences in fungal and bacterial phyla/classes are
derived from the mVOC database (37) and the data from a review on fungal volatiles (38). They are shown as a heatmap representing the percent occurrence in
each class, with n being the total number of organisms in each class (for Ascomycetes [Asco.]: 1, Dothideomycetes [n ! 4]; 2, Eurotiomycetes [n ! 29]; 3,
Pezizomycetes [n ! 26]; 4, Saccharomycetes [n ! 4]; and 5, Sordariomycetes [n ! 47]; for Basidiomycetes [Basidio.]: 6, Agaricomycetes [n ! 135]; 7, Exobasidi-
omycetes [n ! 3]; and 8, Pucciniomycetes [n ! 4]; for Actinomycetes [Actino.]: 9, Actinobacteria [n ! 62]; for Bacteroidetes [Bactero.]: 10, Bacteroidetes [n ! 17];
11, Bacteroidia [n ! 24]; and 12, Flavobacteria and Sphingobacteria [n ! 3]; for Firmicutes [Firmi.]: 13, Bacilli [n ! 55]; and 14, Clostridia [n ! 10]; for
Proteobacteria [Proteo.]: 15, Alphaproteobacteria [n ! 25]; 16, Betaproteobacteria [n ! 43]; 17, Deltaproteobacteria [n ! 16]; and 18, Gammaproteobacteria [n !
61]). Occurrence in axenic cultures of truffle (Tr. mycel.) is shown as the presence/absence for T. borchii (33, 40, 48), T. melanosporum (41), T. formosanum (T.
formo.) (42). Origin refers to the speculative origin of the odorants in truffle fruiting bodies, where some odorants could be produced by microbes only
(microbes), by truffle only at its sexual stage (Tr. sex. st.), or by both microbes and truffles (mixed). The frequency represents the percent occurrence of each
odorant in fruiting bodies of 13 truffle species (T. aestivum, T. brumale, T. himalayense, T. indicum, T. sinense, T. melanosporum, Tuber mesentericum, T. borchii,
T. excavatum, T. magnatum, Tuber oligospermum, Tuber panniferum, and T. rufum [16, 29–31, 37]).
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Fréquence	

pathway leading to thiophene derivatives remains elusive (14),
and this is also the case for 2,4-dithiapentane, the major odorant
of T. magnatum. In contrast, based on the genome of T. melano-
sporum, pathways leading to odorants commonly produced by
yeasts and bacteria most likely exist in truffles as well (34, 35). This
is the case, for example, for the Ehrlich pathway, which consists of
the catabolism of specific amino acids and results in dimethyl
sulfide, 2-phenylethanol, 2- and 3-methylbutanol, and numerous
other volatiles common to microbes and truffles (35). The Ehrlich
pathway consists of a three-step process involving the initial
transamination of an amino acid, followed by decarboxylation

and reduction steps (36). Indeed, enzymes fulfilling these steps
most likely exist in T. melanosporum (34, 35); their functions have
nevertheless not yet been demonstrated. At this stage, however,
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By combining knowledge about the structure of truffle micro-
biomes (Fig. 1) with literature data on the ability of specific mi-
crobes to produce odorants, we speculate here on the origin of

FIG 2 Ability of microbes to produce typical odorants of truffle fruiting bodies. List of odorants and aroma descriptors from T. melanosporum (T. melano.) and
T. aestivum (29), T. indicum, T. himalayense, and T. sinense (30), T. borchii (16), and T. magnatum (31). Occurrences in fungal and bacterial phyla/classes are
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Pezizomycetes [n ! 26]; 4, Saccharomycetes [n ! 4]; and 5, Sordariomycetes [n ! 47]; for Basidiomycetes [Basidio.]: 6, Agaricomycetes [n ! 135]; 7, Exobasidi-
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formo.) (42). Origin refers to the speculative origin of the odorants in truffle fruiting bodies, where some odorants could be produced by microbes only
(microbes), by truffle only at its sexual stage (Tr. sex. st.), or by both microbes and truffles (mixed). The frequency represents the percent occurrence of each
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were performed using serial dilutions of standard plasmids containing
total bacterial 16S rDNA inserts (from 109 to 102 gene copies/μl) and
the SsoAdvanced Universal SYBR Probes Supermix (classical qPCR for
quantification of total bacteria) from Bio-Rad. The total bacterial
quantifications were performed using the following cycle parameters: 1
cycle of 98 °C for 3min followed by 40 cycles of 98 °C for 15 s, 56 °C for
30 s (AT: 56 °C. For each qPCR run using SYBR technology, a melting
curve was performed at the end. Bacterial cell density within truffle
gleba was expressed as number of 16S rRNA gene copies normalized to
ng of fungal DNA. Bacterial cell density was compared among different
time points considering each geographical location separately and using
the Kruskal-Wallis and Dunn post-hoc test (p < 0.05).

