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Summary

Ectomycorrhizal (ECM) symbioses are among the most widespread associations between roots

ofwoodyplants and soil fungi in forest ecosystems. These associations contribute significantly to

the sustainability and sustainagility of these ecosystems through nutrient cycling and carbon

sequestration. Unfortunately, the molecular mechanisms controlling the mutual recognition

between both partners are still poorly understood. Elegant work has demonstrated that effector

proteins from ECM and arbuscular mycorrhizal (AM) fungi regulate host defenses by

manipulating plant hormonal pathways. In parallel, genetic and evolutionary studies in legumes

showed that a ‘common symbiosis pathway’ is required for the establishment of the ancient AM

symbiosis and has been recruited for the rhizobia–legume association. Given that genes of this

pathway are present in many angiosperm trees that develop ectomycorrhizas, we propose their

potential involvement in some but not all ECM associations. The maintenance of a successful

long-term relationship seems strongly regulated by resource allocation between symbiotic

partners, suggesting that nutrients themselvesmay serve as signals. This review summarizes our

current knowledge on the early and late signal exchanges between woody plants and ECM

fungi, and we suggest future directions for decoding the molecular basis of the underground

dance between trees and their favorite fungal partners.

Introduction

Mycorrhizal symbioses are ubiquitous associations occurring
between soil fungi and the root system of most terrestrial plants.
Although seven types of mycorrhizal associations have been
identified, primarily two types, ectomycorrhizal (ECM) and
arbuscularmycorrhizal (AM), have been studied extensively, owing
to their ecological and economic importance as well as their
phylogenic distribution and the number of plant and fungal species
involved (Smith&Read, 2008; van derHeijden et al., 2015). ECM
fungi colonize preferentially woody plants, whereas AM fungi
associate with the vast majority of land plants, including most
agricultural crops. The development of mycorrhizal symbioses is
controlled by various developmental and environmental factors
(Smith & Read, 2008). Although the molecular crosstalk resulting
in AM associations is being studied extensively, the mutual

recognition events and long-term maintenance factors controlling
ECM symbioses remain largely unknown (Venkateshwaran et al.,
2013). In ECM and AM associations, both partners benefit from
the bidirectional transfer of nutrients. Typically, host plants
provide a carbon (C) source and fungi improve the uptake of water,
macronutrients (nitrogen (N), phosphorus (P), and potassium
(K)), and micronutrients (Casieri et al., 2013). Recent studies
suggest that the control of these nutrient fluxes might play a key
regulatory role in the maintenance of AM associations (Carbonnel
& Gutjahr, 2014). Here we review advances and gaps in our
understanding of regulatory mechanisms controlling the initiation
and maintenance of ECM associations. We also propose new
hypotheses, including the putative involvement of the common
symbiosis pathway in the establishment of some but not all ECM
associations, as well as the role of nutrient fluxes as signals for the
long-term maintenance of these symbiotic associations.
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Signaling events in ECM associations

The response of mycorrhizal fungi to plant root exudates

The first steps in the dance between host plants and mycorrhizal
fungi start with the recognition of signalmolecules released by both
partners. Plants exude many primary and secondary metabolites in
the rhizosphere, including sugars, hormones and enzymes that
affect the rootmicrobiome. In ECMassociations, the effect of these
root exudates on the growth of ECM fungi was first described in the
1950s (Melin, 1954; Fig. 1a). Later, Fries et al. (1987) observed the
germination of Suillus spp. spores in response to abietic acid present
in root exudates of Pinus sylvestris. The first report of a plant
flavonoid acting as a signal molecule in ECM association was
reported in the Eucalyptus globulus spp. bicostata–Pisolithus spp.
interaction (Lagrange et al., 2001). In this study, rutin secreted by
the host plant enhances the hyphal growth of two Pisolithus strains
collected under Eucalyptus trees, suggesting a role of flavonoids in
ECM symbiosis specificity. Later, rutin was found in the root
exudates of many plants and its effect on hyphal growth was
described in several pathogenic fungi (Kalinova & Radova, 2009).
These results highlight the important role of this plant metabolite
in the regulation of the rhizosphere fungal community, but also a
lack of specificity for symbiotic associations. Kikuchi et al. (2007)
demonstrated that seven flavonoids found in Pinus densiflora root
exudates strongly stimulate spore germination of the ECM fungus
Suillus bovinus. Interestingly, two plant flavonoids trigger the
expression of a fungal effector protein in Laccaria bicolor (Plett &
Martin, 2012; see later in this paper). Flavonoids were also shown
to stimulate branching, growth, and spore production of AM fungi
and to increase the degrees of colonization of AM fungi, but their
role remains unclear (reviewed in Abdel-Lateif et al., 2012).

