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Symbiosis with ectomycorrhizal (ECM) fungi is an advantageous partnership for trees in
nutrient-limited environments. Ectomycorrhizal fungi colonize the roots of their hosts and
improve their access to nutrients, usually nitrogen (N) and, in exchange, trees deliver a
significant portion of their photosynthetic carbon (C) to the fungi. This nutrient exchange
affects key soil processes and nutrient cycling, as well as plant health, and is therefore
central to forest ecosystem functioning. Due to their ecological importance, there is a need
to more accurately understand ECM fungal mediated C and N movement within forest
ecosystems such that we can better model and predict their role in soil processes both
now and under future climate scenarios. There are a number of hurdles that we must
overcome, however, before this is achievable such as understanding how the evolutionary
history of ECM fungi and their inter- and intra- species variability affect their function.
Further, there is currently no generally accepted universal mechanism that appears to
govern the flux of nutrients between fungal and plant partners. Here, we consider the
current state of knowledge on N acquisition and transport by ECM fungi and how C and N
exchange may be related or affected by environmental conditions such as N availability.
We emphasize the role that modern genomic analysis, molecular biology techniques and
more comprehensive and standardized experimental designs may have in bringing
cohesion to the numerous ecological studies in this area and assist us in better
understanding this important symbiosis. These approaches will help to build unified
models of nutrient exchange and develop diagnostic tools to study these fungi at various
scales and environments.
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INTRODUCTION

Ectomycorrhizal (ECM) fungi are found throughout the world in association with the roots of most
forest trees. While ECM fungi are thought to provide their hosts with a range of benefits, including
drought (Jones and Smith, 2004; Rapparini and Peñuelas, 2014) and salinity tolerance (Hajiboland
et al., 2010), they are primarily categorized as being useful for host nutrient acquisition (Read and
Perez-Moreno, 2003; Smith and Read, 2008). These fungi colonize the lateral roots of host trees,
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forming interlacing mycelial structures that penetrate between
and surround root epidermal cells (Figures 1A–C). This unique
structure, called the Hartig net, provides a large amount of
surface area between the two symbiotic partners and is the site
of nutrient exchange. Carbon (C) resources from the host are
transferred to the fungus in return for limiting nutrients, which
the fungus can either access from beyond the nutrient depletion
zone surrounding the host’s root system (Smith and Read, 2008)
or release from immobilized sources normally inaccessible to
the plant.

Ectomycorrhizal fungi are therefore essential contributors to
forest ecosystem functioning. By forming a beneficial symbiotic
relationship with the roots of 80% to 90% of all temperate and
boreal forest trees (Read, 1991; Brundrett, 2004), these fungi drive
forest soil processes, such as soil organic matter decomposition,
nutrient cycling and C sequestration (Read and Perez-Moreno,
2003; Orwin et al., 2011; Zak et al., 2019). As recently reviewed by
Becquer et al. (2019), ECM fungi have the ability to uptake and
provide their hosts with a range of macronutrients, including
phosphorus, potassium, calcium, magnesium, sulphur, and
micronutrients, such as iron, zinc, copper, and manganese.
However, they are recognized mostly for their provision of
nitrogen (N) because it is the main growth-limiting factor in
many forest ecosystems, particularly in the Northern hemisphere
(Read et al., 2004; Toljander et al., 2006; Lin et al., 2017). Most of
the N in forest soils is in organic form, bound up in soil organic
matter or in leaf litter that accumulates on the forest floor (Read,
1991; Bruns et al., 2002). The mineralisation rates of these organic
complexes are too slow for sufficient plant N nutrition, however,
ECM fungi have some ability to decompose these organic
Frontiers in Plant Science | www.frontiersin.org 2
complexes making ECM fungi important players in soil N
cycling (Read, 1991; Lindahl et al., 2007; Bödeker et al., 2014;
Lindahl and Tunlid, 2015; Shah et al., 2016).

Additionally, ECM fungi are thought to have a role in
promoting soil C sequestration (Orwin et al., 2011; Cairney,
2012; Clemmensen et al., 2014). A substantial portion of plant
photosynthate is sent belowground to ECM fungal partners
(Smith and Read, 2008). While some of this photosynthate is
returned to the atmosphere via fungal respiration or decay
(Talbot et al., 2008), ECM fungi are believed to generally
repress soil respiration (Gadgil and Gadgil, 1971; Gadgil and
Gadgil, 1975; Averill et al., 2014; Averill and Hawkes, 2016) and
thus increase C storage, though this effect may be highly
dependent on the fungal species and on soil conditions
(Fernandez and Kennedy, 2016; Baskaran et al., 2017).

Owing to their crucial role in soil biogeochemical processes
and forest productivity, there is an increasing effort to
incorporate mycorrhizal fungi into ecosystem modeling
equations (Brzostek et al., 2014; Sulman et al., 2017). This
effort is hampered, however, by a lack of knowledge
concerning the actual contributions of ECM fungi to all of
these soil processes and how soil conditions such as nutrient
availability influence outcomes (Deckmyn et al., 2014; Koide
et al., 2014). Indeed, while much research on C allocation to
ECM fungi and the corresponding transfer of N to host tissues
has been conducted, there is no generally accepted mechanism
for the control of nutrient flux between the symbiotic partners.
Additionally, research into the effects of soil nutrient availability
on this exchange give variable and often conflicting results (see
Effect of N Concentrations in Soils).
FIGURE 1 | Physiology and phylogeny of ECM fungi (A) Eucalyptus grandis roots colonized by Pisolithus microcarpus and (B) Pinus radiata colonized roots
showing the typical morphology of mycorrhizal root tips. (C) Cross section of a mycorrhizal root tip, showing the fungal mantle (M) surrounding the root and ingrowth
of fungal hyphae between the root epidermal cells (RC). Fungal hyphae (green) is stained with WGA-FITC. (D) Phylogenetic diversity of the major ECM containing
orders of fungi with selected model ECM species (adapted from Kohler et al., 2015 and Nagy et al., 2016).
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One of the potential contributing factors to the difficulties in
generating a unified mechanism for C/N exchange is the
compl i ca t ed evo lu t ionary h i s to ry o f ECM fung i .
Ectomycorrhizal fungi are a diverse group of asco- and
basidiomycetes, with over 20,000 species that evolved
independently from 60 to 80 saprotrophic ancestral lineages
(Figure 1D; Hibbett et al., 2000; Rinaldi et al., 2008; Tedersoo
and Smith, 2013; Martin et al., 2016). Comparatively, within
arbuscular mycorrhizal (AM) fungi, approximately 240 species
are described, likely descending from a single ancestral lineage
(Brundrett, 2002; Lee et al., 2013; Selosse et al., 2015). While all
ECM fungi retain in common a unique symbiotic structure and
the ability to exchange nutrients with their host, traits such as
host and climate range, hyphal growth characteristics and the
ability to source soil nutrients vary widely between species
(Clemmensen et al., 2014; Pellitier and Zak, 2018). Thus, one
simple model of C allocation and N transfer may not suffice for
ECM fungi as a whole.

Here in this review we summarize the current state of
research concerning the acquisition and transport of soil N by
ECM fungi and the C for N trade with their hosts, and consider
some of the challenges in the field and opportunities for future
research. In particular, we emphasize the role that genome
sequencing projects and functional characterization using
molecular biology techniques may have in reconciling the
collected field data and building mechanisms to model nutrient
exchange dynamics.
NUTRIENT UPTAKE AND TRANSPORT

In order to supply plant tissues with N, the ECM fungus must
first acquire the nutrient from its environment. Ectomycorrhizal
fungi encode a number of transporters for the acquisition of
nitrate and ammonium ions from soil, as well as a suite of
enzymes and transporters necessary for utilizing organic N
sources (Casieri et al., 2013; Nehls and Plassard, 2018; Becquer
et al., 2019). Many of these transporters have been well
characterized in model ECM species; however, a number of
important questions remain unanswered in this area of
research. For example, we still need to identify transporters
that negotiate the exchange of nutrients at the plant-fungal
interface and determine the extent to which fungal transporters
are conserved amongst different species of ECM fungi, or how
they are regulated under different soil and nutrient conditions.
The ability to use N from different organic sources is, for
example, particularly variable between species (Courty et al.,
2005; Buee et al., 2007; Pena et al., 2013) and even within species
(Anderson et al., 1999; Sawyer et al., 2003; Guidot et al., 2005).
This knowledge gap presents an excellent opportunity for future
studies to refine this area of science.

