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In	
  2006,	
  the	
  world’s	
  total	
  forest	
  area	
  was	
  es4mated	
  at	
  3	
  952	
  million	
  hectares,	
  which	
  corresponds	
  to	
  
about	
  30%	
  of	
  the	
  land	
  area.	
  Important	
  role	
  in	
  nutrient	
  cycles	
  and	
  C	
  sequestra4on.	
  
	
  

The	
  world’s	
  forests	
  
	
  



Forest	
  ecosystem	
  func4oning	
  
	
  

Soil	
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Between	
  the	
  biomass	
  produc4on	
  and	
  the	
  forest	
  soil,	
  the	
  microbes	
  are	
  involved	
  in	
  
fixa4on	
  and	
  mineraliza4on	
  of	
  elements,	
  degrada4on	
  of	
  the	
  organic	
  maNer,	
  
mobiliza4on	
  of	
  nutriments	
  and	
  plant	
  nutri4on.	
  

Produc4on	
  

Biodiversity	
  

Fer4lity	
  

Diversity	
  of	
  microbial	
  communi/es	
  in	
  the	
  forest	
  ecosystems	
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«	
  …	
  About	
  100,000	
  fungal	
  species	
  have	
  been	
  described	
  so	
  far,	
  but	
  it	
  has	
  been	
  es4mated	
  that	
  there	
  
may	
  be	
  from	
  1.5	
  to	
  5.1	
  million	
  extant	
  fungal	
  species.	
  Over	
  the	
  last	
  decade,	
  about	
  1200	
  new	
  species	
  
of	
  Fungi	
  have	
  been	
  described	
  in	
  each	
  year.	
  At	
  that	
  rate,	
  it	
  may	
  take	
  up	
  to	
  4000	
  y	
  to	
  describe	
  all	
  
species	
  of	
  Fungi	
  using	
  current	
  specimen-­‐based	
  approaches.	
  »	
  
	
  

Produc4on	
  

Biodiversity	
  

Fer4lity	
  

Forest	
  ecosystem	
  func4oning	
  
	
  

Diversity	
  of	
  fungal	
  communi/es	
  in	
  the	
  forest	
  ecosystems	
  

Hibbe1	
  D.	
  2011.	
  Fungal	
  Biology	
  Reviews	
  



Symbiotic 
fungi 

Pathogenic 
fungi 

Saprophytic 
fungi 

Diversity of fungi is linked to diversity of habitats and ecological traits 
(mutualistic, saprophytic or pathogenic fungi) 

Carbon 

Forest ecosystems 



Soil	
  parameters	
  
(pH,	
  C,	
  N,	
  P)	
   Climate,	
  

temperature,	
  
precipita7ons	
  

Plant	
  host,	
  succession	
  
Anthropic	
  ac7vi7es	
  

Adapted	
  from	
  Dighton	
  &	
  Masson,	
  1985	
  
	
  

Why	
  this	
  huge	
  diversity?	
  
	
  

Soil fungi occur in remarkably species-rich assemblages. One of the prevailing hypotheses to explain 
this diversity is niche differentiation; by occupying distinct ecological niches within a site, multiple fungal 
species are able to co-occur. 



How	
  inves4gate	
  this	
  huge	
  diversity	
  ?	
  

From	
  sporocarp	
  inventory	
  to	
  molecular	
  
approaches(complementary	
  approaches)	
  



2015 

1977	
  
Sanger	
  sequencing	
  

	
  

1990	
  
Sequencing	
  with	
  
fluorescence	
  
measurement	
  

1999	
  
Sequencing	
  with	
  capillary	
  

electrophoresis	
  

2006-­‐2014	
  
New	
  Genera4on	
  
Sequencing	
  (NGS)	
  

at the global scale 

The	
  recent	
  improvements	
  in	
  sequencing	
  techniques	
  and	
  bio-­‐informa4cs	
  make	
  the	
  mark	
  of	
  
the	
  second	
  molecular	
  revolu4on	
  in	
  fungal	
  ecology	
  (meta-­‐barcoding).	
  	
  

How	
  inves4gate	
  this	
  huge	
  diversity	
  ?	
  