Similarly, the growth stimulation of AM fungi by root exudates
has been known for several decades (Mosse & Hepper, 1975).
However, the active ‘branching factors’ that trigger spore germi-
nation and hyphal branching of AM fungi have been identified only
recently as strigolactones (Akiyama et al., 2005). Strigolactone
biosynthesis requires two enzymes involved in carotenoid cleavage,

CCD7 andCCD8. Although strigolactones have not been detected
in gymnosperms thus far, both their presence in all land plants
investigated, including the earliest diverging ones, and the finding
of CCD7 and CCD8 orthologs in available genomes and
transcriptomes of gymnosperms strongly suggest their presence

(a)

(b)

(c)

Fig. 1 Signaling and regulation of ectomycorrhizal (ECM) symbiosis
development and function. (a) The first recognition steps between plant
roots andpresymbiotic ECMfungi involvea chemical dialogue, todowith the
release of flavonoids and hormones. The involvement of fungal
lipochitooligosaccharides (LCOs), chitooligosaccharides (COs) and small-
secreted proteins (SSPs) in the early stages of the ECM interaction remains
unknown to date. Similarly, the common symbiosis pathway could be
involved in some types of ECM association. (b) In the Laccaria bicolor–
Populus trichocarpa interaction, the formation of the Hartig net is regulated
by the fungal effector LbMiSSP7. The expression of LbMiSSP7 is induced by
two plant flavonoids (rutin and quercitrin). Upon expression, LbMiSSP7 is
exported from the fungus and imported into the nucleus of the plant cell
where it interacts with the protein PtJAZ6. This interaction prevents the
formation of the PtJAZ6–PtCOI1 complex and protects PtJAZ6 from
degradation induced by jasmonic acid (JA). (c) In order to maintain a long-
term cooperative relationship, nutrient allocation fromboth plant and fungal
partners needs to be finely regulated in mature ectomycorrhizas. Thus,
regulatory checkpoints requiring transcriptional, post-transcriptional, and
translational regulations of transport systems are needed for resource
acquisition from soil and nutrient transfers between partners.
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in these lineages (Delaux et al., 2012; Fig. 2). The absence of a
CCD8 ortholog in Pinus massoniana is probably the result of the
low transcriptomic coverage for this species.

When a synthetic strigolactone analog (GR24) was applied to
various soilborne fungi, including four ECM fungi, no growth
response was observed (Steinkellner et al., 2007). Despite these
negative results, the involvement of strigolactones in ECM
symbiosis cannot be ruled out. More than a developmental
response, strigolactones could activate symbiotic pathways and the
production of signals such as effectors or chitin-derived signals
(Genre et al., 2013). Generation of ccd7 and ccd8 knockout or
knockdown tree lines should allow a direct investigation of this
hypothesis. Beyond strigolactones, the role of plant hormones in
the early stages of ECM associations remains elusive. Various roles
have been proposed for other phytohormones, such as auxins, that
are known to stimulate hyphal branching of ECM fungi (Debaud
&Gay, 1987). Auxin is produced by both plant and fungal partners
and seems to play an early role in the control of root development
before fungal colonization (Felten et al., 2010). Cytokinins were
described as stimulators of hyphal development in Suillus variegatus
(Gogala, 1991). At later stages, treatment of ECM poplar roots
with ethylene and jasmonic acid prevented fungal colonization,
while salicylic acid treatment did not. (Plett et al., 2014a). Again,
reverse genetic approaches may help to evaluate the importance of
phytohormones in the initiation of ECM associations.