Inorganic N Import
Ammonium is generally the preferred inorganic N source of
ECM fungi, as nitrate is immediately reduced to ammonium
after uptake and thus requires more energy to assimilate
Frontiers in Plant Science | www.frontiersin.org 3
(Plassard et al., 2000). Ammonium importers AMT1, AMT2
and AMT3 have been functionally characterized in several ECM
fungal species, includingHebeloma cylindrosporum (Javelle et al.,
2001; Javelle et al., 2003), Tuber borchii (Montanini et al., 2002)
and Amanita muscaria (Willmann et al., 2007). Homologues of
these genes have also been identified in many other ECM fungal
genomes from transcriptomic studies (Lucic et al., 2008; Hortal
et al., 2017). AMT1 and AMT2 have been characterized as high
affinity ammonium transporters in different fungi, and their
expression is most up-regulated in low ammonium conditions
(Javelle et al., 2003; Willmann et al., 2007). Nitrate transporters,
such as LbNRT2 in Laccaria bicolor (Kemppainen et al., 2010)
and HcNRT2 in H. cylindrosporum (Jargeat et al., 2003), are also
present in ECM genomes, allowing for growth on nitrate.
Transcriptional regulation of nitrate transporters is usually
mirrored by the corresponding regulation of nitrate reductase
enzymes, required to assimilate the transported nitrate and
reduce it to ammonium (Kemppainen et al . , 2009;
Kemppainen et al., 2010). The nitrate uptake pathway has been
found to be down-regulated by the presence of ammonium, but
not by the presence of organic N sources, allowing for the
simultaneous uptake of nitrate and organic N (Jargeat et al.,
2003; Kemppainen et al., 2010).

Organic N Acquisition and Import
Ectomycorrhizal fungi all evolved from saprotrophic ancestors,
and hence retain the ability to decompose organic matter (Kohler
et al., 2015; Shah et al., 2016). However, analysis of their genomes
displays a strikingly reduced complement of enzymes required
for the decomposition of complex organic matter, particularly
cell-wall decomposing enzymes (Kohler et al., 2015; Lindahl and
Tunlid, 2015). As a result, while most ECM fungi are able to
survive on and use organic material, they do so with a reduced
capacity as compared to saprotrophs (Shah et al., 2016).

Despite their commonly held ability to decompose organic
matter, ECM fungi have different mechanisms and efficiencies of
decomposition stemming from their diverse ancestral origins. In
fact, there is a high degree of variability in the type and number
of genes retained from saprotrophic ancestors amongst
investigated ECM fungal species (Kohler et al., 2015) and thus
a high variation in decay ability (Pellitier and Zak, 2018). Most
ECM fungi appear to use primarily oxidative mechanisms, such
as Fenton chemistry, to break down soil organic matter (Rineau
et al., 2012; Bödeker et al., 2014; Martin et al., 2016; Shah et al.,
2016; Op De Beeck et al., 2018). Fenton chemistry originates
from brown-rot saprotrophic ancestors, which use these
mechanisms to biodegrade lignified plant cell wall material and
obtain nutrition (Eastwood et al., 2011). These mechanisms are
considered to be more energetically efficient than the production
of secreted class II peroxidases characteristic of white-rot fungi
(Eastwood et al., 2011). However, unlike brown-rot saprotrophs,
ECM fungi do not appear to use significant amounts of the
broken-down organic matter as a C source. Instead, relying on
host supplied C, they assimilate primarily N from these organic
molecules (Treseder et al., 2006; Lindahl et al., 2007; Le Tacon
et al., 2015; Martin et al., 2016; Shah et al., 2016). Meanwhile,
several other ECM species from the order Agaricales evolved
January 2020 | Volume 10 | Article 1658
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from white-rot fungi and a few, including Cortinarius species,
retained the Class II peroxidases needed for complete organic
matter decomposition (Bödeker et al., 2009; Kohler et al., 2015;
Lindahl and Tunlid, 2015; Martin et al., 2016).

Ectomycorrhizal fungi also secrete an assortment of
peptidases to utilize proteins within the soil (Nehls et al., 2001;
Müller et al., 2007; Shah et al., 2013; Rineau et al., 2016) and
encode a number of amino acid, oligopeptide, and dipeptide
transporters to take up the resulting small peptide products
(Nehls et al., 1999; Benjdia et al., 2006; Lucic et al., 2008;
Casieri et al., 2013). Expression of these organic N transporters
and secretion of peptidase are usually reduced in the presence of
ammonium, indicating the fungal preference for uptake of the
more easily accessible ammonium from soil (Avolio et al., 2012;
Bödeker et al., 2014). Further, the decay of organic matter via
peptidase secretion to acquire N may be triggered by glucose
availability (Rineau et al., 2013); thus, fungi in a mycorrhizal
association and receiving sugars from a host plant would be more
likely to source organic N from the soil. As in the decay of more
complex organic matter, the ability to produce these enzymes and
utilize the organic matter varies considerably by ECM species
(Courty et al., 2005) and soil conditions (Buee et al., 2007).

Transfer of N to Plant Tissues
Once taken up into the fungal mycelium, N is metabolized, often
stored, and eventually transported to other fungal cells (see Nehls
and Plassard, 2018 for a review on this subject). Some of this N
makes its way to ECM root tips to be passed on to the plant. In
order to pass from the fungal cell to the plant cell, N has to
transverse two membranes. This necessitates coordination
between the expression and activity of fungal exporters and
that of the corresponding plant importers. The up-regulation
of plant ammonium importer expression in mycorrhizal root tips
has led to the theory that ammonium is the principle form of N
transferred between the two organisms (Selle et al., 2005; Chalot
et al., 2006; Couturier et al., 2007; Chalot and Plassard, 2011;
Nehls and Plassard, 2018). Evidence of amino acid transport and
the exchange of organic compounds in the apoplastic space also
exists, however, with fungal amino acid exporters being up-
regulated in mycorrhizal root tips colonized by L. bicolor or
Pisolithus microcarpus (Larsen et al., 2011; Hortal et al., 2017).
While most of the research focus is on the regulation of ‘classical’
N transporters in ECM tissues, aquaporins (Dietz et al., 2011)
and voltage-dependent cation channels (Chalot et al., 2006) are
also up-regulated in expression in mycorrhizal tissue and have
been shown to transport ammonium. Overall, while the
transport of N from fungal to plant tissues is certainly an
accepted process, neither the form of N transported nor the
specific fungal or plant transport mechanisms used are
fully known.

Carbon Transfer
While estimates vary, a third or more of tree photosynthate may
be directed to ECM associates (Nehls et al., 2010). It is not
surprising, therefore, that colonization results in an up-
regulation of tree C metabolic and photosynthetic pathways
Frontiers in Plant Science | www.frontiersin.org 4
(Nehls et al., 2007; Larsen et al., 2011). These sugars, primarily
sucrose, are transported to colonized root tissues and into the
apoplastic space between plant and fungal cells using a variety of
plant transporters (Hennion et al., 2019). Plants encode a
number of sucrose transporters (SUTs), involved in the long-
distance transport of sugars in the plant (Doidy et al., 2012). The
main sucrose cleavage products, glucose, and fructose, as well as
other mono-saccharides, are transported between cellular
compartments with mono-saccharide transporters (MSTs) or
SWEET transporters (Sugar Will Eventually be Exported
Transported; Chen et al., 2010). While most SWEET
transporters move monosaccharides , some SWEET
transporters, particularly AtSWEET11 and 12, are able to
transport sucrose from mesophyll cells (Chen et al., 2012;
Doidy et al., 2012). It is not currently known which of the
many plant sugar transporters is responsible for the export of
sugar to the fungal symbiont.

