frontiers in
MICROBIOLOGY

MINI REVIEW ARTICLE
published: 04 November 2014
doi: 10.3389/fmicb.2014.00582

—

Expanding genomics of mycorrhizal symbiosis

Alan Kuo', Annegret Kohler?, Francis M. Martin? * and Igor V. Grigoriev’ *

" United States Department of Energy Joint Genome Institute, Walnut Creek, CA, USA
2 UMR, Lab of Excellence for Advanced Research on the Biology of TRee and Forest Ecosystems, Tree-Microbe Interactions, Institut National de la Recherche
Agronomique, Université de Lorraine, Nancy, France

Edited by:
M. Pilar Francino, Center for Public
Health Research, Spain

Reviewed by:

Daniel J. Thornhill, Defenders of
Wildlife, USA

Eunsoo Kim, American Museum of
Natural History, USA

*Correspondence:

Francis M. Martin, UMR, Lab of
Excellence for Advanced Research on
the Biology of TRee and Forest
Ecosystems, Tree-Microbe
Interactions, Institut National de la
Recherche Agronomique, Université
de Lorraine, Nancy,

54280 Champenoux, France

e-mail: fmartin@nancy.inra.fr;

Igor V. Grigoriev, United States
Department of Energy Joint Genome
Institute, Walnut Creek, CA 94598,

The mycorrhizal symbiosis between soil fungi and plant roots is a ubiquitous mutualism
that plays key roles in plant nutrition, soil health, and carbon cycling. The symbiosis evolved
repeatedly and independently as multiple morphotypes [e.g., arbuscular mycorrhizae (AM),
ectomycorrhizal (ECM)]in multiple fungal clades (e.g., phyla Glomeromycota, Ascomycota,
Basidiomycota). The accessibility and cultivability of many mycorrhizal partners make them
ideal models for symbiosis studies. Alongside molecular, physiological, and ecological
investigations, sequencing led to the first three mycorrhizal fungal genomes, representing
two morphotypes and three phyla. The genome of the ECM basidiomycete Laccaria
bicolor showed that the mycorrhizal lifestyle can evolve through loss of plant cell wall-
degrading enzymes (PCWDEs) and expansion of lineage-specific gene families such
as short secreted protein (SSP) effectors. The genome of the ECM ascomycete Tuber
melanosporum showed that the ECM type can evolve without expansion of families
as in Laccaria, and thus a different set of symbiosis genes. The genome of the AM
glomeromycete Rhizophagus irregularis showed that despite enormous phylogenetic
distance and morphological difference from the other two fungi, symbiosis can involve
similar solutions as symbiosis-induced SSPs and loss of PCWDEs. The three genomes
provide a solid base for addressing fundamental questions about the nature and role of a

USA vital mutualism.
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INTRODUCTION

The roots of most plants form intimate mutualistic associations
with soil fungi known as “mycorrhizae.” The mycorrhizal sym-
biosis is both ancient (among early land plants 410 ma) and
pervasive (>80% of plants participate; Tedersoo etal., 2010),
and thus underpins most terrestrial ecosystems, the soil portion
of the global carbon budget, and much agricultural produc-
tion (Read and Perez-Moreno, 2003). Mycorrhizae can provide
stress tolerance and metal detoxification to the host plant (Hall,
2002), but the fundamental transactional logic of the sym-
biosis is the exchange of sugar photosynthesized by the plant
for phosphorus and other nutrients acquired by the fungus
(Martin and Nehls, 2009). A major goal of mycorrhizal studies
is to define the symbiosis in molecular terms, i.e., to identify
the “symbiosis genes” that encode the molecules that mediate
and regulate symbiosis development and interspecific metabolic
pathways.

This seemingly straightforward metabolic exchange has evolved
many times among many different species pairings and been
implemented in a diverse array of structural forms, some extracel-
lular to the root cell and others intracellular but extracytoplasmic.
The latter includes arbuscular mycorrhizae (AM), where the fun-
gal hypha penetrates the root cell wall and invaginates (but does
not penetrate) the root cell membrane, producing a tree-shaped
arbuscule and a large surface area for nutrient exchange. AM is
at once more intimate, more dependent (obligate for the fungus),
more widespread (most plants can partner), and more ancient

(~410 ma) than other mycorrhizal types. In morphological con-
trast, ectomycorrhizal (ECM) fungi remain outside of the root
cell wall, forming an intercellular hyphal network and a sheath
of aggregated hyphae that encases the whole root tip and thus
mediates the root’s external interactions with the soil. ECM is
the second most common mycorrhizal type, mostly with woody
plants. The ECM fungus orders Agaricales, Boletales, and Rus-
sulales are at least the same age as the Pinaceae (~160 ma),
suggesting that ECM plausibly evolved at this point. There are
other less common or more obscure mycorrhizal types, includ-
ing orchid mycorrhizae (OM) and ericoid mycorrhizae (ERM),
restricted to the Orchidaceae and the Ericaceae (acid-tolerant
heathers such as cranberry), respectively. Both OM and ERM have
both extra- and intracellular (but not AM) morphological com-
ponents, but the fungal partner is sometimes capable of switching
between morphotypes in a host-dependent manner (Dearnaley
etal., 2012).

The morphological and ecological diversity of mycorrhizal
fungi is matched by their phylogenetic diversity, encompassing
many mushrooms and other fruiting bodies famous for their gas-
tronomy (e.g., porcini, matsutake, chanterelle, morel, truffle)
or toxicity (e.g., fly agaric). Three of the top-level fungal phyla
(Glomeromycota, Ascomycota, and Basidiomycota) have mycor-
rhizal representatives, but within Basidiomycota and Ascomycota
the symbiosis has evolved independently many times in many
subclades (66x; Tedersoo etal., 2010). A taxonomic level as
low as genus may harbor both symbiotic and non-symbiotic
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species. Most of the Ascomycota and Basidiomycota symbioses
are ECM, the exceptions being ERM Ascomycota and OM Basid-
iomycota. In contrast, all known Glomeromycota are AM and
all known AM are Glomeromycota, suggesting monophyly of
both the clade and the symbiosis. The divergence between Glom-
eromycota and Dikarya (Ascomycota+Basidiomycota) is deep
(>800 ma). Glomeromycota have no known sexual cycle. The
hyphae and spores are aseptate and multinucleate, with contra-
dictory evidence indicating that some species may or may not be
heterokaryotic. Where the Dikarya life cycle is known, Basidiomy-
cota colonize ECM as dikaryons while Ascomycota colonize ECM
as monokaryons.