Independent recruitment of the common symbiosis pathway
in ECM associations

In AM associations, the fungus participates in the molecular
dialogue with the plant by releasing a mixture of signaling

molecules, including lipochitooligosaccharides and short chitool-
igosaccharides (Maillet et al., 2011; Genre et al., 2013). To date,
there is no evidence that such molecules are also produced by
ECM fungi. However, in order to allow cell wall plasticity, fungi
produce several chitinases and glucanases. It seems likely that all
fungi are able to release chitooligosaccharides as a by-product of
cell wall remodeling (Adams, 2004). In addition, ECM fungi
constitutively secrete chitin-derived molecules into their environ-
ment. Amanita muscaria and Hebeloma crustuliniforme release
elicitors triggering defense reactions in the host plant Picea abies
(Sauter & Hager, 1989; Salzer et al., 1997). These elicitors may
constitute one of the first steps in a molecular dialogue in ECM
association. Interestingly, similar microbe-associated molecular
patterns (MAMPs) are also required in the early steps of the
rhizobia–legume symbiosis (Luo & Lu, 2014). Lipochitooligo-
saccharides from AM fungi are similar to those produced by
rhizobia (referred to as Nod factors) (Maillet et al., 2011). The
backbone of lipochitooligosaccharides is synthesized by three nod
genes present in most rhizobia: a chitin synthase (nodC), a chitin
deacetylase (nodB), and an acyltransferase (nodA). In genomic
databases for two ECM fungi, L. bicolor and Tuber melanosporum,
many potential homologs of nodA/B/C genes can be found
(Table 1;Martin et al., 2008, 2010). As mentioned previously, it is
possible that such enzymes are produced by fungi to allow cell wall
remodeling. Biochemical screening of ECM exudates and genetic
analyses will be needed to unravel the possible role of these
enzymes and chitin-derived molecules in ECM associations.
Although the ability of fungi to form ECM association arose at
least 80 times independently in the Basidiomycota clade, the strict
specificity of this symbiosis is very rare (Tedersoo & Smith, 2013).
We can assume that plant and fungal signals may be widely
distributed or easy to acquire through convergent evolution.

In the model legume Medicago truncatula, the perception and
transduction of chitooligosaccharides and lipochitooligosaccha-
rides produced by AM fungi and rhizobia require a set of genes
often referred to as the ‘common symbiosis pathway’. Several
LysM-receptor-like kinases are required to perceive these signals.
Then, a series of signal transduction proteins, including a leucine-
rich repeat receptor-like kinase (DMI2), which serves as a

Fig. 2 Loss of the common symbiosis pathway genes in Pinaceae. Most of
the common symbiosis pathway genes are not detected in the genomes and
transcriptomes of ectomycorrhizal (ECM)-specific species belonging to the
Pinaceae clade, except for the transcription factor RAM2 identified in both
thePicea abies andPinus taedagenomes.CCD7andCCD8genes coding for
enzymes involved in strigolactone production are also detected in these
Coniferae genomes. The absence of CCD7, CCD8 and RAM2 genes in the
Pinusmassoniana transcriptomedoesnotmean that this gene is absent in the
genome of this species. Check marks indicate the presence or absence of a
gene or behavior trait. AM, arbuscular mycorrhiza.