It is generally understood that plants secrete sucrose into the
plant-fungal interface. However, while several monosaccharide
importers with increased expression in mycorrhizal root tips
have been identified in ECM fungi (Nehls et al., 2007; López
et al., 2008), sucrose transporters are notably absent in most
ECM fungal genomes (Salzer and Hager, 1991; Martin et al.,
2008). These fungi also commonly lack the secreted invertases
required to cleave sucrose into usable mono-saccharides (Martin
et al., 2008), making sucrose a non-viable source of nutrition.
The fungus is thus reliant on the plant, not only for sugars, but
additionally for invertases to break down sucrose into a useable
form (Salzer and Hager, 1991). Gene expression analyses do
indeed reveal the increased expression of plant invertases
(Wright et al., 2000; Nehls et al., 2010) at the plant-fungal
interface, but interestingly, also the increased expression of a
number of plant monosaccharide importers. This may provide
the plant with a mechanism to control the loss of sugar resources
to the fungus and represent a method for the plant to select for
desirable partners by increasing their access to sugar, or
conversely, discourage less helpful partners (Nehls et al., 2010).
However, this hypothesis remains theoretical as the mechanisms
control l ing C flux from host to fungus are as yet
largely unknown.

Section Summary
While knowledge of the nutrient uptake, transport, and
metabolic pathways in ECM fungi is progressing well (Nehls
and Plassard, 2018), there are still many missing pieces in the
current research models, particularly concerning the regulation
of transport at the mycorrhizal interface. This highlights the need
for research efforts in the identification and functional
characterization of these transporters and of the forms of
nutrients exchanged between plant and fungus. Additionally,
research into how evolutionary history, genotype, and abiotic
factors affect the regulation and activity of these transporters is
needed. Improved knowledge about these transporters would
allow for better predictions of where nutrients are going
belowground, particularly if their regulation is found to
correlate to nutrient flux. Such knowledge could lead to the
development of a simple diagnostic tool to approximate the rates
January 2020 | Volume 10 | Article 1658
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of C/N exchange between partners, which is the subject of the
next section.
FACTORS CONTROLLING CARBON AND
N FLUX

Defining C and N Flux
Having considered the transporters negotiating the exchange of
nutrients between ECM fungus and host, we now turn our
attention to questions of quantity. What factors determine the
amount of nutrition received by each partner in this
relationship? Despite its importance, knowledge on what
moderates the amount of C and N exchanged, or C/N flux, in
ECM symbioses is lacking, particularly in comparison to that of
C and P exchange in AM symbioses (Garcia et al., 2015). Many
studies on the effects of ECM colonization look at plant growth
outcomes, rather than direct nutrient exchange. These studies
reveal a variety of growth responses in the plant, ranging from
positive to negative (Johnson et al., 1997; Jones and Smith, 2004;
Corrêa et al., 2012). While it is often assumed that negative
growth responses in plants to ECM fungi occur as a result of
excessive C drain compared to the nutritional benefit received,
particularly at high N concentrations, C loss has been
determined in some studies to be of little or no cost to the
plant, so these negative growth results could as easily be due to
immobilization of N resources by the ECM fungus (Corrêa et al.,
2012). In order to elucidate the causes of these growth outcomes
and better understand nutrient cycling and movement in forest
environments, a focus on the relative flow rates, or “fluxes,” of N
and C, and the mechanisms behind their control, is needed.
While the measurement of both N and C flux can be challenging,
especially in field studies (Hobbie and Hobbie, 2006; Le Tacon
et al., 2015), it is important in understanding the mechanisms
behind the bidirectional transfer of nutrients that upholds
this association.

Several methods, ranging in their accuracy as a proxy for
nutrient flux, have been deployed in this area of research. Earlier
approaches to understanding this exchange involved measuring
absolute C and N amounts in the tissues of plants and fungi and
used changing C/N ratios as a proxy for their access to nutrients
(Colpaert et al., 1996; Nilsson andWallander, 2003). Currently, a
common method of measuring ECM nutrient flux is the use of
isotopic labeling. The addition of either 13C to trees (usually as
carbon dioxide; e.g. Högberg et al., 2010) or 15N compounds to
soil (e.g. Hasselquist et al., 2016) allows for tracking of the uptake
and movement of these nutrients over time. The application of
stable 15N is not without disadvantages. It is most suited to
shorter-term experiments, and the addition of the usually
inorganic label may alter soil chemistry or disturb existing
microbial relationships. Additionally, it is very difficult to
eliminate the possibility of direct uptake of the label by the tree
outside of the mycorrhizal pathway. The use of natural
abundances of 15N, possible due to a bias in ECM fungi to
preferentially give 14N to the plant (Hobbie and Colpaert, 2003),
eliminates some of these issues, but sacrifices sensitivity and thus
Frontiers in Plant Science | www.frontiersin.org 5
is best suited to long term studies (Hobbie and Hobbie, 2006;
Högberg et al., 2011).

While these techniques are all capable, with varying levels of
accuracy and ecological relevance, of quantifying the movement
of C and N between plant and fungal partners, the challenge
remains to link this data to a mechanism. Future studies could
incorporate these physiological techniques to quantify nutrient
movement with transcriptomic analyses and other molecular
techniques to begin to answer questions concerning the role of
each partner in this nutrient trade and causative factors behind
nutrient flux (Johnson et al., 2012). Further, an increased effort to
harmonize the different methods of measuring C for N exchange
would allow for more meaningful comparisons between
data sets.

Coupling of C and N Flux
A popular theory behind the regulation of C and P exchange in
AM symbioses is the ‘reciprocal rewards’ concept, whereby plant
photosynthate is preferentially transferred to fungal symbionts
that provide more nutrients (Kiers et al., 2011; Fellbaum et al.,
2012; Fellbaum et al., 2014). This theory has by extension led to
the consideration that C allocation to ECM fungi may follow a
similar pattern with the amount of C delivered being related to
the amount of N sourced by the fungus (Casieri et al., 2013). This
theory is attractive in that it provides a mechanism for the
stabilization of the mutualism; provision of N to a host is a
substantial cost to the ECM fungus, thus if it were not
compensated for in some way, individuals providing less host
benefit would be expected to flourish at the expense of their more
helpful counterparts (Hoeksema and Kummel, 2003; Bever et al.,
2009; Moeller and Peay, 2016).

A recent study by Bogar et al. (2019) lent support to this
theory. In a Pinus muriata-Suillus brevipes symbiosis studied in
an artificial soil medium, mycorrhizal root tips that contained
higher N concentrations received more plant C. However, this
was also true of non-mycorrhizal root tips, suggesting that the
plant may simply detect sources of high N and allocate C toward
those sources. Similarly, Kaiser et al. (2017) found that for Fagus
sylvatica-associated fungi, 15N enriched ‘hotspots’ within the
fungal mycelium were also always highly enriched in 13C from
the plant, suggesting that reciprocation was occurring. Another
study using birch colonized by Paxillus involutus demonstrated a
reciprocal exchange of C and N under various nutrient
conditions (Kytöviita, 2005).

Meanwhile, many other studies have concluded that N and C
flux is neither reciprocal nor related (Corrêa et al., 2008;
Albarracín et al., 2013; Valtanen et al., 2014; Hasselquist et al.,
2016). 2012; Corrêa et al. (2008) found that Pinus pinaster trees
allocate C to Pisolithus tinctorius fungal symbionts whenever it is
produced in excess, and continue to allocate that C even when
the amount of N provided by the fungus is reduced (Corrêa et al.,
2008). Näsholm et al. (2013) found that in N limited boreal forest
soils, trees increased C allocation to ECM fungi, but this was not
reciprocated with an increase in N transfer. In an in vitro system
studying the Eucalyptus grandis-Pisolithus microcarpus
association, Hortal et al. (2017) did not find a correlation
between N and C allocation; in fact, E. grandis allocated the
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most C to the Pisolithus isolate that provided the least N.
However, when a less beneficial P. microcarpus isolate was in
competition with a more beneficial isolate, its ability to colonize
the root system was reduced, coinciding with an up-regulation of
plant defence pathways in only those roots associated with the
less beneficial isolate. This indicates that the plant may not
necessarily reward symbionts providing better nutritional
benefit with proportionally more C, but may sanction less
beneficial isolates through restricted root access (Simard et al.,
2003; Kemppainen et al., 2009; Hortal et al., 2017).