The diversity of mycorrhizae provides motive and opportu-
nity for application of an equally diverse array of investigative
methods. Numerous models for physiological, ecological, and
molecular biological study have been developed. For exam-
ple, in vitro hyphal-branching assays have been used to isolate
plant-secreted small molecules that stimulate AM and ECM fun-
gal morphogenesis (Lagrange etal., 2001; Akiyama etal., 2005)
and conversely root-branching and other assays have been used
to identify fungus-secreted molecules that promote ECM and
AM formation (Nehls etal., 1998; Felten etal., 2009; Spli-
vallo etal.,, 2009; Maillet etal., 2011). As a second example,
stable heterologous gene expression has been accomplished in
ECM Basidiomycota (Marmeisse etal., 1992; Hanif etal., 2002;
Kemppainen etal., 2005; Pardo etal., 2005), both heterologous
expression and gene knockout in ERM Ascomycota (Martino
etal., 2007; Abba etal., 2009), and transient heterologous expres-
sion in ECM Ascomycota and AM Glomeromycota (Grimaldi
etal., 2005; Helber and Requena, 2008). As a third example,
various high-throughput RNA-interrogation methods have been
used to recover symbiosis-specific transcripts from in vitro mod-
els of ECM and AM (Kim etal., 1998; Voiblet etal., 2001;
Tamasloukht etal., 2003; Johansson etal., 2004; Duplessis etal.,

2005), including a comprehensive multi-sample multi-method
analysis of an AM fungal transcriptome that revealed many
symbiosis-specific genes, and even meiosis genes in this putatively
asexual organism (Lanfranco and Young, 2012; Tisserant etal.,
2012).

The biochemical, genetic, and transcriptomic experiments are
being aided by a massive effort to sequence the genomes of
multiple mycorrhizal fungal (Figure 1). The first three of those
genomes to be published are those of the ECM basidiomycete
Laccaria bicolor, the ECM ascomycete Tuber melanosporum, and
the AM glomeromycete Rhizophagus irregularis (formerly Glomus
intraradices; Martin et al., 2008, 2010; Tisserant et al., 2013). These
first three were chosen for both their diversity and their indi-
vidual scientific and economic significance. They represent the
two most important mycorrhizal morphotypes and three major
fungal phyla. The ECM basidiomycete L. bicolor and the AM glom-
eromycete R. irregularis were also selected as part of a larger effort
to sequence the microbiome of the bioenergy-domesticated poplar
tree Populus trichocarpa. The ECM ascomycete T. melanosporum
is of commercial importance in its own right as the gustatory
delicacy, black truffle.

Each of the three genomes posed significant technical chal-
lenges due to their unprecedentedly (at the time of each sequencing
project) large size and repetitive nature. All three genomes har-
bor large numbers of transposable elements (TEs); in addition,
L. bicolor and R. irregularis have very large numbers of gene
families, many of which have very large numbers of genes
(Table 1).

THE ECTOMYCORRHIZAL BASIDIOMYCETE Laccaria bicolor

The genome of L. bicolor was the first published of a myc-
orrhizal fungus (Martin etal., 2008) and led directly to iden-
tification of many categories of molecules potentially involved
in symbiosis: secreted proteases, lipases, carbohydrate-active

Laccarla bicolor-Populus trichocarpa

Mycorrhizal Genomics Initiative
(MGI)

From genomes

genomics, transcriptomics and metatranscriptomics studies.

Laccana bicolor-Populus tremula x siba

Transcriptomics of in vitro
symbioses

to the laboratory

FIGURE 1 | From sequence to function of symbiotic genes. Understanding evolution and function of mycorrhizal interactions can be driven by large scale

Laccarla bicolor-Pseudotsuga menziesi

Metatranscriptomics of forest
soil ecosystems

to the real world
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Table 1 | Properties of the first sequenced mycorrhizal fungal genomes.

Species

Laccaria bicolor

Tuber melanosporum

Rhizophagus irregularis

Phylogeny
Mycorrhizal morphotype

Plant partners

Basidiomycota, Agaricales
Ectomycorrhiza
Broad range of forest trees,

hardwoods and conifers, such as

Ascomycota, Pezizales
Ectomycorrhiza

Narrow range of forest trees,
hardwoods and conifers, such as hazel

tree and oaks

Glomeromycota, Glomerales
Arbuscular mycorrhiza
Hundreds of herbaceous plant
species, including crops such as

wheat and rice

poplars and firs

Genomic assembly (Mbp) 60.7 125.0 91.1
Repeat-masked total (Mbp)  15.1 (25%) 65.3 (62%) 14.0 (15%)
# Predicted genes 23132 7496 30282
Average # exons/gene 5.28 3.87 3.46

# Predicted gene families 3523 799 2749
Average # genes/family 5.02 3.79 8.00
Average protein length (aa) 356 439 270

# Predicted signal peptides 3201 (14%) 1224 (16%) 1995 (7%)
# Distinct Pfam domains 2348 2272 2469

Major publication Martin etal. (2008)

Martin etal. (2010)

Tisserant etal. (2013)

All numbers are calculated from the genomes’ computationally reconstructed assemblies and annotations.

enzymes (CAZymes), enzymes for all core carbohydrate metabolic
pathways and for fatty acid metabolism (Deveau etal., 2008;
Reich etal.,, 2009), transporters of hexoses and of nitroge-
nous compounds (Lopez etal., 2008; Lucic etal., 2008),
aquaporins (Dietz etal., 2011), multicopper oxidases (Courty
etal., 2009), antioxidant enzymes (Morel etal., 2008), signal-
transduction protein kinases and small GTPases (Rajashekar
etal., 2009), hydrophobins (Plett etal., 2012), and mating-
type loci (Niculita-Hirzel etal,, 2008). In all these stud-
ies the genes were subjected to comparative and phyloge-
netic analysis with homologs in other fungi (see below) and
to transcriptomic analysis (see below). In the carbohydrate
and lipase pathway studies, direct assay of storage carbohy-
drates and fatty acids allowed further pathway reconstruction.
In the hexose transporter and aquaporin studies, function
was confirmed by genetic complementation of Saccharomyces
mutants.

Molecular manipulation of the organism complements
genomics. Thus it is of great interest that RNA silencing method-
ology has been developed to knockdown genes in L. bicolor
(Kemppainen etal., 2009). Such experiments have demonstrated
that nitrate reductase and nitrate transporter (Kemppainen and
Pardo, 2013), and a mycorrhiza-induced small secreted protein
(MiSSP; Plett etal., 2011) are involved in symbiosis.