Table 1 Putative fungalnodA/B/C-like genes of the ectomycorrhizal (ECM)
fungi Laccaria bicolor and Tuber melanosporum

Gene annotation L. bicolora T. melanosporumb

Chitin synthase (nodC-like) 22 11
Chitin deacetylase (nodB-like) 21 14
Acyltransferase (nodA-like) 110 81

Several fungal genes putatively involved in chitin synthase (nodC-like),
deacetylase (nodB-like), and acyltransferase (nodA-like) activity are anno-
tated in the genomes of Laccaria bicolor and Tuber melanosporum

genomes. Although the presence of ECM-lipochitooligosaccharides and
chitooligosaccharides has yet to be determined, these genesmay participate
in the synthesis of such fungal chitin oligomers.
ahttp://genome.jgi-psf.org/Lacbi2/Lacbi2.home.html
bhttp://genome.jgi.doe.gov/Tubme1/Tubme1.home.html
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coreceptor, two nuclear ion channels (CASTOR and POLLUX), a
calcium- and calmodulin-dependent protein kinase (DMI3), and
at least one transcription factor (IPD3), are required for the
activation of the plant symbiotic program. Downstream, a GRAS
transcription factor (RAM1) and a glycerol-3-phosphate acyl
transferase (RAM2) allow the establishment of AM symbiosis
(reviewed in Venkateshwaran et al., 2013). Genes encoding these
proteins are highly conserved in angiosperm and gymnosperm
species that form AM, and, for some of them, ECM associations
(Fig. 2). Recently, Delaux et al. (2014) demonstrated that the loss
of these genes in several lineages is consistently correlated with the
loss of AM symbiosis. Interestingly, with the exception of RAM2,
these symbiosis-specific genes cannot be detected in available
genomes and transcriptomes of plant species in the Pinaceae family.
Although the potential AM colonization of such species was
proposed (Wagg et al., 2008), the lack of arbuscule observations
combined with the absence of most or all of the genes in the
common symbiosis pathway suggests that Pinaceae trees cannot
form a bona fide AM symbiosis. These observations cannot exclude
the possibility that some amount of nutrient exchanges between the
partners will occur. This finding strongly supports the idea that
ECM symbiosis in Pinaceae does not rely on the common
symbiosis pathway. ECM evolved independently in many other
gymnosperm and angiosperm lineages and some ECM fungi
associate to host plants within and outside the Pinaceae (Church-
land&Grayston, 2014). Thus, it is possible that, in some lineages,
the common symbiosis pathway was recruited to allow ECM
symbioses (Fig. 1a). One could hypothesize that ECM fungi
colonizing both Pinaceae and nonPinaceae trees would produce
lipochitooligosaccharides, whereas Pinaceae-specific colonizers
would not. ECM fungi able to colonize both clades of trees could
potentially up- or down-regulate the biosynthesis of lipochitool-
igosaccharides, depending on the host with which it associates. An
extensive biochemical survey of ECM fungal exudates coupledwith
massive sequencing of a large array of ECM trees should provide
more insights into these mechanisms. At the same time, we cannot
exclude the possibility that other signals (chemical or not) produced
by ECM fungi will activate the common symbiosis pathway. There
is strong evidence, for instance, that the common symbiosis
pathway is involved in the transduction of mechanical signals
produced by appressoria of AM fungi (reviewed in Jayaraman et al.,
2014). Even if they do not form appressoria, it seems possible that
ECM fungi might also apply mechanical forces to host cells.
Ultimately, knocking down or knocking out genes of the common
symbiosis pathway in ECM host trees will provide the most
definitive answer regarding their putative involvement in ECM
associations. In addition to the common symbiosis pathway, it is
worth mentioning the presence of RAM2 in all the species
examined, including those in the Pinaceae, thus suggesting its
possible role in ECM symbiosis (Fig. 2). In AM associations,
RAM2 catalyzes the synthesis of cutinmonomers that are perceived
by the fungus, leading to the formation of penetration structures.
Therefore, cutin monomers could be applied on ECM fungi to test
their potential role during fungal colonization, as was shown for the
colonization by some oomycetes (Wang et al., 2012).