Together, these studies suggest that while C delivery may
under some circumstances be driven by the N content of ECM
roots tips, the exchange of nutrients does not always follow a
reciprocal exchange. There are, necessarily, other factors
determining the transfer of nutrients yet to be discovered. It
has been suggested that rather than the N status of a particular
root tip, the N status of the tree leaves may be a more important
driving factor in C allocation to roots (Nilsson and Wallander,
2003; Corrêa et al., 2008). The particular host and fungal genetic
combination and soil abiotic conditions likely plays a role in C/N
exchange dynamics as well. Research into the particular
mechanisms and signaling events driving C and N trade is
needed to better understand how this occurs and to be able to
make better predictions of mycorrhizal outcomes in
different environments.

Effect of N Concentrations in Soils
The benefit of ECM fungi to tree growth is usually seen most
apparently in severely N limited soils (Read et al., 2004; Smith
and Read, 2008). For example, a synthesis of global research
considering the effect of elevated carbon dioxide concentration
on tree growth has shown that growth is limited by N availability,
but the addition of ECM fungi can overcome this barrier (Terrer
et al., 2016). In opposition to this view, however, is the idea that
ECM fungi may not alleviate N limitation in forests, but rather
form part of the problem. As ECM fungi themselves require N
for their own growth, in N limited conditions they can “hoard”
the available N and actually increase the N limitation of the forest
soils (Näsholm et al., 2013; Franklin et al., 2014). Compounding
the problem, under N limited conditions trees send more C
belowground, resulting in more fungal biomass and an increased
fungal demand for N (Högberg et al., 2003; Nilsson and
Wallander, 2003; Treseder, 2004; Högberg et al., 2010). The
balance between ECM fungi as positive growth regulators under
limited N or as drivers of that N limitation likely is the result of a
complex interaction between tree and fungal genotypes, soil
nutrient conditions, and the nutritional needs of each
organism (Alberton and Kuyper, 2009).

Studies on the effect of N addition to forest soils on ECM N
transfer also show some variable responses. With increasing soil
N concentration, some studies demonstrate that ECM fungi
begin to mobilize stored N and transfer it to the host tree
(Högberg et al., 2011; Näsholm et al., 2013; Hasselquist and
Högberg, 2014) while other studies saw an opposite trend
(Albarracín et al., 2013). Overall, however, the research
overwhelmingly indicates that increased N has a negative
impact on ECM communities. N fertilization results in reduced
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species richness, plant colonization levels, sporocarp production,
and mycelial growth in soils, as well as a community shift to
more nitrophilic ECM species and saprotrophs (Lilleskov et al.,
2002; Nilsson and Wallander, 2003; Parrent et al., 2006; Allen
et al., 2010; Pardo et al., 2011; Morrison et al., 2016; Corrales
et al., 2017; Averill et al., 2018). Thus, while ECM fungi may, in
some circumstances, drive N limitation, that N limitation may be
important to their continued persistence and dominance in
forest ecosystems. We are, however, left again with no unified
theory as to how soil N availability may affect the nutritional
benefit received by the host tree from its associated ECM fungi.

Reconciling the Data
Each of the studies on C and N flux referenced above are highly
valuable, however, research has still not developed a clear picture
of how C and N exchange are related, either to each other, or to
the soil N availability. While on the surface, the results of these
studies may appear to be in conflict with one another, it is
perhaps more useful to consider them as different perspectives
on the same question as they consider N for C exchange in a
variety of different environmental conditions and using different
ECM fungi and host systems. It is possible, given the high degree
of genetic variability in each fungal-host combination, that one
central mechanism of C for N exchange is not attainable. From
this view, more studies are required to complete the picture and
determine where the consistencies lie and where we must simply
expect variability. Additionally, ECM fungi contribute in many
ways to plant health and nutrition beyond N and any one of these
factors may also impact nutrient exchange. This highlights the
need to complement observational and nutrient tracing studies
with an understanding of the molecular mechanisms driving
nutrient transfer.
FUTURE RESEARCH DIRECTIONS

ECM fungi affect numerous elements of forest ecosystem
functioning and, while progress has been made towards
understanding their general contributions to these processes,
there remain many unknowns (Figure 2). Ecosystem models for
nutrient movement incorporating mycorrhizal fungi have seen
an increase in predictive power (Brzostek et al., 2014; Sulman
et al., 2017; Keller and Phillips, 2019), however, these models are
usually limited by assigning a mycorrhizal type as either
‘arbuscular’ or ‘ectomycorrhizal’. It has been suggested that
these models could be improved by further dividing ECM
fungi into subgroups based on their ecological function (Zak
et al., 2019) or taxon-specific traits (Pena and Polle, 2014; Fry
et al., 2019). Fungal growth type and foraging strategy may, for
example, be simple parameters for ECM fungal classification, as
both relate to the C demand of the fungus and its ability to find
and source soil nutrients (Agerer, 2001; Clemmensen et al.,
2014). Others have suggested that fungal C cost per unit N
provided may be useful in characterizing the association (Corrêa
et al., 2008; Agren et al., 2019); however, this is a complicated
measure that may change dramatically based on external
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situations, or even over the lifetime of the mycorrhizal
association (Nehls et al., 2016).

The limitation of such an approach is that they are currently
relying on a relatively narrow set of model systems—systems that
may not best portray the diversity of ECM fungal responses
within natural ecosystems (Johnson et al., 2012; Zak et al., 2019).
As discussed above, due to the fact that ECM fungal species do
not share a single common ancestor, they may in reality have as
many differences in function as those traits that they share.
Supporting this claim, in a recent comparison of ECM genomes
it was found that 7% to 38% of genes induced by symbiosis were
species-specific (Kohler et al., 2015) while other studies have
found that different species of ECM fungi colonizing the same
host under the same conditions elicit different outcomes in terms
of both nutrient exchange (Rincón et al., 2007; Alberton and
Kuyper, 2009; Jones et al., 2009; Pena and Polle, 2014) and
transcriptomic response (Peter et al., 2016). These differential
responses can even be found between different fungal isolates of
the same species (Plett et al., 2015a; Hazard et al., 2017; Hortal
et al., 2017). Likewise, a single ECM fungus can also exhibit
unique responses to different hosts (Plett et al., 2015b). Finally,
the outcomes of ECM symbioses are affected by many diverse
abiotic factors such as N availability, the amount and complexity
of organic material in the soil (Plassard et al., 2000), or season
(Högberg et al., 2010). Thus, we need to add to the range of
studied ECM fungal lineages and abiotic conditions before we
can gain a better ability to understand the diverse mechanisms by
which ECM fungal communities drive nutrient cycling in forests.
Frontiers in Plant Science | www.frontiersin.org 7
Genomic sequencing and analysis will likely prove extremely
important in this last aim, allowing for the assessment of
common genetic features between groups of fungi. Linking of
common genetic signatures to symbiosis-related outcomes could
allow for a more rapid assessment of the likely contribution of an
ECM fungus to plant health and nutrient cycling. However, this
abundance of genomic information must be accompanied by
more detailed molecular studies to elucidate the functions of
various genes as many do not have a known function (Martin
and Nehls, 2009; Plett et al., 2011). With special relevance to the
topics discussed here, there are still large gaps in our knowledge
concerning the specific transporters used by both fungi and hosts
to transfer nutrients at the plant-fungal interface, particularly in
the area of sugar transport. Increased understanding of the
transporters involved, and related metabolic proteins, and how
their regulation affects nutrient trade between partners would
provide more accessible tools to assess efficiency of
nutrient trading.