Complementing these “bottom—up” approaches, a sequenced
genome allows application of “top—down” surveys of potential
symbiosis genes. Comparison with other Agaricales genomes, at
the time all saprotrophic, revealed a large genome size attributable
to both TEs and large numbers of large gene families (Mar-
tin etal., 2008). Many of these appeared to be lineage-specific,
without homologs in the saprobic Agaricales nor Pfam nor other
domains allowing straightforward inference of function. Most of

the core and potentially symbiosis-related gene families described
above are not expanded in L. bicolor, with the notable exception
of certain families of signal transduction enzymes (Rajashekar
etal.,, 2009). The genome lacks invertase as well as many plant
cell wall-degrading enzyme (PCWDE) families, both consistent
with notions that L. bicolor is dependent on its plant host for
carbohydrate and does not activate its host’s defenses (Deveau
etal.,, 2008; Martin and Selosse, 2008; Martin etal., 2008).
L. bicolor was also the sole mycorrhizal representative in a phy-
logenomic study of an unprecedentedly large collection of whole
genomes to elucidate the evolutionary history of wood decom-
position (Floudas etal., 2012). The results suggested that the
Agaricomycetes ancestor of L. bicolor was a ligninolytic fun-
gus, consistent with the loss of most CAZyme categories by
L. bicolor as well as non-genome based studies suggesting the
repeated, unrelated, and presumptively irreversible adoption of
the mycorrhizal lifestyle within many clades of Agaricomycetes
(Plett and Martin, 2011; Ryberg and Matheny, 2012; Wolfe etal.,
2012).

Transcriptomics enhances genome analysis by showing expres-
sion and regulation. Computational prediction of orphan genes
and their cleaved signal peptides defined a large set of small
secreted proteins (SSPs) in L. bicolor. Transcriptomics showed that
some of the SSPs are differentially expressed between free-living
mycelia and mycorrhizae (Martin etal., 2008). These mycorrhiza-
induced SSPs (MiSSPs) appear specific to L. bicolor, in that
homologs have not been found in other fungi. The 7-kD MiSSP7
is the most highly induced of these genes (>10 k-fold), and
has been intensely scrutinized using traditional bottom—up tech-
niques, including immunolocalization, conditional expression
studies (Plett and Martin, 2012), and gene knockdown (Plett
etal, 2011), all further implicating MiSSP7 as an effector in
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symbiosis. MiSSP7 interacts with the poplar protein PtJAZ6, a
negative regulator of jasmonic acid (JA)-induced gene regulation
in poplar (Plett etal., 2014). MiSSP7 protects PtJAZ6 from JA-
induced degradation. Furthermore, MiSSP7 blocks or mitigates
the impact of JA on L. bicolor colonization of host roots. In addi-
tion to helping define novel genes, transcriptome data was used to
confirm or discover regulation of many of the core and symbiosis-
related genes described above, and were also used to validate and
correct the genome annotation as a whole (Larsen etal., 2010).
In combination with the poplar genome, whole-mycorrhizal tran-
scriptomics was used to attempt to reconstruct a comprehensive
metabolic pathway description for the symbiosis (Larsen etal.,
2011).

Similarly, proteomics supported the systematic evaluation of
the secretome of the saprotrophic phase of L. bicolor. Cell-free
media from mycelial culture was separated using combinations
of isoelectric focusing, gel electrophoresis, and liquid chro-
matography, and the separated peptides were measured by mass
spectrometry and mapped back against the genomic annotation
(Vincent etal., 2012). Cleaved signal peptides were predicted in
103 of the secreted proteins, including a limited set of CAZymes,
proteases, SSPs, and one MiSSP with a glycophosphatidylinos-
itol anchor. This study was confined to the free-living phase,
as the mycorrhizal is so preponderantly plant tissue that cur-
rent techniques have difficulty detecting the relatively rare fungal
proteins.

Other than genes, the genome led directly to a collection of
repetitive sequences, including microsatellites (Labbé etal., 2011)
and TEs (Labbé etal., 2012). In principle these could be used
as markers for population and ecosystem surveys of L. bicolor in
situ. Already it appears that some microsatellite loci are unsta-
ble enough to vary between generations (Labbé etal., 2011).
This was also demonstrated with hydrophobin genes located near
TEs, suggesting a mechanism for evolutionary change (Plett etal.,
2012).

THE ECTOMYCORRHIZAL ASCOMYCETE Tuber melanosporum

The second mycorrhizal fungal genome published was that of T.
melanosporum (Martin etal., 2010), an ascomycete not related to
L. bicolor and yet also an ECM. As with L. bicolor, the sequenced
genome facilitated the identification and analysis of many gene
families of interest to symbiosis studies, including CAZymes
(induced during mycorrhiza formation, apparently to force a
path between the root cells for the mycelium), lipases, multicop-
per oxidases, an invertase (unlike L. bicolor), other carbohydrate
metabolism enzymes (Ceccaroli etal., 2011), metal detoxifica-
tion genes (Bolchi etal., 2011), and cell wall metabolism enzymes
(Balestrini etal., 2012; Sillo etal., 2013). As this genome was also
the first sequenced for the Pezizomycetes, it also prompted inves-
tigation in another fungal clade of genes of general mycological
interest, such as cytoskeleton components that determine hyphal
morphology (Amicucci etal., 2011). Conversely, the genome also
facilitated investigation of traits specific to the life history of T.
melanosporum, such as sulfur metabolism genes that produce
fruiting body (the truffle per se) volatiles (Martin etal., 2010),
cold-shock proteins that may mediate the seasonality of fruiting
body development (Zampieri etal., 2011), and tyrosinases and

laccases that catalyze melanins implicated in development (Zarivi
etal, 2011, 2013). In almost all of the above studies, the genes
were subject to both phylogenetic and transcriptomic analyses,
some were complemented with microscopic observations (cell
wall, cytoskeleton, melanins), and some were confirmed with
metabolite or enzyme assays (carbohydrates, metals, melanins).