Soil	
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  N,	
  P)	
   Climate,	
  

temperature,	
  
precipita7ons	
  

Plant	
  host,	
  succession	
  
Anthropic	
  ac7vi7es	
  

Adapted	
  from	
  Dighton	
  &	
  Masson,	
  1985	
  
	
  

Why	
  this	
  huge	
  diversity?	
  
	
  

Advantage of New Generation Sequencing (NGS) to investigate unprecedented scale of sampling in 
fungal ecology… => Use natural climatic gradients to investigate the impact of temperatures and 
precipitations on fungal diversity and community structure  



Are fungi follow the same global distribution pattern 
than macro-organisms? 



Richness	
  and	
  temperature	
  gradients:	
  a	
  biogeographic	
  approach	
  
	
  

Gaston,	
  2000	
  Nature	
  

A	
  common	
  paGern	
  in	
  ecology	
  is	
  the	
  la7tudinal	
  (and	
  al7tudinal)	
  gradient	
  	
  
of	
  diversity.	
  These	
  examples	
  with	
  birds	
  and	
  bats	
  show	
  these	
  common	
  
paGerns	
  :	
  the	
  trend	
  is	
  a	
  lower	
  species	
  richness	
  when	
  moving	
  away	
  from	
  
the	
  equator	
  (or	
  when	
  the	
  al7tude	
  increases).	
  Posi7ve	
  correla7on	
  
between	
  energic	
  (thermic)	
  gradient	
  and	
  richness.	
  

For fungal communities: numerous controversies (Arnold and Ludzoni, 2007; Amend et al. 2010; Fierer 
et al. 2011; Bahram et al. 2012; Miyamoto et al. 2014; Tedersoo et al. 2014…) 



Al7tudinal	
  gradients	
  in	
  France	
   La7tudinal	
  gradient	
  in	
  Europe	
  

Ecology	
  of	
  fungal	
  communi4es	
  in	
  beech	
  forests:	
  
Use	
  of	
  NGS	
  (metabarcoding)	
  in	
  a	
  biogeographical	
  approach	
  

	
  

Aurore Coince PhD Thesis (UE Baccara project) 
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Coince	
  et	
  al.	
  2013	
  Fungal	
  Ecology,	
  Coince	
  et	
  al.	
  2014	
  PlosOne	
  ,	
  Coince	
  et	
  al.	
  (in	
  prepara7on)	
  

Ecology	
  of	
  fungal	
  communi4es	
  in	
  beech	
  forests:	
  
Use	
  of	
  NGS	
  (metabarcoding)	
  in	
  a	
  biogeographical	
  approach	
  

	
  

Al7tudinal	
  gradients	
  in	
  France	
   La7tudinal	
  gradient	
  in	
  Europe	
  



Methods	
  
	
  

~25 m 

~5 m 

– Sampling strategy – 
 
495 soil cores for Altitudinal gradients 
465 soil cores for Latitudinal gradient (31 sites) 
 

– Roots handling (1 sample = 1 tree = pool of 3 cores)–  

– Amplicons libraries (with molecular 
tag) and Pyrosequencing –  

– DNA extraction –  

– PCR amplification (ITS1 region) – 
 ITS1F-ITS2 primer pairs 

– Bioinformatic analyses  
and taxonomic assignment –  



Composi4on	
  (species	
  assemblage)	
  of	
  fungal	
  communi4es:	
  
a	
  biogeographical	
  approach	
  

	
  

Correspondence analysis (two first axes) – links with environmental parameters? 



AF
C	
  
Ax
e	
  

1	
  

Soil	
  pH	
  

Composi4on	
  (species	
  assemblage)	
  of	
  fungal	
  communi4es:	
  
a	
  biogeographical	
  approach	
  

	
  

Axe 1 = soil pH in both studies 



Axe 2 = mean temperatures in both studies 

Composi4on	
  (species	
  assemblage)	
  of	
  fungal	
  communi4es:	
  
a	
  biogeographical	
  approach	
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Richness	
  es4ma4on	
  (proxy)	
  in	
  fungal	
  communi4es	
  
along	
  geographical	
  gradients	
  

Eleva7on	
  Diversity	
  Gradient	
  (EDG)	
  
Mid	
  Domain	
  Effect	
  model?	
  

La7tudinal	
  Diversity	
  Gradient	
  (LDG)	
  
Monotonic	
  rela7onship	
  species	
  /temperature	
  ?	
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Eleva7on	
  Diversity	
  Gradient	
  (EDG)	
  
Mid	
  Domain	
  Effect	
  model?	
  No!	
  