2.6. Linking volatile profiles to bacterial community structure by correlation
network analysis

To investigate the correlation between the evolution of bacterial
composition and change in volatile compounds during storage, corre-
lation network analysis was used. A linear correlation between sig-
nificant volatile compounds present in at least one cites and the most

abundant bacterial classes in the fruiting bodies were performed using
the CORREL function in Excel. Network in Fig. 6 was generated by
Cytoscape software (Shannon, 2003) with nodes representing volatile
compounds and bacterial class and edges colour and thickness represent
correlation coefficient. For the bacterial classes, nodes are size coded to
reflect their relative abundance in the samples.

3. Results

3.1. The aroma and microbial community of T. aestivum undergo deep
changes during storage

At first, we aimed at investigating the effect of storage on the vo-
latile profile of the black truffle T. aestivum. Volatile profiling, per-
formed on truffles from four geographical locations, generated a data
matrix of 3,978 mass tags, where each tag corresponds to a specific
mass fragment (m/z) in a specific time window. Comparing the number
of tags per sites and during the aging process revealed a stark increase
in the number of volatiles between day 0 (365 ± 58 (STE) tags) and
the later time points (day 3: 1,207 ± 307 tags, day 6: 1,198 ± 181

Fig. 4. Evolution of bacterial density during sto-
rage. Changes in bacterial cell density (number of
16S rRNA gene copies normalized to ng of fungal
DNA) in T. aestivum fruiting bodies during storage.
Bars represent the average values of three fruiting
bodies per location and time point (days 0,3,6 and 9)
and are shown on a log10 scale. Time points of dif-
ferent locations were compared considering each site
independently (using non log transformed values).
Different letters above bars indicate statistically sig-
nificant differences (p < 0.05, Kruskal-Wallis test
followed by the Dunn post-hoc test for multiple
comparisons). Fold increase (based on the non-log
transformed data) is indicated between day 0 and
other time points where a significant change in bac-
terial cell density was detected.

Fig. 5. Evolution of the volatile profile of truffles during storage. The heatmap illustrates volatiles consistently emitted by truffles in at least three or all the four
geographical regions, and whose concentrations significantly decreased or increased with time (“freshness” and “spoilage marker”, respectively) (n=3 replicates per
fruiting body, p < 0.05, Kruskal-Wallis test with α=0.05).
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were 2-methylbutanal and 3-methyl-1-butanol (Table S2), consistent 
with the findings in T. aestivum (Vahdatzadeh et al., 2019). 

The rCCA analysis had shown explorative correlations between the 
volatile compounds and bacterial communities as a function of truffle 
storage time. Strong and significant correlations were determined with a 
selection of volatile compounds and key bacterial OTUs. Correlation 
however does not imply causation and in such a case; the exact role of 
bacteria in the aroma formation of T. magnatum should be demonstrated 
with additional experiments. A good example is the correlation of Bra-
dyrhizobium with DTP, DMS, and methanethiol determined through 
Spearman’s correlation analysis. Such correlations were previously not 
reported amongst fresh truffle fruiting bodies of T. magnatum (Niimi 
et al., 2021). The correlations seen in the current study are likely due to 
the large changes in concentrations of both volatiles and microorgan-
isms by storage. The formation of 2-MIB has been proposed through the 
conversion of geranyl diphosphate catalysed by geranyl diphosphate 
methyl transferase in cyanobacteria (Giglio, Chou, Ikeda, Cane, & 
Monis, 2011) and has been reported in the context of water quality (Li, 
Zhang, Zhang, Kuppers, Jin, Zhang, et al., 2019) and fish farming 
(Lindholm-Lehto & Vielma, 2019). The current study had found 2-MIB 
and ethanol correlated with several bacterial OTUs; Dyadobacter, 
Sphingopyxis, Leucobacter, and OTU of Listereaceae. Further research is 
required to confirm the ability of these bacterial OTUs to induce 2-MIB. 
Other correlations that may be more causal are the formation of 2-unde-
canone by Mycobacterium, where their induction has been previously 
shown with pure culture isolated from soil and have nematocidal ac-
tivity (Gu, Mo, Zhou, Zou, & Zhang, 2007). Acetic- and butanoic acid, 
methyl ester have been previously reported in six truffle species; 
T. aestivum, T. brumale, T. melanosporum, T. miesentericum, T. rufum, and 
T. simonea (March, Richards, & Ryan, 2006), albeit in fresh truffles only. 