As with L. bicolor, the T. melanosporum genome and transcrip-
tome combined are a powerful top—down analytical resource. The
transcriptome was used to improve the genomic annotation and to
identify alternative and antisense transcripts, and alternative splice
variants, some of which are developmentally or symbiotically
specific (Tisserant etal., 2011). Conversely, predicted transcrip-
tion factors (TFs) combined with transcriptomics and a yeast
“transcriptional activator trap” system (a variant yeast-2-hybrid
screen) identified 29 developmentally regulated TFs (Montanini
etal., 2011). Physical separation of mycorrhizal tissues from
soil hyphae by microdissection allowed still greater resolution
of symbiosis-specific transcripts (Hacquard etal., 2013). As with
L. bicolor, the T. melanosporum genome enabled proteomics by
electrophoresis, chromatography, and mass spectrometry (Islam
etal., 2013).

The T. melanosporum life cycle has not been reconstituted in
the laboratory, and only monokaryons have been documented in
the wild. The genome revealed putative meiosis genes, as well as
a mating locus (Martin etal., 2010), which was used to discover
an alternate idiopathic mating locus in the wild (Rubini etal,,
2011a). Strains with different mating loci were spatially separated
in a single orchard (Rubini etal., 2011b), but this could not be
explained by heterokaryon incompatibility, despite the presence
of multiple potential HET genes in the genome (Iotti etal., 2012).
The genes were not polymorphic among 18 strains. In contrast, the
TE- and microsatellite-rich genome has proven to be a rich source
of markers for demonstrating the diversity and distribution of
populations in the field (Murat etal., 2011, 2013).

THE ARBUSCULAR MYCORRHIZAL GLOMEROMYCETE Rhizophagus
irregularis

The third published mycorrhizal genome was that of R. irregularis
(Tisserant etal., 2013), an AM fungus differing profoundly from
the two ECM fungi in morphology and development. Being the
first sequenced Glomeromycota, R. irregularisis not Dikarya and is
even more phylogenetically remote from the other two fungi, with
the largest genome encoding the largest gene set. The genome
allowed cloning and characterization of a monosaccharide trans-
porter both specific to and required for the symbiosis (Helber
etal., 2011). Some signal transduction pathway genes, especially
tyrosine kinase-like genes, were expanded (Tisserant etal., 2013).
The CAZyme repertoire was more reduced than even that of L.
bicolor, and there was neither invertase nor sucrose transporter,
suggesting even greater dependence of the fungus on its host for
carbohydrate. Secondary metabolite gene clusters (polyketide syn-
thases, non-ribosomal peptide synthetases, terpene cyclases, and
dimethylallyl tryptophan synthetases) were absent, and the set of
predicted secreted effectors also appeared small (Lin etal., 2014).
The latter includes five proteins with a putative Crinkler domain
characteristic of the Heterokont Oomycota and Batrachochytrium
dendrobatidis but no other fungi, as well as 13 proteins similar
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to SP7, a R. irregularis effector protein previously cloned using
a secretion trap screen (Kloppholz etal., 2011). Transcriptomics
revealed a modest set of symbiosis-upregulated genes, including
lineage-specific MiSSPs (Tisserant etal., 2013).

Phylogenomics is helping to resolve a long-standing question
as to the placement of the Glomeromycota in the fungal tree of life,
given their deeply divergent life history and long paleontological
record. With the first Glomeromycota genome plus the genomes
of many other basal fungi, large numbers of orthologs are available
for concatenated multiple sequence alignment and tree building.
The most recent efforts point to closer relationship to Mucoromy-
cotina (the classical case of former “zygomycetes”) than to Dikarya,
and even closer relationship to Mortierellomycota (Tisserant etal.,
2013; Lin etal., 2014).

Cloning of potential meiosis genes and mating type loci in par-
tial genomes (genome survey sequences and transcript sequences
of multiple strains) suggest the possibility of a cryptic sexual
cycle (Tisserant etal., 2012; Halary etal., 2013; Riley etal., 2014).
However, the genome confirms that the genomic contexts of the
would-be mating loci are not similar to those of known sexual
fungi (Tisserant etal., 2013). In contrast, the genome demon-
strates low levels of polymorphism between genomic reads within
cells and even between nuclei, thus resolving the long-standing
ploidy controversy in favor of homokaryosis.

CONCLUSION

The first three sequenced genomes of mycorrhizal fungi were
groundbreaking. They revealed potential molecular mechanisms
underpinning these symbioses, and offered a first glimpse of the
evolution of the different types of mycorrhizae. The genome
of L. bicolor provided the first genetic blueprint of a mycor-
rhizal fungus, with its expansive genome and proteome. It also
enabled other —omics approaches and the identification of the
MiSSPs, a novel family of symbiosis effectors. The genome of
T. melanosporum provided the first comparison between 2 phy-
logenetically unrelated ECM fungi, contrasting the expanded
proteome of Laccaria with a compact proteome embedded in
the massively enlarged and repetitive genome of Tuber. Compar-
ative genomics did not reveal any universal “symbiosis genes,” but
did demonstrate convergence of genomic features such as lack of
PCWDE and secondary metabolite genes. The genome of R. irreg-
ularis provided the first opportunity to explore an AM fungus.
Despite its great evolutionary distance and morphological dis-
tinctiveness from the other two species, the Rhizophagus genome
showed similar reductions of PCWDEs and expansions of MiS-
SPs. Thus while the mycorrhizal symbiosis now appears unlikely
to be defined by a set of universal “symbiosis genes,” it may be
explained by convergent traits that independently and repeatedly
evolved. Validation of this conclusion requires a broader sam-
pling to mycorrhizal genomes to be sequenced and followed by
transcriptomics studies in established host-mycorrhizal laboratory
systems as well as metatranscriptomics of natural environments
(Figure 1).

ACKNOWLEDGMENTS
The work conducted by the United States Department of Energy
Joint Genome Institute, a DOE Office of Science User Facility, was

supported under Contract No. DE-AC02-05CH11231. This work
was supported by the Laboratory of Excellence ARBRE (ANR-11-
LABX-0002-01), the Région Lorraine and the Genomic Science
Program (project “Plant-Microbe Interactions”), United States
Department of Energy, Office of Science, Biological and Envi-
ronmental Research under the contract DE6 AC05-000R22725.