La7tudinal	
  Diversity	
  Gradient	
  (LDG)	
  
Monotonic	
  rela7onship	
  species	
  /temperature	
  ?	
  No!	
  

Not	
  significant	
   Not	
  significant	
  

Temperature	
  (al7itude)	
   Temperature	
  (la7tude)	
  

Richness	
  es4ma4on	
  (proxy)	
  in	
  fungal	
  communi4es	
  
along	
  geographical	
  gradients	
  



Richness	
  of	
  fungi	
  communi4es	
  (al4tudinal	
  gradient)	
  
in	
  Pinus	
  sylvestris	
  forests	
  

Rincon et al. 2015, Env. Microbiol. 

Generalized Linear Mixed Models testing the response of soil and mycorrhizal fungal 
communities to climatic (independent models for temperature and precipitation) and 
edaphic variables, considering the estimated richness as fixed effect. 
 
Strong and significant positive correaltion between fungal richness and soil pH 
(not for EcM fungi), but correlation between EcM fungi and annual 
precipitations (mm) 
The host tree may modulate the impact of edaphic parameters on ECM fungal 
richness (?) 



Fungal richness and climatic parameters: 
Do ectomycorrhizal and non-symbiotic fungi response 

differently to precipitations? 
 

We focused especially on ECM fungi associated with Fagaceae 
Fagus sylvatica and Quercus petraea, which are particularly 
sensitive to climate changes using an East-West rainfall gradient in 
temperate French lowland forests (n=88 soil cores).  Akroume	
  et	
  al.	
  (in	
  preparaLon)	
  



Fungal richness and climatic parameters: 
Do ectomycorrhizal and non-symbiotic fungi response 

differently to precipitations? 
 

Linear regression between fungal richness 
and mean annual precipitations (mm)  

We confirm the relationship between the soil pH and fungal richness 
+ significant link between fungal richness and precipitation (negative correlation). 
By contrast, ECM richness is not linked with this climatic factor 

Linear regression between fungal richness 
and soil pH 

For fungal communities: numerous controversies (Arnold and Ludzoni, 2007; Amend et al. 2010; Fierer 
et al. 2011; Bahram et al. 2012; Miyamoto et al. 2014; Tedersoo et al. 2014…) 



Composi4on	
  (species	
  assemblage)	
  of	
  fungal	
  communi4es	
  in	
  
beech	
  /	
  oak	
  forests 

Linear regression between fungal richness 
and mean annual precipitations (mm)  

Correlation between NMDS structure 
(axis1+axis2) and mean annual 
precipitations (mm) 

Ectomycorrhizal fungi are more sensitive to mean annual precipitations and less 
structured by soil characteristics like pH or Ca concentrations than saprobes. The host 
tree modulates the impact of edaphic parameters on ECM fungal richness. In return EcM 
fungi may be more sensitive to climatic parameters, as their hosts… 
 Akroume	
  et	
  al.	
  (in	
  preparaLon)	
  



In	
  the	
  “Omics	
  era”,	
  how	
  fungal	
  culture	
  collec4ons	
  (and	
  
voucher	
  individuals)	
  can	
  be	
  a	
  research	
  tools	
  in	
  ecology?	
  



Genus 	

 	

 strain	



Species	


Sequence polymorphism (nucleotide 
and length) 

Schoch et al. 2012 



Implementation of high quality Fungal Database (ITS regions) 
(annotated fruiting bodies, voucher specimens) 



Production of Mock communities (positive controls in NGS process) 
(annotated fruiting bodies, voucher specimens, fungal culture collections) 

This work was based on cultures from the INRA Nancy Culture Collection and dry voucher specimens 
(Mock community = 77 different species and 49 different genera) 

A mock community will also serve to inform the quality of the sequencing run (i.e. helps address run-to-run 
variation) and the processing steps necessary to retain the most data (i.e. addresses sequencing data quality). 



Production of Mock communities (positive controls in NGS process) 
(annotated fruiting bodies, voucher specimens, fungal culture collections) 

Overview of the steps involved in high-throughput sequencing of fungal communities. 

A mock community will also serve to inform the quality 
of the sequencing run (i.e. helps address run-to-run 
variation) and the processing steps necessary to retain 
the most data (i.e. addresses sequencing data quality). 