The central role of fungal effectors in ECM associations

Plants share their environment with many microbes and are
constantly interacting with fungal, bacterial, and viral pathogens.
Many of these pathogens secrete cocktails of effector proteins in
order to counteract plant defenses, including the jasmonic acid,
ethylene, and salicylic acid pathways. The manipulation of plant
immunity allows efficient colonization, rapid growth, and prop-
agation of the pathogen into host tissues (reviewed in Win et al.,
2012). During host colonization, many effectors encoded for by
multiple genes are produced by the AM fungus Rhizophagus
irregularis and the ECM fungus L. bicolor (Martin et al., 2008;
Tisserant et al., 2013). Just like effectors produced by pathogens,
small secreted peptides produced by mycorrhizal fungi target host
defense mechanisms. The effector SECRETED PROTEIN 7
(SP7) from R. irregularis is secreted by the AM fungus into plant
cells where it interacts with a nuclear ethylene-responsive tran-
scription factor (ERF19) and keeps plant defense reactions under
control (Kloppholz et al., 2011). During the ECM interaction
between L. bicolor and P. trichocarpa, the expression of MYCOR-
RHIZAL iNDUCED SMALL SECRETED PROTEIN 7
(MiSSP7) is induced by two flavonoids produced by the plant
(Plett & Martin, 2012; Fig. 1b). MiSSP7 is imported to the plant
nucleuswhere it interactswith the JASMONATEZIM-DOMAIN
6 (PtJAZ6) protein (Plett et al., 2011, 2014b). The fairly high
concentrations of flavonoids used in this study make it difficult to
conclude that they are the genuine signals triggering the expression
of MiSSP7 in natural conditions, but the role of MiSSP7 in the
control of plant defense reactions was very nicely demonstrated.
The degradation of PtJAZ6 mediated by its interaction with the
CORONATINE-INSENSITIVE 1 (PtCOI1) protein in response
to jasmonic acid triggers plant immune responses. By decreasing
the formation of PtJAZ6–PtCOI1 complex and preventing the
jasmonic acid-dependent degradation of PtJAZ6, the MiSSP7–
PtJAZ6 interaction reduces the plant immune response (Fig. 1b).
Given that jasmonic acid is a negative regulator of ECM
associations, counteracting this plant defense pathway allows
hyphal development into the plant root and ultimately the
formation of the Hartig net. Owing to cell autonomous action of
effectors, their effect is very local, thus avoiding a systemic
alteration of jasmonic acid-dependent plant defenses. Once the
Hartig net is formed, the ECMsymbiosis becomes functional (Plett
et al., 2011). In addition to establishment, we can hypothesize that
MiSSPs are also excreted in mature ectomycorrhizas to keep plant
defense reactions under control and maintain a long-term mutu-
alistic association (Fig. 1a). Surprisingly, no such fungal effectors
were found in the ectomycorrhiza-regulated transcript of
T. melanosporum, reinforcing the view that the term ‘ECM
associations’ encompasses a wide range of symbioses that are
established and maintained through very different mechanisms
(Martin et al., 2010). The recent release of many ECM fungal
genomes, together with the rapid increase of genetically trans-
formable fungal species, will allow further studies to decipher the
role of ECM effectors in a more comprehensive manner (Kohler
et al., 2015).
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Nutrients as regulators of ECM symbiosis