REFERENCES

AbDba, S., Khouja, H. R., Martino, E., Archer, D. B., and Perotto, S. (2009). SOD1-
targeted gene disruption in the ericoid mycorrhizal fungus Oidiodendron maius
reduces conidiation and the capacity for mycorrhization. Mol. Plant Microbe
Interact. 22, 1412-1421. doi: 10.1094/MPMI-22-11-1412

Akiyama, K., Matsuzaki, K., and Hayashi, H. (2005). Plant sesquiterpenes induce
hyphal branching in arbuscular mycorrhizal fungi. Nature 435, 824-827. doi:
10.1038/nature03608

Amicucci, A., Balestrini, R., Kohler, A., Barbieri, E., Saltarelli, R., Faccio,
A., etal. (2011). Hyphal and cytoskeleton polarization in Tuber melanospo-
rum: a genomic and cellular analysis. Fungal Genet. Biol. 48, 561-572. doi:
10.1016/j.fgb.2010.12.002

Balestrini, R,, Sillo, F.,, Kohler, A., Schneider, G., Faccio, A., Tisserant, E., etal.
(2012). Genome-wide analysis of cell wall-related genes in Tuber melanosporum.
Curr. Genet. 58, 165-177. doi: 10.1007/s00294-012-0374-6

Bolchi, A., Ruotolo, R., Marchini, G., Vurro, E., di Toppi, L. S., Kohler,
A., etal. (2011). Genome-wide inventory of metal homeostasis-related gene
products including a functional phytochelatin synthase in the hypogeous myc-
orrhizal fungus Tuber melanosporum. Fungal Genet. Biol. 48, 573-584. doi:
10.1016/j.fgb.2010.11.003

Ceccaroli, P., Buffalini, M., Saltarelli, R., Barbieri, E., Polidori, E., Ottonello, S., et al.
(2011). Genomic profiling of carbohydrate metabolism in the ectomycorrhizal
fungus Tuber melanosporum. New Phytol. 189, 751-764. doi: 10.1111/j.1469-
8137.2010.03520.x

Courty, P. E., Hoegger, P. ], Kilaru, S., Kohler, A., Buée, M., Garbaye, J., etal.
(2009). Phylogenetic analysis, genomic organization, and expression analysis of
multi-copper oxidases in the ectomycorrhizal basidiomycete Laccaria bicolor. New
Phytol. 182, 736-750. doi: 10.1111/j.1469-8137.2009.02774.x

Dearnaley, J. D. W., Martos, E, and Selosse, M.-A. (2012). “Orchid mycorrhizas:
molecular ecology, physiology, evolution and conservation aspects,” in Fungal
Associations, ed. B. Hock (Berlin: Springer), 207-230.

Deveau, A., Kohler, A., Frey-Klett, P., and Martin, E. (2008). The major pathways of
carbohydrate metabolism in the ectomycorrhizal basidiomycete Laccaria bicolor
S238N. New Phytol. 180, 379-390. doi: 10.1111/j.1469-8137.2008.02581.x

Dietz, S., von Biilow, J., Beitz, E., and Nehls, U. (2011). The aquaporin gene family
of the ectomycorrhizal fungus Laccaria bicolor: lessons for symbiotic functions.
New Phytol. 190, 927-940. doi: 10.1111/j.1469-8137.2011.03651.x

Duplessis, S., Courty, P. E,, Tagu, D., and Martin, E (2005). Transcript pat-
terns associated with ectomycorrhiza development in Eucalyptus globulus and
Pisolithus microcarpus. New Phytol. 165, 599—-611. doi: 10.1111/j.1469-8137.2004.
01248.x

Felten, J., Kohler, A., Morin, E., Bhalerao, R. P, Palme, K., Martin, E, etal. (2009).
The ectomycorrhizal fungus Laccaria bicolor stimulates lateral root formation in
poplar and Arabidopsis through auxin transport and signaling. Plant Physiol. 151,
1991-2005. doi: 10.1104/pp.109.147231

Floudas, D., Binder, M., Riley, R., Barry, K., Blanchette, R. A., Henrissat, B., etal.
(2012). The Paleozoic origin of enzymatic lignin decomposition reconstructed
from 31 fungal genomes. Science 336, 1715-1719. doi: 10.1126/science.1221748

Grimaldi, B., de Raaf, M. A., Filetici, P., Ottonello, S., and Ballario, P. (2005).
Agrobacterium-mediated gene transfer and enhanced green fluorescent protein
visualization in the mycorrhizal ascomycete Tuber borchii: a first step towards
truffle genetics. Curr. Genet. 48, 69-74. doi: 10.1007/500294-005-0579-z

Hacquard, S., Tisserant, E., Brun, A., Legué, V., Martin, F, and Kohler, A.
(2013). Laser microdissection and microarray analysis of Tuber melanosporum
ectomycorrhizas reveal functional heterogeneity between mantle and Hartig net
compartments. Environ. Microbiol. 5, 1853-1869. doi: 10.1111/1462-2920.12080

Halary, S., Daubois, L., Terrat, Y., Ellenberger, S., Wostemeyer, J., and Hijri, M.
(2013). Mating type gene homologues and putative sex pheromone-sensing path-
way in arbuscular mycorrhizal fungi, a presumably asexual plant root symbiont.
PL0oS ONE 19:e80729. doi: 10.1371/journal.pone.0080729

www.frontiersin.org

November 2014 | Volume 5 | Article 582 | 5


http://www.frontiersin.org/
http://www.frontiersin.org/Microbial_Symbioses/archive

Kuo etal.

Expanding genomics of mycorrhizal symbiosis

Hall, J. L. (2002). Cellular mechanisms for heavy metal detoxification and tolerance.
J. Exp. Bot. 53, 1-11. doi: 10.1093/jexbot/53.366.1

Hanif, M., Pardo, A. G., Gorfer, M., and Raudaskoski, M. (2002). T-DNA transfer
and integration in the ectomycorrhizal fungus Suillus bovinus using hygromycin B
as a selectable marker. Curr. Genet. 41, 183-188. doi: 10.1007/s00294-002-0297-8

Helber, N., and Requena, N. (2008). Expression of the fluorescence markers DsRed
and GFP fused to a nuclear localization signal in the arbuscular mycorrhizal
fungus Glomus intraradices. New Phytol. 177, 537-548.