Lindahl et al. 2013 



Production of Mock communities 
(annotated fruiting bodies, voucher specimens, fungal culture collections) 

 
 
 
 
 
 
 
Bioinformatics analysis of a mock community from 77 fungal species using UPARSE (Edgar, 2013). 
The rate of successful operational taxonomic unit (OTU) identification. Lib InSi corresponded to the in silico library of 
77 Sanger sequences of ITS1 region.  
Full "UNITE+INSD" dataset: 
This FASTA file ("UNITE+INSDC") comprises “all” fungal ITS sequences of the UNITE and INSDC databases, 
updated and released some four times a year. Locked UNITE sequences and low quality (and overly short) INSDC 
sequences are however excluded. UNITE follows the Index Fungorum classification in nearly all regards. 

 
 

Buée et al. in preparation 



Production of Mock communities 
(annotated fruiting bodies, voucher specimens, fungal culture collections) 

 
 
Bioinformatics analysis of a mock community from 77 fungal species using UPARSE (Edgar, 
2013). 
A. The rate of successful operational taxonomic unit (OTU) identification. Lib InSi corresponded to 
the in silico library of 77 Sanger sequences of ITS1 region. Lib gDNA pool was built by mixing 
equimolar amounts of genomic DNA from the 77 corresponding species, and Lib Amplicon pool by 
mixing equimolar amounts of independent PCR products from the same 77 species. “Lib gDNA” and 
“Lib Amplicon pool” were processed in the same way, and all the datasets were treated identically 
with the bioinformatics quality filtering and OTU clustering using UPARSE. The sequences were 
aligned using BLAST on “UNITE Plus” database (UNITE database [Kõljalg et al., 2013] together with 
the Sanger sequences of the mock community absent in the initial UNITE database). Only 45.5% of 
sequences of the mock community was present in the UNITE database. 
 
 Buée et al. in preparation 



Production of Mock communities 
(annotated fruiting bodies, voucher specimens, fungal culture collections) 

Bioinformatics analysis of a mock community from 77 
fungal species using UPARSE (Edgar, 2013). 
A. The rate of successful operational taxonomic unit (OTU) 
identification. Lib InSi corresponded to the in silico library of 
77 Sanger sequences of ITS1 region. Lib gDNA pool was built 
by mixing equimolar amounts of genomic DNA from the 77 
corresponding species, and Lib Amplicon pool by mixing 
equimolar amounts of independent PCR products from the 
same 77 species. “Lib gDNA” and “Lib Amplicon pool” were 
processed in the same way, and all the datasets were treated 
identically with the bioinformatics quality filtering and OTU 
clustering using UPARSE. The sequences were aligned using 
BLAST on “UNITE Plus” database (UNITE database [Kõljalg 
et al., 2013] together with the Sanger sequences of the mock 
community absent in the initial UNITE database). Only 45.5% 
of sequences of the mock community was present in the 
UNITE database.  
 B. Relationship between the number of reads generated by the Illunima MiSeq technology and the length of the fungal 

ITS1 fragment. 
Buée et al. in preparation 



Perspectives: validation of best primers and best 
regions (ITS2 vs ITS1 or SSU & LSU) for Miseq 

Illumina… 
 

Map of nuclear ribosomal RNA genes and their ITS regions 
 



Perspectives: validation of best primers and best 
regions (ITS2 vs ITS1 or SSU & LSU) for Miseq 

Illumina… 
 

Map of nuclear ribosomal RNA genes and their ITS regions 
 



Metagenomics	
  (or	
  environmental	
  genomics)	
  is	
  the	
  study	
  of	
  gene4c	
  material	
  recovered	
  
directly	
  from	
  environmental	
  samples.	
  