The nutrient marketplace of mycorrhizal symbiosis

Nutrient dynamics in AM symbioses were recently proposed to
follow a ‘reciprocal reward’ system governing resource allocation
between host plants and AM fungi (Hammer et al., 2011; Kiers
et al., 2011). This fine balance may be necessary for a long-term
mutualistic association in AM symbiosis. In multi-compartment
experiments using one plant and one fungal species, AM fungi
providing the greater amount of P or N to the host plant were
rewarded with more C, and, reciprocally, plants providing more C
received more nutrients (Kiers et al., 2011; Fellbaum et al., 2012).
The first molecular mechanisms controlling these nutrient dynam-
ics have been identified recently through genetic studies. An AM-
induced P transporter from M. truncatula, MtPT4, was up-
regulated in response to C allocation from the host plant (Harrison
et al., 2002; Fellbaum et al., 2014). The corresponding mtpt4
mutants displayed a premature degeneration of fungal arbuscules,
indicating that P delivery from the fungus is crucial for the
maintenance of AM symbiosis inM. truncatula (Javot et al., 2007).
Given that root-organ cultures were used in these initial studies and
that such an experimental system may affect sink/source feedback
loops between the two partners (Kiers et al., 2011; Olsson et al.,
2014), other authors used entire plants to conduct similar
experiments. Although these reciprocal rewards can act as a
regulatory mechanism for avoiding cheaters and less cooperative
partners, Walder et al. (2012) demonstrated that unequal trades
occur in a mixed-culture experiment using both flax and sorghum
(C3 and C4 plants, respectively) colonized by the same AM fungus.
C4 plants possess a more efficient photosynthetic machinery than
C3 plants; thus, sorghum could transfer a larger amount of C to the
fungus than flax, partially explaining the observed phenotype.
Another recent study contested this mutual rewards hypothesis as a
general principle and showed that, when mycorrhizal wheat plants
are shaded, fungal P allocation is not dependent on host C
availability (Stonor et al., 2014). We cannot exclude the possibility
that, in some experimental conditions, rewardmechanisms involve
other nutrients or benefits that may be sufficient to stabilize the
mutualism. Other authors showed that shading M. truncatula or
Allium vineale host plants affects C and P allocation but not the
colonization rate during AM associations (Fellbaum et al., 2014;
Zheng et al., 2015). Altogether these studies suggest that reciprocal
rewards in AM symbiosis are not always observed in natural
ecosystems. Nutrient dynamics may be affected by growth
conditions but also the genetic, developmental, or physiological
status of the organisms involved. Finally, the existence of
mycoheterotrophic plants that are nonchlorophyllic species receiv-
ing both P and C from mycorrhizal fungi illustrates that
coevolution can lead to breaching of the barriers built against
nonrewarding partners (Selosse & Rousset, 2011; Smith & Smith,
2015).

In ECM associations, no reciprocal rewards between fungi and
host trees have been reported so far. Nevertheless, it can be assumed
that nutrient markets occurring in ECM symbioses might depend
on the degree of specificity between hosts and mycorrhizal

symbionts (Bruns et al., 2002). The vast majority of trees growing
in temperate and boreal forests are associated with dozens of ECM
fungi at the same time. However, the degree of host specificity is
highly variable between fungal lineages, and strict host specificity is
rare (Churchland & Grayston, 2014). Moreover, some trees, such
as poplars, can interact with both AM and ECM fungi (Loth-
Pereda et al., 2011). As a consequence, the allocation of nutrients
between partners in AM and ECM symbiosis might be dependent
on environmental, developmental, and physiological factors.
Interestingly, N€asholm et al. (2013) recently demonstrated
unequal C : N trades in boreal forests between ECM fungi and
their host plants under low nitrate availability. In these conditions,
ECM fungi transferred a limited amount ofN to trees even if a large
quantity of C was provided by the host plant. As a consequence,
mycorrhizal trees displayed reduced performance as a result of the
‘noncooperative’ behavior of their ECM fungal partners. This
reduction in mutualistic behavior could be explained by the
regulatory role of nutrient availability on hyphal development.
Several reports showed reduced ECM mycelium growth under
high-N conditions, which was probably because of the large
amount of C required to assimilate this nutrient at the expense of
growth (reviewed in Ekblad et al., 2013). Because ECM fungi need
more C to efficiently assimilate N under nonlimiting conditions,
this could result in an increase in N transfer to the host in order to
prevent an overaccumulation of N and to ensure a constant source
of C (Fig. 3a). By contrast, the production of ECM fungal biomass
ismuchmore important under low-N conditions as a result of a low
C requirement, further indicating that unequal C : N fluxes can
affect host trees (Fig. 3). In addition,C cost is strongly related to the
form of N available, as more C is required to assimilate nitrate
compared with ammonium (Plassard et al., 2000). Although it was
shown that the growth of some ECM fungi is also inhibited at high
P concentrations, further experiments will be needed to understand
how P availability can affect C : P trades in ECM associations
(Fig. 3; Torres Aquino & Plassard, 2004). Although reward
mechanisms have been demonstrated for C vs P and N in some
conditions, multiple other benefits may also be involved in the
formation and stabilization of this association. Additional research
should seek to evaluate the proportion of equal trades occurring in
AM and ECM symbioses in natural ecosystems while taking into
account more mutual benefits than just C, P, and N. Altogether
these studies indicate the existence of a central, active, but not
always stable marketplace in ECM forests and reinforce the
importance of nutrient availability in the homeostasis of mycor-
rhizal associations.