Helber, N., Wippel, K., Sauer, N., Schaarschmidt, S., Hause, B., and Requena, N.
(2011). A versatile monosaccharide transporter that operates in the arbuscular
mycorrhizal fungus Glomus sp. is crucial for the symbiotic relationship with
plants. Plant Cell 23, 3812-3823. doi: 10.1105/tpc.111.089813

Jotti, M., Rubini, A., Tisserant, E., Kohler, A., Paolocci, F, and Zambonelli,
A. (2012). Self/nonself recognition in Tuber melanosporum is not mediated
by a heterokaryon incompatibility system. Fungal Biol. 116, 261-275. doi:
10.1016/j.funbio.2011.11.009

Islam, M. T., Mohamedali, A., Garg, G., Khan, J. M., Gorse, A. D., Parsons, J.,
etal. (2013). Unlocking the puzzling biology of the black Périgord truffle Tuber
melanosporum. J. Proteome Res. 12, 5349-5356. doi: 10.1021/pr400650c

Johansson, T., Le Quéré, A., Ahren, D., Séderstrom, B., Erlandsson, R., Lundeberg,
J.,etal. (2004). Transcriptional responses of Paxillus involutus and Betula pendula
during formation of ectomycorrhizal root tissue. Mol. Plant Microbe Interact. 17,
202-215. doi: 10.1094/MPMI.2004.17.2.202

Kemppainen, M., Circosta, A., Tagu, D., Martin, F,, and Pardo, A. G. (2005). Agrobac-
terium-mediated transformation of the ectomycorrhizal symbiont Laccaria
bicolor S238N. Mycorrhiza 16, 19-22. doi: 10.1007/s00572-005-0008-7

Kemppainen, M., Duplessis, S., Martin, E, and Pardo, A. G. (2009). RNA silencing
in the model mycorrhizal fungus Laccaria bicolor: gene knock-down of nitrate
reductase results in inhibition of symbiosis with Populus. Environ. Microbiol. 11,
1878-1896. doi: 10.1111/j.1462-2920.2009.01912.x

Kemppainen, M. J., and Pardo, A. G. (2013). LbNrt RNA silencing in the mycor-
rhizal symbiont Laccaria bicolor reveals a nitrate-independent regulatory role for
a eukaryotic NRT2-type nitrate transporter. Environ. Microbiol. Rep. 5, 353-366.
doi: 10.1111/1758-2229.12029

Kim, S. J., Zheng, J., Hiremath, S. T., and Podila, G. K. (1998). Cloning and charac-
terization of a symbiosis-related gene from an ectomycorrhizal fungus Laccaria
bicolor. Gene 222, 203-212. doi: 10.1016/S0378-1119(98)00483-1

Kloppholz, S., Kuhn, H., and Requena, N. (2011). A secreted fungal effector of
Glomus intraradices promotes symbiotic biotrophy. Curr. Biol. 21, 1204-1209.
doi: 10.1016/j.cub.2011.06.044

Labbé, J., Murat, C., Morin, E., Le Tacon, E, and Martin, E (2011). Survey and
analysis of simple sequence repeats in the Laccaria bicolor genome, with develop-
ment of microsatellite markers. Curr. Genet. 57, 75-88. doi: 10.1007/s00294-010-
0328-9

Labbé, J., Murat, C., Morin, E., Tuskan, G. A., Le Tacon, E, and Martin, E (2012).
Characterization of transposable elements in the ectomycorrhizal fungus Laccaria
bicolor. PLoS ONE 7:40197. doi: 10.1371/journal.pone.0040197

Lagrange, H., Jay-Allgmand, C., and Lapeyrie, F. (2001). Rutin, the phenol-
glycoside from Eucalyptus root exudates, stimulates Pisolithus hyphal growth
at picomolar concentrations. New Phytol. 149, 349-355. doi: 10.1046/j.1469-
8137.2001.00027.x

Lanfranco, L., and Young, J. P. (2012). Genetic and genomic glimpses of the elu-
sive arbuscular mycorrhizal fungi. Curr. Opin. Plant Biol. 15, 454-461. doi:
10.1016/j.pbi.2012.04.003

Larsen, P. E., Sreedasyam, A., Trivedi, G., Podila, G. K., Cseke, L. J., and Col-
lart, E R. (2011). Using next generation transcriptome sequencing to predict
an ectomycorrhizal metabolome. BMC Syst. Biol. 5:70. doi: 10.1186/1752-
0509-5-70

Larsen, P. E,, Trivedi, G., Sreedasyam, A., Lu, V., Podila, G. K., and Col-
lart, E. R. (2010). Using deep RNA sequencing for the structural annotation
of the Laccaria bicolor mycorrhizal transcriptome. PLoS ONE 5:¢9780. doi:
10.1371/journal.pone.0009780

Lin, K., Limpens, E., Zhang, Z., Ivanov, S., Saunders, D. G., Mu, D., etal.
(2014). Single nucleus genome sequencing reveals high similarity among nuclei
of an endomycorrhizal fungus. PLoS Genet. 10:¢1004078. doi: 10.1371/jour-
nal.pgen.1004078

Lopez, M. E, Dietz, S., Grunze, N., Bloschies, J., Weiss, M., and Nehls,
U. (2008). The sugar porter gene family of Laccaria bicolor: function in

ectomycorrhizal symbiosis and soil-growing hyphae. New Phytol. 180, 365-378.
doi: 10.1111/j.1469-8137.2008.02539.x

Lucic, E., Fourrey, C., Kohler, A., Martin, E, Chalot, M., and Brun-Jacob, A. (2008).
A gene repertoire for nitrogen transporters in Laccaria bicolor. New Phytol. 180,
343-364. doi: 10.1111/j.1469-8137.2008.02580.x

Maillet, E, Poinsot, V., André, O., Puech-Pages, V., Haouy, A., Gueunier, M.,
etal. (2011). Fungal lipochitooligosaccharide symbiotic signals in arbuscular
mycorrhiza. Nature 469, 58—63. doi: 10.1038/nature09622

Marmeisse, R., Gay, G., Debaud, J. C., and Casselton, L. A. (1992). Genetic transfor-
mation of the symbiotic basidiomycete fungus Hebeloma cylindrosporum. Curr.
Genet. 22,41-45. doi: 10.1007/BF00351740

Martin, E,, Aerts, A., Ahrén, D., Brun, A., Danchin, E. G., Duchaussoy, E,, et al. (2008).
The genome of Laccaria bicolor provides insights into mycorrhizal symbiosis.
Nature 452, 88-92. doi: 10.1038/nature06556

Martin, E, Kohler, A., Murat, C., Balestrini, R., Coutinho, P. M., Jaillon, O.,
etal. (2010). Périgord black truffle genome uncovers evolutionary origins and
mechanisms of symbiosis. Nature 464, 1033-1038. doi: 10.1038/nature08867

Martin, F, and Nehls, U. (2009). Harnessing ectomycorrhizal genomics for ecolog-
ical insights. Curr. Opin. Plant Biol. 12, 508-515. doi: 10. 1016/j.pbi.2009.05.007