The literature would also suggest that the role of the plant
host in determining mycorrhizal outcomes cannot be
overlooked. Some manners by which host plants may be able
to regulate associations with ECM fungi are by controlling C
resources allocated to the ECM symbiont, restricting root
colonization by an unhelpful symbiont, or even terminating or
sloughing off mycorrhizal root tips with undesirable symbionts
(Nehls et al., 2016). These mechanisms need further
investigation. Like ECM fungi, host trees have a broad range of
genetic diversity. Considering a wide variety of host trees,
FIGURE 2 | Major ecosystem parameters affected by or affecting ECM fungi.
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therefore, is necessary to determine the specificity of these
mechanisms and the role of host genotype in symbiotic outcomes.

Finally, as we unravel the mechanisms underlying ECM
symbioses at the molecular scale, we will need to incorporate
the effect of biotic complexity at the ecological scale. While the
ECM symbiosis is often thought of as an intimate relationship
between a plant and a fungus, the natural habitats of ECM
associations are, in fact, hugely complex, involving a wide array
of interactions between each of the symbiotic partners and
neighboring plants and fungi. Thus, findings at the one-on-one
interactions level may not be replicated in the larger context
(Kennedy, 2010). Therefore, substantial amounts of data will be
needed in order to understand how all of these biotic factors
affect a given plant-fungal combination in the field. This can be
achieved, in part, from increased use of fully factorial
experimental designs that incorporate multiple species.

In conclusion, as a whole, ECM fungi have been proposed as
key players in nutrient cycling and as essential in equipping trees
to survive and adapt to changing abiotic conditions (Lau et al.,
2017). However, our ability to exploit or even predict the benefit
Frontiers in Plant Science | www.frontiersin.org 8
of these fungi hinges on a greater understanding of their
diversity, function, and contribution to nutrient cycles and
forest health. Advances in molecular biology and genomic tools
grant us the potential to dig deeper and to exploit the wealth of
information from ecosystem scale studies and pot experiments
and translate this into mechanistic understanding and new tools
to better understand this important symbiotic system.
AUTHOR CONTRIBUTIONS

ES and KP envisioned and wrote the manuscript.
ACKNOWLEDGMENTS

The authors wish to acknowledge J. Plett for useful discussions,
D. Laugesen for graphic design and the Australian Research
Council for funding (DP160102684 and DP190102254).
REFERENCES

Agerer, R. (2001). Exploration types of ectomycorrhizae. Mycorrhiza 11, 2. doi:
10.1007/s005720100108

Agren, G., Hyvönen, R., and Baskaran, P. (2019). Ectomycorrhiza, Friend or Foe?
Ecosystems 22, 1561–1572. doi: 10.1007/s10021-019-00356-y

Albarracín, M. V., Six, J., Houlton, B. Z., and Bledsoe, C. S. (2013). A nitrogen
fertilization field study of carbon-13 and nitrogen-15 transfers in ectomycorrhizas
of Pinus sabiniana. Oecologia 173 (4), 1439–1450. doi: 10.1007/s00442-013-2734-4

Alberton, O., and Kuyper, T. W. (2009). Ectomycorrhizal fungi associated with
Pinus sylvestris seedlings respond differently to increased carbon and nitrogen
availability: implications for ecosystem responses to global change. Global
Change Biol. 15, 1. doi: 10.1111/j.1365-2486.2008.01714.x

Allen, M. F., Allen, E. B., Lansing, J. L., Pregitzer, K. S., Hendrick, R. L., Ruess, R.
W., et al. (2010). Responses to chronic N fertilization of ectomycorrhizal pinon
but not arbuscular mycorrhizal juniper in a pinon-juniper woodland. J. Arid
Environ. 74, 10. doi: 10.1016/j.jaridenv.2010.05.001

Anderson, I. C., Chambers, S. M., and Cairney, J. W. G. (1999). Intra- and
interspecific variation in patterns of organic and inorganic nitrogen utilization
by three Australian Pisolithus species. Mycol. Res. 103, 2. doi: 10.1017/
S0953756299008813

Averill, C., and Hawkes, C. V. (2016). Ectomycorrhizal fungi slow soil carbon
cycling. Ecol. Lett. 19, 8. doi: 10.1111/ele.12631

Averill, C., Turner, B. L., and Finzi, A. C. (2014). Mycorrhiza-mediated
competition between plants and decomposers drives soil carbon storage.
Nature 505, 7484. doi: 10.1038/nature12901

Averill, C., Dietze, M. C., and Bhatnagar, J. M. (2018). Continental-scale nitrogen
pollution is shifting forest mycorrhizal associations and soil carbon stocks.
Global Change Biol. 24, 10. doi: 10.1111/gcb.14368

Avolio, M., Müller, T., Mpangara, A., Fitz, M., Becker, B., Pauck, A., et al. (2012).
Regulation of genes involved in nitrogen utilization on different C/N ratios and
nitrogen sources in the model ectomycorrhizal fungus Hebeloma
cylindrosporum. Mycorrhiza 22, 515. doi: 10.1007/s00572-011-0428-5

Baskaran, P., Hyvönen, R., Berglund, S. L., Clemmensen, K. E., Ågren, G. I.,
Lindahl, B. D., et al. (2017). Modelling the influence of ectomycorrhizal
decomposition on plant nutrition and soil carbon sequestration in boreal
forest ecosystems. New Phytol. 213, 3. doi: 10.1111/nph.14213

Becquer, A., Guerrero-Galánc, C., Eibensteiner, J. L., Houdinet, G., Bücking, H.,
Zimmermann, S. D., et al. (2019). “The ectomycorrhizal contribution to tree
nutrition,” in Advances in Botanical Research, vol. 89 . Eds. F. M. Cánovas
(Cambridge, MA, USA: Academic Press).
Benjdia, M., Rikirsch, E., Müller, T., Morel, M., Corratgé, C., Zimmermann, S.,
et al. (2006). Peptide uptake in the ectomycorrhizal fungus Hebeloma
cylindrosporum: characterization of two di- and tripeptide transporters
(HcPTR2A and B). New Phytol. 170, 2. doi: 10.1111/j.1469-8137.2006.01672.x

Bever, J. D., Richardson, S. C., Lawrence, B. M., Holmes, J., and Watson, M.
(2009). Preferential allocation to beneficial symbiont with spatial structure
maintains mycorrhizal mutualism. Ecol. Lett. 12, 1. doi: 10.1111/j.1461-
0248.2008.01254.x

Bödeker, I. T., Nygren, C. M., Taylor, A. F., Olson, A., and Lindahl, B. D. (2009).
ClassII peroxidase-encoding genes are present in a phylogenetically wide range
of ectomycorrhizal fungi. ISME J. 3, 12. doi: 10.1038/ismej.2009.77

Bödeker, I. T., Clemmensen, K. E., de Boer, W., Martin, F., Olson, Å., and Lindahl,
B. D. (2014). Ectomycorrhizal Cortinarius species participate in enzymatic
oxidation of humus in northern forest ecosystems. New Phytol. 203, 1. doi:
10.1111/nph.12791

Bogar, L., Peay, K., Kornfeld, A., Huggins, J., Hortal, S., Anderson, I., et al. (2019).
Plant-mediated partner discrimination in ectomycorrhizal mutualisms.
Mycorrhiza 29, 2. doi: 10.1007/s00572-018-00879-7

Brundrett, M. C. (2002). Coevolution of roots and mycorrhizas of land plants. New
Phytol. 154, 2. doi: 10.1046/j.1469-8137.2002.00397.x

Brundrett, M. C. (2004). Diversity and classification of mycorrhizal associations.
Biol. Rev. 79, 3. doi: 10.1017/S1464793103006316

Bruns, T. D., Bidartondo, M. I., and Taylor, D. L. (2002). Host specificity in
ectomycorrhizal communities: what do the exceptions tell us? Integr. Comp.
Biol. 42, 2. doi: 10.1093/icb/42.2.352

Brzostek, E. R., Fisher, J. B., and Phillips, R. P. (2014). Modeling the carbon cost of
plant nitrogen acquisition: mycorrhizal trade-offs and multipath resistance
uptake improve predictions of retranslocation. J. Geophys. Res. Biogeosci. 119, 8.
doi: 10.1002/2014JG002660