Plant transport systems involved in mycorrhizal nutrient
trades

Nutrient fluxes between the host plant and the fungal partner are
supported by a wide range of transport systems. On the plant side,
these proteins need to be expressed specifically in arbuscule-
containing cells or in cortical cells encompassed by the Hartig net
for AM or ECM associations, respectively. Although sucrose and
mono-/disaccharide transporters (SUT and SWEET proteins,
respectively) might play a role in the release of plant C to the
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apoplasm in AM and ECM symbioses, there is no evidence so far
that they are regulated in response to P orN provided by the fungus
(Casieri et al., 2013). Regarding nutrient fluxes from the fungal
partner, several studies have reported AM-specific expression of
plant genes involved in P andN transport (reviewed inCasieri et al.,
2013). Recently, Delaux et al. (2014) identified a suite of genes
exclusively present in AM host plants. Interestingly,M. truncatula
genes coding for the phosphate transporter MtPT4, two ABC
transporters and some other putative transport systems were
present specifically in plants that can be colonized by AM fungi.
Owing to the strong degree of conservation of these genes in AM
hosts, we hypothesize that molecules transported by the corre-
sponding proteins could play important trophic and/or regulatory
functions in the establishment or the maintenance of AM
associations. The poplar phosphate transporters PtPT9, PtPT10,
and PtPT12 are up-regulated in AM roots, and PtPT9 and PtPT12
are also up-regulated in ECM associations and P deficiency (Loth-
Pereda et al., 2011). This suggests a possible recruitment of AM
phosphate transporters for ECM associations. However, no ECM-
specific phosphate transporter has been identified so far. Recent
studies tend to highlight the importance of P in the regulation of

AM associations, as fungal colonization is highly dependent on P
availability (reviewed in Carbonnel & Gutjahr, 2014). Although a
complete inhibition of plant association with AM fungi was
observed in P-sufficient conditions, N, K, calcium, or iron
deprivation partially restored the colonization process (Nouri
et al., 2014). In addition, the severe arbuscule degeneration
phenotype observed in the M. truncatula mtpt4 mutant was
partially rescued under N deficiency (Javot et al., 2011), and
MtPT4 expression is dependent on C transferred to the fungal
partner (Fellbaum et al., 2014). All these data suggest that resource
availability and allocation have a considerable impact on the
establishment and maintenance of AM associations. By contrast,
very little is known about how nutrients affect ECM associations
and the molecular mechanisms involved. Although one N and two
phosphate transporters from poplar were up-regulated during
colonization by L. bicolor (Selle et al., 2005; Loth-Pereda et al.,
2011), there is no evidence for the involvement of a C-mediated
regulation of these proteins via a reciprocal reward mechanism.
Investigating the expression of these transporters in response to
plant C availability could provide the first molecular insights into
reciprocal market dynamics in ECM symbiosis.