Martin, E, and Selosse, M. A. (2008). The Laccaria genome: a symbiont blueprint
decoded. New Phytol. 180, 296-310. doi: 10.1111/j.1469-8137.2008.02613.x

Martino, E., Murat, C., Vallino, M., Bena, A., Perotto, S., and Spanu, P. (2007).
Imaging mycorrhizal fungal transformants that express EGFP during ericoid
endosymbiosis. Curr. Genet. 52, 65-75. doi: 10.1007/s00294-007-0139-9

Montanini, B., Levati, E., Bolchi, A., Kohler, A., Morin, E., Tisserant, E., et al. (2011).
Genome-wide search and functional identification of transcription factors in
the mycorrhizal fungus Tuber melanosporum. New Phytol. 189, 736-750. doi:
10.1111/j.1469-8137.2010.03525.x

Morel, M., Kohler, A., Martin, E,, Gelhaye, E., and Rouhier, N. (2008). Comparison of
the thiol-dependent antioxidant systems in the ectomycorrhizal Laccaria bicolor
and the saprotrophic Phanerochaete chrysosporium. New Phytol. 180, 391-407.
doi: 10.1111/;.1469-8137.2008.02498.x

Murat, C., Riccioni, C., Belfiori, B., Cichocki, N., Labbé, J., Morin, E., etal.
(2011). Distribution and localization of microsatellites in the Perigord black truf-
fle genome and identification of new molecular markers. Fungal Genet. Biol. 48,
592-601. doi: 10.1016/j.fgb.2010.10.007

Murat, C., Rubini, A., Riccioni, C., De la Varga, H., Akroume, E., Belfiori, B., etal.
(2013). Fine-scale spatial genetic structure of the black truffle (Tuber melanospo-
rum) investigated with neutral microsatellites and functional mating type genes.
New Phytol. 199, 176-187. doi: 10.1111/nph.12264

Nehls, U., Béguiristain, T., Ditengou, E, Lapeyrie, E, and Martin, F. (1998).
The expression of a symbiosis-regulated gene in eucalypt roots is regulated
by auxins and hypaphorine, the tryptophan betaine of the ectomycorrhizal
basidiomycete Pisolithus tinctorius. Planta 207, 296-302. doi: 10.1007/s0042500
50486

Niculita-Hirzel, H., Labbé, J., Kohler, A., le Tacon, E., Martin, E, Sanders, I. R., etal.
(2008). Gene organization of the mating type regions in the ectomycorrhizal
fungus Laccaria bicolor reveals distinct evolution between the two mating type
loci. New Phytol. 180, 329-342. doi: 10.1111/j.1469-8137.2008.02525.x

Pardo, A. G., Kemppainen, M., Valdemoros, D., Duplessis, S., Martin, E.,, and Tagu, D.
(2005). T-DNA transfer from Agrobacterium tumefaciens to the ectomycorrhizal
fungus Pisolithus microcarpus. Rev. Argent Microbiol. 37, 69-72.

Plett, J. M., Daguerre, Y., Wittulsky, S., Vayssieres, A., Deveau, A., Melton, S. J., etal.
(2014). The effector MiSSP7 of the mutualistic fungus Laccaria bicolor stabilizes
the Populus JAZ6 protein and represses JA-responsive genes. Proc. Natl. Acad. Sci.
U.S.A. 111, 8299-8304. doi: 10.1073/pnas.1322671111

Plett, J. M., Gibon, J., Kohler, A., Duffy, K., Hoegger, P. ]., Velagapudi, R., et al. (2012).
Phylogenetic, genomic organization and expression analysis of hydrophobin
genes in the ectomycorrhizal basidiomycete Laccaria bicolor. Fungal Genet. Biol.
49, 199-209. doi: 10.1016/j.fgb.2012.01.002

Plett, J. M., Kemppainen, M., Kale, S. D., Kohler, A., Legué, V., Brun, A, etal.
(2011). A secreted effector protein of Laccaria bicolor is required for symbiosis
development. Curr. Biol. 21, 1197-1203. doi: 10.1016/j.cub.2011.05.033

Plett, J. M., and Martin, E (2011). Blurred boundaries: lifestyle lessons from ectomy-
corrhizal fungal genomes. Trends Genet. 27, 14-22. doi: 10. 1016/j.tig.2010.10.005

Plett, J. M., and Martin, F. (2012). Poplar root exudates contain compounds that
induce the expression of MiSSP7 in Laccaria bicolor. Plant Signal. Behav. 7, 12—15.
doi: 10.4161/psb.7.1.18357

Frontiers in Microbiology | Microbial Symbioses

November 2014 | Volume 5 | Article 582 | 6


http://www.frontiersin.org/Microbial_Symbioses/
http://www.frontiersin.org/Microbial_Symbioses/archive

Kuo etal.

Expanding genomics of mycorrhizal symbiosis

Rajashekar, B., Kohler, A., Johansson, T., Martin, E, Tunlid, A., and Ahrén, D. (2009).
Expansion of signal pathways in the ectomycorrhizal fungus Laccaria bicolor-
evolution of nucleotide sequences and expression patterns in families of protein
kinases and RAS small GTPases. New Phytol. 183, 365-379. doi: 10.1111/j.1469-
8137.2009.02860.x

Read, D. J., and Perez-Moreno, J. (2003). Mycorrhizas and nutrient cycling in
ecosystems — a journey towards relevance? New Phytol. 157, 475-492. doi:
10.1046/j.1469-8137.2003.00704.x

Reich, M., Gobel, C., Kohler, A., Buée, M., Martin, E, Feussner, I, et al. (2009). Fatty
acid metabolism in the ectomycorrhizal fungus Laccaria bicolor. New Phytol. 182,
950-964. doi: 10.1111/j.1469-8137.2009.02819.x

Riley, R., Charron, P., Idnurm, A., Farinelli, L., Dalpé, Y., Martin, E, etal. (2014).
Extreme diversification of the mating type-high-mobility group (MATA-HMG)
gene family in a plant-associated arbuscular mycorrhizal fungus. New Phytol. 201,
254-268. doi: 10.1111/nph.12462

Rubini, A., Belfiori, B., Riccioni, C., Arcioni, S., Martin, F, and Paolocci, F.
(2011a). Tuber melanosporum: mating type distribution in a natural plantation
and dynamics of strains of different mating types on the roots of nursery-
inoculated host plants. New Phytol. 189, 723-735. doi: 10.1111/j.1469-8137.2010.
03493.x