The correlations in the microbiome with volatile compounds 
measured in the current study appears to be T. magnatum specific. In 
T. aestivum γ-Proteobacteria class began to dominate the communities 
after several days of storage at room temperature, while volatile com-
pound composition also concurrently changed over nine days, namely 

by esters, aromatic ring based compounds, and eight carbon-containing 
(C-8) compounds (Vahdatzadeh et al., 2019). The transformation of 
bacterial community and volatile profile are dynamic, due to the short 
shelf-life of truffles, spanning between 1 and 2 weeks (Vahdatzadeh 
et al., 2019). Similar observations of changes in bacterial community of 
T. borchii were also reported, where the α and β-Proteobacteria classes 
decreased with storage time, while γ-Proteobacteria class increased only 
slightly (Splivallo et al., 2015). The authors reported with it, changes in 
the formation of volatile thiophene compounds within one week. Clearly 
the way in which volatile compounds change with storage time are 
dependent on the truffle species and reveals that the degradation 
mechanism is complex. To better understand how these mechanisms 
occur, future studies should determine non-volatile analysis to deter-
mine any correlations with volatile induction and consumption of 
substrates. 

5. Conclusions 

Prolonged storage of T. magnatum fruiting bodies changes the mi-
crobial communities and with it, volatile profiles. Formation of spoilage 
volatile compounds were determined, which have been reported in 
T. magnatum for the first time. These compounds have the potential to 
contribute to a dramatic change in organoleptic quality of the truffle 
fruiting bodies, evident through olfactometry. Key bacterial OTUs have 
been found to correlate with the key spoilage volatile compounds. The 
implications of the results are the detrimental degradation potential of 
the truffle fruiting body and the study has demonstrated just how highly 
perishable they are, should they be stored in poor conditions. 
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Fig. 6. Evolution of the truffle microbiome during storage. Relative proportion of the 21 OTUs which abundance significantly varied over time (p-adj <0.05) within 
single T. magnatum fruiting bodies. Each bar represents a single fruiting body. a) OTUs with overall abundance >5% and b) OTUs with overall abundance <5%. 
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•  Les	bactéries	typiques	de	la	pourriture	des	aliments	sont	responsables	de	la	
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Les bactéries, néfastes, bénéfiques, neutres ? 

1.  Stimulation	de	la	reproduction	

2.  La	nutrition	des	truffes	
3. Maladies	

4.  Décomposition	des	truffes	et	détérioration	de	l’arôme	

5.  Contribution	à	la	formation	de	l’arôme	



D’où vient l’arôme des truffes ? 

pathway leading to thiophene derivatives remains elusive (14),
and this is also the case for 2,4-dithiapentane, the major odorant
of T. magnatum. In contrast, based on the genome of T. melano-
sporum, pathways leading to odorants commonly produced by
yeasts and bacteria most likely exist in truffles as well (34, 35). This
is the case, for example, for the Ehrlich pathway, which consists of
the catabolism of specific amino acids and results in dimethyl
sulfide, 2-phenylethanol, 2- and 3-methylbutanol, and numerous
other volatiles common to microbes and truffles (35). The Ehrlich
pathway consists of a three-step process involving the initial
transamination of an amino acid, followed by decarboxylation

and reduction steps (36). Indeed, enzymes fulfilling these steps
most likely exist in T. melanosporum (34, 35); their functions have
nevertheless not yet been demonstrated. At this stage, however,
genomes provide limited insights on the possible identity of the
producer of specific odorants, because either the pathways leading
to those odorants are highly conserved among yeasts, bacteria, and
truffles (i.e., the Ehrlich pathway) or the biosynthetic pathways are
not known (i.e., thiophene derivatives and 2,4-dithiapentane).