Fungal transport systems involved in mycorrhizal nutrient
trades

The molecular players allowing and regulating nutrient fluxes on
the fungal side are still poorly described. In order to establish a
functional association, a polarized localization of fungal transport
systems at the uptake and release sites is needed. Two important
checkpoints of nutrient flow can be described in the fungal partner
(Fig. 1c). First, transporters that allow soil–fungus nutrient fluxes
are probably expressed specifically in extraradical hyphae.Owing to
their crucial role in soil nutrient uptake, it can be assumed that these
proteins are key regulators of nutrient exchanges during mycor-
rhizal symbiosis. In the case of nonreciprocal trades with the host,
the reduction in external nutrient acquisition could significantly
affect plant nutrition to avoid the amplification of unequal fluxes.
Few phosphate, nitrate, and ammonium concentration-dependent
transporters have been functionally characterized in ECM fungi so
far (reviewed in Casieri et al., 2013). Interestingly, Avolio et al.
(2012) showed that organic and inorganic N transporters from
H. cylindrosporum were up-regulated in pure culture under a high
C : N ratio. A nitrate transporter in H. cylindrosporum (HcNRT2)
was up-regulated specifically by ECM associations and external C
sources (R�ekangalt et al., 2009). These studies suggest a C-
dependent modulation of fungal N transporters, but further
experiments will be needed to determine if this regulation is also
dependent on host C allocation. Regarding P, the expression of the
phosphate transporter HcPT1.1 from H. cylindrosporum was
induced under P and K deprivation (Garcia et al., 2013, 2014).
Moreover, the alteration of fungal K nutrition triggered by the
overexpression of a K transporter of H. cylindrosporum affected
both K and P nutrition of mycorrhizal plants. All these findings
indicate that a fine control of fungal ion homeostasis through their
uptake, assimilation, and mobilization is required for efficient
nutrient transfer to the host.

(a)

(b)

Fig. 3 Model of the impact of phosphorus (P) andnitrogen (N) availability on
ectomycorrhizal (ECM) mycelium production and resource allocation
between host and fungi in temperate and boreal forests. (a) At high P andN,
the growth reduction observed in ECMmycelium is probably a result of the
energy required for nutrient assimilation at the expense of growth (Ekblad
et al., 2013). Thus, equal nutrient trades are observed under N-sufficient
conditions in boreal forest in order to ensure a sustainable source of carbon
(C) to the fungal partner (N€asholm et al., 2013). (b) By contrast, at lowP and
N, fungalmycelia require a lower amountofC togrow.Thus, it could result in
the unequal N allocations observed by N€asholm et al. (2013) in such
conditions. With regard to P, similar results on the reciprocal allocation
between plant and fungal partners can be assumed but have not been
described so far (dotted arrows).
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On the other side, both host C acquisition and fungal nutrient
discharge in the plant–fungus interface probably require the
specific expression and regulation of fungal transporters and
channels. A second regulatory checkpoint of symbiotic nutrient
fluxes probably takes place at this interface with the regulation of
these transport systems (Fig. 1c). During AM symbiosis, RiMST2
coding for a monosaccharide transporter from R. irregularis is
expressed in intraradical hyphae, up-regulated at highC and down-
regulated at high P (Helber et al., 2011). This suggests a fungal
molecular response to a decrease of plant C allocation as a result of
the alteration of fungal P transfer under P-sufficient conditions. To
date, no transport systems specifically expressed at the plant–fungus
interface have been characterized in ECM symbiosis. The identi-
fication and characterization of host C regulation of such
transporters will be essential to unravel both the nutrient-flux
molecular toolkit of ECM fungi and the impact of the host plant on
fungal nutrient allocation.

Conclusion

The molecular bases of establishment and maintenance of ECM
symbioses are still poorly understood. It is tempting to transfer our
knowledge of AM symbiosis to ECM symbiosis, as it appears that
some mechanisms are indeed shared between the two types of
mycorrhizal associations. However, many mechanisms seem very
specific to one symbiosis or the other (Fig. 4). With the recent
release of several ECMgenomes combinedwith the development of

molecular and genetic tools in higher fungi and host trees, key
signaling and regulatory components controlling ECM associa-
tions are likely to be decoded in the near future.
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