Rubini, A., Belfiori, B., Riccioni, C., Tisserant, E., Arcioni, S., Martin, E,
etal. (2011Db). Isolation and characterization of MAT genes in the symbiotic
ascomycete Tuber melanosporum. New Phytol. 189, 710-722. doi: 10.1111/j.1469-
8137.2010.03492.x

Ryberg, M., and Matheny, P. B. (2012). Asynchronous origins of ectomycorrhizal
clades of Agaricales. Proc. Biol. Sci. 279, 2003-2011. doi: 10.1098/rspb.2011.
2428

Sillo, E, Gissi, C., Chignoli, D., Ragni, E., Popolo, L., and Balestrini, R. (2013).
Expression and phylogenetic analyses of the Gel/Gas proteins of Tuber melanospo-
rum provide insights into the function and evolution of glucan remodeling
enzymes in fungi. Fungal Genet. Biol. 53, 10-21. doi: 10.1016/j.fgb.2013.
01.010

Splivallo, R., Fischer, U., Gobel, C., Feussner, L., and Karlovsky, P. (2009). Truffles
regulate plant root morphogenesis via the production of auxin and ethylene.
Plant Physiol. 150, 2018-2029. doi: 10.1104/pp.109.141325

Tamasloukht, M., Séjalon-Delmas, N., Kluever, A., Jauneau, A., Roux, C., Bécard,
G., etal. (2003). Root factors induce mitochondrial-related gene expression and
fungal respiration during the developmental switch from asymbiosis to presym-
biosis in the arbuscular mycorrhizal fungus Gigaspora rosea. Plant Physiol. 131,
1468-1478. doi: 10.1104/pp.012898

Tedersoo, L., May, T. W., and Smith, M. E. (2010). Ectomycorrhizal lifestyle in fungi:
global diversity, distribution, and evolution of phylogenetic lineages. Mycorrhiza
20, 217-263. doi: 10.1007/s00572-009-0274-x

Tisserant, E., Da Silva, C., Kohler, A., Morin, E., Wincker, P, and Mar-
tin, E (2011). Deep RNA sequencing improved the structural annotation
of the Tuber melanosporum transcriptome. New Phytol. 189, 883-891. doi:
10.1111/j.1469-8137.2010.03597.x

Tisserant, E., Kohler, A., Dozolme-Seddas, P., Balestrini, R., Benabdellah, K., Colard,
A, etal. (2012). The transcriptome of the arbuscular mycorrhizal fungus Glomus
intraradices (DAOM 197198) reveals functional tradeoffs in an obligate symbiont.
New Phytol. 193, 755-769. doi: 10.1111/j.1469-8137.2011.03948.x

Tisserant, E., Malbreil, M., Kuo, A., Kohler, A., Symeonidi, A., Balestrini, R., etal.
(2013). Genome of an arbuscular mycorrhizal fungus provides insight into the
oldest plant symbiosis. Proc. Natl. Acad. Sci. U.S.A. 110, 20117-20122. doi:
10.1073/pnas.1313452110

Vincent, D., Kohler, A., Claverol, S., Solier, E., Joets, J., Gibon, J., etal. (2012).
Secretome of the free-living mycelium from the ectomycorrhizal basidiomycete
Laccaria bicolor. J. Proteome Res. 11, 157-171. doi: 10.1021/pr200895f

Voiblet, C., Duplessis, S., Encelot, N., and Martin, F. (2001). Identification of
symbiosis-regulated genes in Eucalyptus globulus—Pisolithus tinctorius ectomyc-
orrhiza by differential hybridization of arrayed cDNAs. Plant J. 25, 181-191. doi:
10.1046/j.1365-313x.2001.00953.x

Wolfe, B. E., Tulloss, R. E., and Pringle, A. (2012). The irreversible loss of a decom-
position pathway marks the single origin of an ectomycorrhizal symbiosis. PLoS
ONE 7:¢39597. doi: 10.1371/journal.pone.0039597

Zampieri, E., Balestrini, R., Kohler, A., Abba, S., Martin, F, and Bonfante, P.
(2011). The Perigord black truffle responds to cold temperature with an extensive
reprogramming of its transcriptional activity. Fungal Genet. Biol. 48, 585-591.
doi: 10.1016/j.fgb.2010.09.007

Zarivi, O., Bonfigli, A., Colafarina, S., Aimola, P, Ragnelli, A. M., Miranda, M., etal.
(2013). Transcriptional, biochemical and histochemical investigation on laccase
expression during Tuber melanosporum Vittad. development. Phytochemistry 87,
23-29. doi: 10.1016/j.phytochem.2012.11.019

Zarivi, O., Bonfigli, A., Colafarina, S., Aimola, P.,, Ragnelli, A. M., Pacioni, G.,
etal. (2011). Tyrosinase expression during black truffle development: from
free living mycelium to ripe fruit body. Phytochemistry 72, 2317-2324. doi:
10.1016/j.phytochem.2011.08.025

Conflict of Interest Statement: The authors declare that the research was conducted
in the absence of any commercial or financial relationships that could be construed
as a potential conflict of interest.

Received: 01 May 2014; accepted: 15 October 2014; published online: 04 November
2014.

Citation: Kuo A, Kohler A, Martin FM and Grigoriev IV (2014) Expanding genomics
of mycorrhizal symbiosis. Front. Microbiol. 5:582. doi: 10.3389/fmicb.2014.00582
This article was submitted to Microbial Symbioses, a section of the journal Frontiers in
Microbiology.

Copyright © 2014 Kuo, Kohler, Martin and Grigoriev. This is an open-access article
distributed under the terms of the Creative Commons Attribution License (CC BY). The
use, distribution or reproduction in other forums is permitted, provided the original
author(s) or licensor are credited and that the original publication in this journal s cited,
in accordance with accepted academic practice. No use, distribution or reproduction is
permitted which does not comply with these terms.

www.frontiersin.org

November 2014 | Volume 5 | Article 582 | 7


http://dx.doi.org/10.3389/fmicb.2014.00582
http://creativecommons.org/licenses/by/4.0/
http://www.frontiersin.org/
http://www.frontiersin.org/Microbial_Symbioses/archive

	Expanding genomics of mycorrhizal symbiosis
	Introduction
	The ectomycorrhizal basidiomycete Laccaria bicolor
	The ectomycorrhizal ascomycete Tuber melanosporum
	The arbuscular mycorrhizal glomeromycete Rhizophagus irregularis

	Conclusion
	Acknowledgments
	References