Buee, M., Courty, P. E., Mignot, D., and Garbaye, J. (2007). Soil niche effect on
species diversity and catabolic activities in an ectomycorrhizal fungal
community. Soil Biol. Biochem. 39, 8. doi: 10.1016/j.soilbio.2007.02.016

Cairney, J. W. G. (2012). Extramatrical mycelia of ectomycorrhizal fungi as
moderators of carbon dynamics in forest soil. Soil Biol. Biochem. 47, 198–
208. doi: 10.1016/j.soilbio.2011.12.029

Casieri, L., Lahmidi, N. A., Doidy, J., Veneault-Fourrey, C., Migeon, A., Bonneau, L.,
et al. (2013). Biotrophic transportome in mutualistic plant fungal interactions.
Mycorrhiza 23 (8), 597–625. doi: 10.1007/s00572-013-0496-9

Chalot, M., and Plassard, C. (2011). “Ectomycorrhiza and nitrogen provision to
the host tree,” in Ecological Aspects of Nitrogen Metabolism in Plants. Eds. J. C.
Polacco and C. D. Todd (Hoboken, NJ, USA: John Wiley & Sons Inc.).
January 2020 | Volume 10 | Article 1658

https://doi.org/10.1007/s005720100108
https://doi.org/10.1007/s10021-019-00356-y
https://doi.org/10.1007/s00442-013-2734-4
https://doi.org/10.1111/j.1365-2486.2008.01714.x
https://doi.org/10.1016/j.jaridenv.2010.05.001
https://doi.org/10.1017/S0953756299008813
https://doi.org/10.1017/S0953756299008813
https://doi.org/10.1111/ele.12631
https://doi.org/10.1038/nature12901
https://doi.org/10.1111/gcb.14368
https://doi.org/10.1007/s00572-011-0428-5
https://doi.org/10.1111/nph.14213
https://doi.org/10.1111/j.1469-8137.2006.01672.x
https://doi.org/10.1111/j.1461-0248.2008.01254.x
https://doi.org/10.1111/j.1461-0248.2008.01254.x
https://doi.org/10.1038/ismej.2009.77
https://doi.org/10.1111/nph.12791
https://doi.org/10.1007/s00572-018-00879-7
https://doi.org/10.1046/j.1469-8137.2002.00397.x
https://doi.org/10.1017/S1464793103006316
https://doi.org/10.1093/icb/42.2.352
https://doi.org/10.1002/2014JG002660
https://doi.org/10.1016/j.soilbio.2007.02.016
https://doi.org/10.1016/j.soilbio.2011.12.029
https://doi.org/10.1007/s00572-013-0496-9
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Stuart and Plett C/N Exchange in Ectomycorrhizal Symbiosis
Chalot, M., Blaudez, D., and Brun, A. (2006). Ammonia: a candidate for nitrogen
transfer at the mycorrhizal interface. Trends Plant Sci. 11, 6. doi: 10.1016/
j.tplants.2006.04.005

Chen, L. Q., Hou, B. H., Lalonde, S., Takanaga, H., Hartung, M. L., Qu, X. Q., et al.
(2010). Sugar transporters for intercellular exchange and nutrition of
pathogens. Nature 468, 7323. doi: 10.1038/nature09606

Chen, L. Q., Qu, X. Q., Hou, B. H., Sosso, D., Osorio, S., Fernie, A. R., et al. (2012).
Sucrose efflux mediated by SWEET proteins as a key step for phloem transport.
Science 335, 6065. doi: 10.1126/science.1213351

Clemmensen, K. E., Finlay, R. D., Dahlberg, A., Stenlid, J., Wardle, D. A., and
Lindahl, B. D. (2014). Carbon sequestration is related to mycorrhizal fungal
community shifts during long-term succession in boreal forests. New Phytol.
205, 4. doi: 10.1111/nph.13208

Colpaert, J. V., van Laere, A., and van Assche, J. A. (1996). Carbon and nitrogen
allocation in ectomycorrhizal and non-mycorrhizal Pinus sylvestris L.
seedlings. Tree Physiol. 16, 9. doi: 10.1093/treephys/16.9.787

Corrêa, A., Strasser, R. J., and Martins-Loução, M. A. (2008). Response of plants to
ectomycorrhizae in N-limited conditions: which factors determine its
variation? Mycorrhiza 18, 8. doi: 10.1007/s00572-008-0195-0

Corrêa, A., Gurevitch, J., Martins-Loução, M. A., and Cruz, C. (2012). C allocation
to the fungus is not a cost to the plant in ectomycorrhizae. Oikos 121, 3. doi:
10.1111/j.1600-0706.2011.19406.x

Corrales, A., Turner, B. L., Tedersoo, L., Anslan, S., and Dalling, J. W. (2017).
Nitrogen addition alters ectomycorrhizal fungal communities and soil enzyme
activities in a tropical montane forest. Fungal Ecol. 27, 14–23. doi: 10.1016/
j.funeco.2017.02.004

Courty, P. E., Pritsch, K., Schloter, M., Hartmann, A., and Garbaye, J. (2005). Activity
profiling of ectomycorrhiza communities in two forest soils using multiple
enzymatic tests. New Phytol. 167, 1. doi: 10.1111/j.1469-8137.2005.01401.x

Couturier, J., Montanini, B., Martin, F., Brun, A., Blaudez, D., and Chalot, M.
(2007). The expanded family of ammonium transporters in the perennial
poplar plant. New Phytol. 174, 1. doi: 10.1111/j.1469-8137.2007.01992.x

Deckmyn, G., Meyer, A., Smits, M. M., Ekblad, A., Grebenc, T., and Komarov, A.
(2014). Simulating ectomycorrhizal fungi and their role in carbon and nitrogen
cycling in forest ecosystems. Can. J. For. Res. 44, 6. doi: 10.1139/cjfr-2013-0496

Dietz, S., von Bülow, J., Beitz, E., and Nehls, U. (2011). The aquaporin gene family
of the ectomycorrhizal fungus Laccaria bicolor: lessons for symbiotic functions.
New Phytol. 190, 4. doi: 10.1111/j.1469-8137.2011.03651.x

Doidy, J., Grace, E., Kühn, C., Simon-Plas, F., Casieri, L., and Wipf, D. (2012).
Sugar transporters in plants and in their interactions with fungi. Trends Plant
Sci. 17, 7. doi: 10.1016/j.tplants.2012.03.009

Eastwood, D. C., Floudas, D., Binder, M., Majcherczyk, A., Schneider, P., Aerts, A.,
et al. (2011). The plant cell wall–decomposing machinery underlies the functional
diversity of forest fungi. Science 333, 6043. doi: 10.1126/science.1205411

Fellbaum, C. R., Gachomo, E. W., Beesetty, Y., Choudhari, S., Strahan, G. D.,
Pfeffer, P. E., et al. (2012). Carbon availability triggers fungal nitrogen uptake
and transport in arbuscular mycorrhizal symbiosis. Proc. Natl. Acad. Sci. U. S.
A. 109, 7. doi: 10.1073/pnas.1118650109

Fellbaum, C. R., Mensah, J. A., Cloos, A. J., Strahan, G. E., Pfeffer, P. E., Kiers, E. T.,
et al. (2014). Fungal nutrient allocation in common mycorrhizal networks is
regulated by the carbon source strength of individual host plants. New Phytol.
203, 2. doi: 10.1111/nph.12827

Fernandez, C. W., and Kennedy, P. G. (2016). Revisiting the “Gadgil effect”: do
interguild fungal interactions control carbon cycling in forest soils? New
Phytol. 209, 4. doi: 10.1111/nph.13648

Franklin, O., Näsholm, T., Högberg, P., and Högberg, M. N. (2014). Forests
trapped in nitrogen limitation—an ecological market perspective on
ectomycorrhizal symbiosis. New Phytol. 203, 2. doi: 10.1111/nph.12840