By combining knowledge about the structure of truffle micro-
biomes (Fig. 1) with literature data on the ability of specific mi-
crobes to produce odorants, we speculate here on the origin of

FIG 2 Ability of microbes to produce typical odorants of truffle fruiting bodies. List of odorants and aroma descriptors from T. melanosporum (T. melano.) and
T. aestivum (29), T. indicum, T. himalayense, and T. sinense (30), T. borchii (16), and T. magnatum (31). Occurrences in fungal and bacterial phyla/classes are
derived from the mVOC database (37) and the data from a review on fungal volatiles (38). They are shown as a heatmap representing the percent occurrence in
each class, with n being the total number of organisms in each class (for Ascomycetes [Asco.]: 1, Dothideomycetes [n ! 4]; 2, Eurotiomycetes [n ! 29]; 3,
Pezizomycetes [n ! 26]; 4, Saccharomycetes [n ! 4]; and 5, Sordariomycetes [n ! 47]; for Basidiomycetes [Basidio.]: 6, Agaricomycetes [n ! 135]; 7, Exobasidi-
omycetes [n ! 3]; and 8, Pucciniomycetes [n ! 4]; for Actinomycetes [Actino.]: 9, Actinobacteria [n ! 62]; for Bacteroidetes [Bactero.]: 10, Bacteroidetes [n ! 17];
11, Bacteroidia [n ! 24]; and 12, Flavobacteria and Sphingobacteria [n ! 3]; for Firmicutes [Firmi.]: 13, Bacilli [n ! 55]; and 14, Clostridia [n ! 10]; for
Proteobacteria [Proteo.]: 15, Alphaproteobacteria [n ! 25]; 16, Betaproteobacteria [n ! 43]; 17, Deltaproteobacteria [n ! 16]; and 18, Gammaproteobacteria [n !
61]). Occurrence in axenic cultures of truffle (Tr. mycel.) is shown as the presence/absence for T. borchii (33, 40, 48), T. melanosporum (41), T. formosanum (T.
formo.) (42). Origin refers to the speculative origin of the odorants in truffle fruiting bodies, where some odorants could be produced by microbes only
(microbes), by truffle only at its sexual stage (Tr. sex. st.), or by both microbes and truffles (mixed). The frequency represents the percent occurrence of each
odorant in fruiting bodies of 13 truffle species (T. aestivum, T. brumale, T. himalayense, T. indicum, T. sinense, T. melanosporum, Tuber mesentericum, T. borchii,
T. excavatum, T. magnatum, Tuber oligospermum, Tuber panniferum, and T. rufum [16, 29–31, 37]).
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•  L’arôme	des	truffes	varie	beaucoup	
d’une	truffe	à	l’autre	

•  Facteurs	intrinsèques		(e.g.	maturité)	
et	externes	(e.g.	origine	
géographique/terroir)	

•  Différences	à	maturité	égale	pour	
des	truffes	issues	d’une	même	
truffière	

•  Génotype	?	Microbiote	?	



Les truffes sont-elles capables de fabriquer 
l’ensemble des molécules aromatiques qui font leur 

leurs parfums ? 
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61]). Occurrence in axenic cultures of truffle (Tr. mycel.) is shown as the presence/absence for T. borchii (33, 40, 48), T. melanosporum (41), T. formosanum (T.
formo.) (42). Origin refers to the speculative origin of the odorants in truffle fruiting bodies, where some odorants could be produced by microbes only
(microbes), by truffle only at its sexual stage (Tr. sex. st.), or by both microbes and truffles (mixed). The frequency represents the percent occurrence of each
odorant in fruiting bodies of 13 truffle species (T. aestivum, T. brumale, T. himalayense, T. indicum, T. sinense, T. melanosporum, Tuber mesentericum, T. borchii,
T. excavatum, T. magnatum, Tuber oligospermum, Tuber panniferum, and T. rufum [16, 29–31, 37]).
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crobes to produce odorants, we speculate here on the origin of