Metagenomics	
  and	
  NGS	
  

Who?	
  Metabarcoding	
  approach	
  :	
  
targeted	
  genes	
  (taxonomic	
  barcodes	
  or	
  
func4onal	
  markers)	
  

Fungal	
  barcode	
  marker	
  sequencing	
  
to	
  produce	
  a	
  profile	
  of	
  diversity	
  
from	
  natural	
  samples	
  
	
  

Puta4ve	
  roles:	
  DNA	
  metagenomics	
  (“shotgun”)	
  
"Shotgun"	
  high-­‐throughput	
  sequencing	
  (e.g.	
  454	
  
pyrosequencing	
  or	
  Illumina)	
  to	
  get	
  a	
  maximum	
  of	
  genes	
  
from	
  all	
  organisms	
  of	
  the	
  sampled	
  communi7es	
  
	
  

Ac4ve	
  organisms:	
  Metatranscriptomics:	
  
Living	
  and	
  ac4ve	
  organisms	
  and	
  
func4onal	
  interac4ons:	
  environmental	
  
RNA	
  
	
  
	
  

Focus	
  on	
  RNA,	
  in	
  par7cular	
  fungal	
  
transcripts	
  (only	
  on	
  the	
  expressed	
  
genes)	
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Who?	
  Metabarcoding	
  approach	
  :	
  
targeted	
  genes	
  (taxonomic	
  barcodes	
  or	
  
func4onal	
  markers)	
  



Extrac4on	
  and	
  sequencing	
  of	
  genomes	
  from	
  all	
  
organisms	
  (metagenome),	
  which	
  are	
  present	
  in	
  the	
  
soil	
  sample	
  

Forest soil metagenomics 



Most of the reads assigned belong to bacteria [Bacteria/Fungi ratio confirmed by qPCR] 
Large % of orphan sequences Uroz et al. 2013 Plos One 

Shotgun Environmental 454 Sequencing 

Fungi	
  :0,4%	
  of	
  total	
  reads	
  

Forest soil metagenomics 



Vigdis	
  Torsvik	
  and	
  Lise	
  Øvreås	
  
Current	
  Opinion	
  in	
  Microbiology	
  2002,	
  5:240–245	
  

The	
  soil…	
  A	
  bacterial	
  world!	
  How	
  study	
  the	
  fungal	
  func4ons?	
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Eukaryo7c	
  and	
  fungal	
  metagenomic	
  :	
  focus	
  on	
  poly	
  A+	
  transcripts	
  =	
  
“Metatranscriptomic”	
  approaches	
  

	
  
Use	
  only	
  polyA+	
  transcripts	
  and	
  “concentrate”	
  eukaryo7c	
  transcripts	
  (only	
  on	
  the	
  expressed	
  genes).	
  
Inves7gate	
  the	
  func7oning	
  of	
  the	
  ecosystem	
  and	
  the	
  role	
  of	
  fungal	
  species	
  in	
  soil	
  forest	
  
	
  

The	
  poly	
  A+	
  transcripts	
  include	
  
mRNA,	
  microRNA	
  and	
  snoRNA	
  
generated	
  by	
  RNA	
  polymerase	
  II	
  
	
  



The Community Sequencing Program 2012 
    
Metatranscriptomics of Forest Soil Ecosystems 
(cood. F. Martin) 
  
Proposal ID: CSP # 570 
Eight laboratories in the world (11 sites) 
 

© F Martin 



© F Martin 
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Analysis of rRNA reads (SortMeRNA) extracted from forest soils: 
Beech and Spruce forests (spring and autumn) - Illumina sequencing – 

(Pilot study: ANR Eumetasol) 

About 20% of sequences corresponded to active 
EuK (only 1.6 % of genomic DNA) 



Site Amance (54): Oak, Spring (Org) Illumina sequencing of soil mRNA (polyA) 

Reads	
  =	
  sequenced	
  EuK	
  mRNA	
  
Blast	
  on	
  Mycocosm	
  (JGI)	
  
	
  
Pilot	
  analysis	
  (Miseq):	
  
14M	
  reads	
  were	
  assembled	
  into	
  72226	
  con7gs,	
  
median	
  length	
  -­‐	
  238bp	
  (only	
  on	
  mRNA)	
  
	
  
31205	
  (43.2%)	
  of	
  con7gs	
  have	
  hits	
  to	
  mycocosm	
  
proteins	
  by	
  blastx	
  at	
  Evalue	
  threshold	
  1e-­‐05	
  



In	
  course:	
  assignment	
  of	
  reads	
  on	
  fungal	
  genomic	
  
database	
  (JGI	
  1000fungalgenome	
  project)	
  

Analysis of Amance/Champenoux site (36 samples): 
3.439.190.128 reads (Hiseq) from 36 samples, or 95.5 million reads on average per sample 
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