Fry, E. L., De Long, J. R., Garrido, L. A., Alvarez, N., Carrillo, Y., Castañeda-Gómez,
L., et al. (2019). Using plant, microbe, and soil fauna traits to improve the
predictive power of biogeochemical models. Methods Ecol. Evol. 10, 146–157.
doi: 10.1111/2041.21OX.13092

Gadgil, R. L., and Gadgil, P. D. (1971). Mycorrhiza and litter decomposition.
Nature 233, 133. doi: 10.1038/233133a0

Gadgil, R. L., and Gadgil, P. D. (1975). Suppression of litter decomposition by
mycorrhizal roots of Pinus radiata. N. Z. J. For. 5, 1.
Frontiers in Plant Science | www.frontiersin.org 9
Garcia, K., Delaux, P. M., Cope, K. R., and Ané, J. M. (2015). Molecular signals
required for the establishment and maintenance of ectomycorrhizal symbioses.
New Phytol. 208, 1. doi: 10.1111/nph.13423

Guidot, A., Verner, M. C., Debaud, J. C., and Marmeisse, R. (2005). Intraspecific
variation in use of different organic nitrogen sources by the ectomycorrhizal
fungus Hebeloma cylindrosporum.Mycorrhiza 15, 3. doi: 10.1007/s00572-004-
0318-1

Hajiboland, R., Aliasgharzadeh, N., Laiegh, S. F., and Poschenrieder, C. (2010).
Colonization with arbuscular mycorrhizal fungi improves salinity tolerance of
tomato (Solanum lycopersicum L.) plants. Plant Soil 331, 1. doi: 10.1007/
s11104-009-0255-z

Hasselquist, N. J., and Högberg, P. (2014). Dosage and duration effects of nitrogen
additions on ectomycorrhizal sporocarp production and functioning: an
example from two N-limited boreal forests. Ecol. Evol. 4, 15. doi: 10.1002/
ece31145

Hasselquist, N. J., Metcalfe, D. B., Marshall, J. D., Lucas, R. W., and Högberg, P.
(2016). Seasonality and nitrogen supply modify carbon partitioning in
understory vegetation of a boreal coniferous forest. Ecology 97, 3. doi:
10.1890/15-0831.1

Hazard, C., Kruitbos, L., Davidson, H., Mbow, F. T., Taylor, A. F. S., and Johnson, D.
(2017). Strain identity of the ectomycorrhizal fungus laccaria bicolor is more
important than richness in regulating plant and fungal performance under nutrient
rich conditions. Front. Microbiol. 8, 1874. doi: 10.3389/fmicb.2017.01874

Hennion, N., Durand, M., Vriet, C., Doidy, J., Maurousset, L., Lemoine, R., et al.
(2019). Sugars en route to the roots. Transport, metabolism and storage within
plant roots and towards microorganisms of the rhizosphere. Physiol. Plant 165,
1. doi: 10.1111/ppl.12751

Hibbett, D. S., Gilbert, L. B., and Donoghue, M. J. (2000). Evolutionary instability
of ectomycorrhizal symbioses in basidiomycetes. Nature 407, 6803. doi:
10.1038/35035065

Hobbie, E. A., and Colpaert, J. V. (2003). Nitrogen availability and colonization by
mycorrhizal fungi correlate with nitrogen isotope patterns in plants. New
Phytol. 157, 1. doi: 10.1046/j.1469-8137.2003.00657.x

Hobbie, J. E., and Hobbie, E. A. (2006). 15N in symbiotic fungi and plants
estimates nitrogen and carbon flux rates in arctic tundra. Ecology 87, 4. doi:
10.1890/0012-9658(2006)87[816:NISFAP]2.0.CO;2

Hoeksema, J. D., and Kummel, M. (2003). Ecological persistence of the plant-
mycorrhizal mutualism: a hypothesis from species coexistence theory. Am.
Nat. 162, S4. doi: 10.1086/378644

Högberg, M. N., Bååth, E., Nordgren, A., Arnebrant, K., and Högberg, P. (2003).
Contrasting effects of nitrogen availability on plant carbon supply to
mycorrhizal fungi and saprotrophs—a hypothesis based on field observations
in boreal forest. New Phytol. 160, 1. doi: 10.1046/j.1469-8137.2003.00867.x

Högberg, M. N., Briones, M. J., Keel, S. G., Metcalfe, D. B., Campbell, C.,
Midwood, A. J., et al. (2010). Quantification of effects of season and nitrogen
supply on tree below-ground carbon transfer to ectomycorrhizal fungi and
other soil organisms in a boreal pine forest. New Phytol. 187, 2. doi: 10.1111/
j.1469-8137.2010.03274.x

Högberg, P., Johannisson, C., Yarwood, S., Callesen, I., Näsholm, T., Myrold, D. D.,
et al. (2011). Recovery of ectomycorrhiza after ‘nitrogen saturation’ of a conifer
forest. New Phytol. 189, 2. doi: 10.1111/j.1469-8137.2010.03485.x

Hortal, S., Plett, K. L., Plett, J. M., Cresswell, T., Johansen, M., Pendall, E., et al.
(2017). Role of plant-fungal nutrient trading and host control in determining
the competitive success of ectomycorrhizal fungi. ISME J. 11, 12. doi: 10.1038/
ismej.2017.116

Jargeat, P., Rekangalt, D., Verner, M. C., Gay, G., Debaud, J. C., Marmeisse, R.,
et al. (2003). Characterisation and expression analysis of a nitrate transporter
and nitrite reductase genes, two members of a gene cluster for nitrate
assimilation from the symbiotic basidiomycete Hebeloma cylindrosporum.
Curr. Genet. 43, 3. doi: 10.1007/s00294-003-0387-2

Javelle, A., Rodrı́ guez-Pastrana, B. R., Jacob, C., Botton, B., Brun, A., Andre, B.,
et al. (2001). Molecular characterization of two ammonium transporters from
the ectomycorrhizal fungus Hebeloma cylindrosporum. FEBS Lett. 505, 3. doi:
10.1016/S0014-5793(01)02802-2

Javelle, A., Morel, M., Rodrı́ guez-Pastrana, B. R., Botton, B., Brun, A., Andre, B.,
et al. (2003). Molecular characterization, function and regulation of
January 2020 | Volume 10 | Article 1658

https://doi.org/10.1016/j.tplants.2006.04.005
https://doi.org/10.1016/j.tplants.2006.04.005
https://doi.org/10.1038/nature09606
https://doi.org/10.1126/science.1213351
https://doi.org/10.1111/nph.13208
https://doi.org/10.1093/treephys/16.9.787
https://doi.org/10.1007/s00572-008-0195-0
https://doi.org/10.1111/j.1600-0706.2011.19406.x
https://doi.org/10.1016/j.funeco.2017.02.004
https://doi.org/10.1016/j.funeco.2017.02.004
https://doi.org/10.1111/j.1469-8137.2005.01401.x
https://doi.org/10.1111/j.1469-8137.2007.01992.x
https://doi.org/10.1139/cjfr-2013-0496
https://doi.org/10.1111/j.1469-8137.2011.03651.x
https://doi.org/10.1016/j.tplants.2012.03.009
https://doi.org/10.1126/science.1205411
https://doi.org/10.1073/pnas.1118650109
https://doi.org/10.1111/nph.12827
https://doi.org/10.1111/nph.13648
https://doi.org/10.1111/nph.12840
https://doi.org/10.1111/2041.21OX.13092
https://doi.org/10.1038/233133a0
https://doi.org/10.1111/nph.13423
https://doi.org/10.1007/s00572-004-0318-1
https://doi.org/10.1007/s00572-004-0318-1
https://doi.org/10.1007/s11104-009-0255-z
https://doi.org/10.1007/s11104-009-0255-z
https://doi.org/10.1002/ece31145
https://doi.org/10.1002/ece31145
https://doi.org/10.1890/15-0831.1
https://doi.org/10.3389/fmicb.2017.01874
https://doi.org/10.1111/ppl.12751
https://doi.org/10.1038/35035065
https://doi.org/10.1046/j.1469-8137.2003.00657.x
https://doi.org/10.1890/0012-9658(2006)87[816:NISFAP]2.0.CO;2
https://doi.org/10.1086/378644
https://doi.org/10.1046/j.1469-8137.2003.00867.x
https://doi.org/10.1111/j.1469-8137.2010.03274.x
https://doi.org/10.1111/j.1469-8137.2010.03274.x
https://doi.org/10.1111/j.1469-8137.2010.03485.x
https://doi.org/10.1038/ismej.2017.116
https://doi.org/10.1038/ismej.2017.116
https://doi.org/10.1007/s00294-003-0387-2
https://doi.org/10.1016/S0014-5793(01)02802-2
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Stuart and Plett C/N Exchange in Ectomycorrhizal Symbiosis
ammonium transporters (Amt) and ammonium-metabolizing enzymes (GS,
NADP-GDH) in the ectomycorrhizal fungus Hebeloma cylindrosporum. Mol.
Microbiol. 47, 2. doi: 10.1046/j.1365-2958.2003.03303.x