FIG 2 Ability of microbes to produce typical odorants of truffle fruiting bodies. List of odorants and aroma descriptors from T. melanosporum (T. melano.) and
T. aestivum (29), T. indicum, T. himalayense, and T. sinense (30), T. borchii (16), and T. magnatum (31). Occurrences in fungal and bacterial phyla/classes are
derived from the mVOC database (37) and the data from a review on fungal volatiles (38). They are shown as a heatmap representing the percent occurrence in
each class, with n being the total number of organisms in each class (for Ascomycetes [Asco.]: 1, Dothideomycetes [n ! 4]; 2, Eurotiomycetes [n ! 29]; 3,
Pezizomycetes [n ! 26]; 4, Saccharomycetes [n ! 4]; and 5, Sordariomycetes [n ! 47]; for Basidiomycetes [Basidio.]: 6, Agaricomycetes [n ! 135]; 7, Exobasidi-
omycetes [n ! 3]; and 8, Pucciniomycetes [n ! 4]; for Actinomycetes [Actino.]: 9, Actinobacteria [n ! 62]; for Bacteroidetes [Bactero.]: 10, Bacteroidetes [n ! 17];
11, Bacteroidia [n ! 24]; and 12, Flavobacteria and Sphingobacteria [n ! 3]; for Firmicutes [Firmi.]: 13, Bacilli [n ! 55]; and 14, Clostridia [n ! 10]; for
Proteobacteria [Proteo.]: 15, Alphaproteobacteria [n ! 25]; 16, Betaproteobacteria [n ! 43]; 17, Deltaproteobacteria [n ! 16]; and 18, Gammaproteobacteria [n !
61]). Occurrence in axenic cultures of truffle (Tr. mycel.) is shown as the presence/absence for T. borchii (33, 40, 48), T. melanosporum (41), T. formosanum (T.
formo.) (42). Origin refers to the speculative origin of the odorants in truffle fruiting bodies, where some odorants could be produced by microbes only
(microbes), by truffle only at its sexual stage (Tr. sex. st.), or by both microbes and truffles (mixed). The frequency represents the percent occurrence of each
odorant in fruiting bodies of 13 truffle species (T. aestivum, T. brumale, T. himalayense, T. indicum, T. sinense, T. melanosporum, Tuber mesentericum, T. borchii,
T. excavatum, T. magnatum, Tuber oligospermum, Tuber panniferum, and T. rufum [16, 29–31, 37]).
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Truffes	

•  Les	truffes	sont	capables	de	
produire	les	composés	les	plus	
abondants	

•  Certains	composés	rares	/	moins	
abondants	ne	sont	pas	produits	
par	les	truffes	

•  Le	microbiote	est	capable	de	
produire	l’essentiel	des	arômes	
de	la	truffe	

	->	l’arôme	des	truffes	est	la	
résultante	de	l’activité	combinée	
des	truffes	et	de	leur	microbiote	

Microbiote	



Les communautés bactériennes varient  
d’une truffe à l’autre 

fmicb-10-01437 June 27, 2019 Time: 15:15 # 9

Splivallo et al. Tuber aestivum’s Microbiome

FIGURE 3 | The microbiome of T. aestivum. Distribution of major bacterial classes (top panel) and genera (intermediate and bottom panels) in the French and Swiss
truffle fruiting bodies analyzed here. Each column represents a single sample. For each sample, three pile-up plots are given: the relative distribution of reads among
the major bacterial classes (top panel) and of the different genera forms the Bacteroidetes (intermediate panel) and Proteobacteria phyla (bottom panel). Samples
were ordered according to the year and month of collection, and maturity degree (from low to high).

Mating Type and Multilocus Genotype
Distribution of Truffle Fruiting Bodies
Within the Orchards
Tru�e fruiting bodies result from the fertilization of two
individuals of opposite mating type (Martin et al., 2010; Rubini
et al., 2011b). Whereas the tru�e gleba (maternal tissue) is made
up by one individual, the spores contain meiotic products of the
two mating partners (Paolocci et al., 2006; Rubini et al., 2011b;
Selosse et al., 2017). Here, we determined the genetic profile
of the tru�e gleba (maternal genotype) only, since the gleba

harborsmost of the tru�emicrobiome (Antony-Babu et al., 2014;
Splivallo et al., 2015).

Genotyping of the tru�es from the French orchard had
been done in a previous study (Molinier et al., 2016). A large
proportion of unique genotypes (i.e., genotypes that were
recorded only once) was observed: eight tru�es had unique
genotypes and only two pairs with the same MLG (here
FR12 and FR20) were detected over the 2010–2011 seasons
(Table 1). Tru�es of opposite mating types appeared to
be evenly spread over the French orchard. In the Swiss
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	->	les	variations	au	sein	du	microbiote	sont-elles	en	partie	
responsable	des	nuances	arômatiques	?	



Les bactéries et la truffe 

En	résumé	:		

•  peu	ou	pas	de	rôle	dans	la	nutrition	des	truffes	pendant	leur	
développement	

•  Ne	sont	pas	la	cause	de	maladie	majeure	connue	
•  Contribuent	à	la	décomposition	des	truffes	en	fin	de	cycle	
•  Sont	impliquées	dans	la	formation	et	la	détérioration	de	l’arôme	
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