Johnson, N. C., Graham, J. H., and Smith, F. A. (1997). Functioning of mycorrhizal
associations along the mutualism–parasitism continuum. New Phytol. 135, 4.
doi: 10.1046/j.1469-8137.1997.00729.x

Johnson, D., Martin, F., Cairney, J. W., and Anderson, I. C. (2012). The
importance of individuals: intraspecific diversity of mycorrhizal plants and
fungi in ecosystems. New Phytol. 194, 3. doi: 10.1111/j.1469-8137.2012.04087.x

Jones, M. D., and Smith, S. E. (2004). Exploring functional definitions of
mycorrhizas: are mycorrhizas always mutualisms? Can. J. Bot. 82, 8. doi:
10.1139/b04-110

Jones, M. D., Grenon, F., Peat, H., Fitzgerald, M., Holt, L., Philip, L. J., et al. (2009).
Differences in 15N uptake amongst spruce seedlings colonized by three pioneer
ectomycorrhizal fungi in the field. Fungal Ecol. 2, 3. doi: 10.1016/
j.funeco.2009.02.002

Kaiser, C., Mayerhofer,W., Dietrich, M., Gorka, S., Schintlmeister, A., Reipert, S., et al.
(2017). ‘Reciprocal trade of Carbon and Nitrogen at the root-fungus interface in
ectomycorrhizal beech plants’, EGU General Assembly 2017 Vienna, Volume:
Geophysical Research Abstracts Vol. 19, EGU2017-15133, 2017.

Keller, A. B., and Phillips, R. P. (2019). Leaf litter decay rates differ betweenmycorrhizal
groups in temperate, but not tropical, forests. New Phytol. 222, 556–564. doi:
10.1111/nph.15524

Kemppainen, M. J., Dupessis, S., Martin, F. M., 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, 7. doi: 10.1111/j.1462-2920.2009.01912.x

Kemppainen, M. J., Alvarez Crespo, M. C., and Pardo, A. G. (2010). fHANT-AC
genes of the ectomycorrhizal fungus Laccaria bicolor are not repressed by l-
glutamine allowing simultaneous utilization of nitrate and organic nitrogen
sources. Environ. Microbiol. Rep. 2, 4. doi: 10.1111/j.1758-2229.2009.00111.x

Kennedy, P. (2010). Ectomycorrhizal fungi and interspecific competition: species
interactions, community structure, coexistence mechanisms, and future research
directions. New Phytol. 187, 895. doi: 10.1111//j.1469-8137.2010.03399.x

Kiers, E. T., Duhamel, M., Beesetty, Y., Mensah, J. A., Franken, O., Verbruggen, E.,
et al. (2011). Reciprocal rewards stabilize cooperation in the mycorrhizal
symbiosis. Science 333, 880. doi: 10.1126/science.1208473

Kohler, A., Kuo, A., Nagy, L. G., Morin, E., Barry, K. W., Buscot, F., et al. (2015).
Convergent losses of decay mechanisms and rapid turnover of symbiosis genes
in mycorrhizal mutualists. Nat. Genet. 47, 4. doi: 10.1038/ng3223

Koide, R. T., Fernandez, C. W., and Malcolm, G. (2014). Determining place and
process: functional traits of ectomycorrhizal fungi that affect both community
structure and ecosystem function. New Phytol. 201, 2. doi: 10.1111/nph.12538

Kytöviita, M. M. (2005). Role of nutrient level and defoliation on symbiotic
function: experimental evidence by tracing 14C/15N exchange in mycorrhizal
birch seedlings. Mycorrhiza 15, 1. doi: 10.1007/s00572-004-0337-y

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

Lau, J. A., Lennon, J. T., and Heath, K. D. (2017). Microbes rescue plants from climate
change. Proc. Natl. Acad. Sci. U. S. A. 114, 42. doi: 10.1073/pnas.1715417114

Le Tacon, F., Zeller, B., Plain, C., Hossann, C., Bréchet, C., Martin, F., et al. (2015).
Study of nitrogen and carbon transfer from soil organic matter to Tuber
melanosporum mycorrhizas and ascocarps using 15N and 13C soil labelling
and whole-genome oligoarrays. Plant Soil 395, 1–2. doi: 10.1007/s11104-015-
2557-7

Lee, E. H., Eo, J. K., Ka, K. H., and Eom, A. H. (2013). Diversity of arbuscular
mycorrhizal fungi and their roles in ecosystems. Mycobiology 41, 3. doi:
10.5941/MYCO.2013.41.3.121

Lilleskov, E. A., Fahey, T. J., Horton, T. R., and Lovett, G. M. (2002). Belowground
ectomycorrhizal fungal community change over a nitrogen deposition gradient
in Alaska. Ecology 83, 1. doi: 10.1046/j.1469-8137.2002.00367.x

Lin, G., McCormack, M. L., Ma, C., and Guo, D. (2017). Similar below-ground
carbon cycling dynamics but contrasting modes of nitrogen cycling between
arbuscular mycorrhizal and ectomycorrhizal forests. New Phytol. 213, 3. doi:
10.1111/nph.14206

Lindahl, B. D., and Tunlid, A. (2015). Ectomycorrhizal fungi—potential organic matter
decomposers, yet not saprotrophs. New Phytol. 205, 4. doi: 10.1111/nph.13201
Frontiers in Plant Science | www.frontiersin.org 10
Lindahl, B. D., Ihrmark, K., Boberg, J., Trumbore, S. E., Högberg, P., Stenlid, J., et al.
(2007). Spatial separation of litter decomposition and mycorrhizal nitrogen uptake
in a boreal forest. New Phytol. 173, 3. doi: 10.1111/j.1469-8137.2006.01936.x

López, M. F., 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, 2. doi: 10.1111/j.1469-
8137.2008.02539.x

Lucic, E., Fourrey, C., Kohler, A., Martin, F., Chalot, M., and Brun-Jacob, A.
(2008). A gene repertoire for nitrogen transporters in Laccaria bicolor. New
Phytol. 180, 2. doi: 10.1111/j.1469-8137.2008.02580.x

Martin, F., and Nehls, U. (2009). Harnessing ectomycorrhizal genomics for
ecological insights. Curr. Opin. Plant Biol. 12, 4. doi: 10.1016/j.pbi.2009.05.007

Martin, F., Aerts, A., Ahrén, D., Brun, A., Danchin, E. G., Duchaussoy, F., et al.
(2008). The genome of Laccaria bicolor provides insights into mycorrhizal
symbiosis. Nature 452, 7183. doi: 10.1038/nature06556

Martin, F., Kohler, A., Murat, C., Veneault-Fourrey, C., and Hibbett, D. S. (2016).
Unearthing the roots of ectomycorrhizal symbioses. Nat. Rev. Microbiol. 14, 12.
doi: 10.1038/nrmicro.2016.149

Moeller, H. V., and Peay, K. G. (2016). Competition-function tradeoffs in
ectomycorrhizal fungi. PeerJ 4, e2270. doi: 10.7717/peerj2270

Montanini, B., Moretto, N., Soragni, E., Percudani, R., and Ottonello, S. (2002). A
high-affinity ammonium transporter from the mycorrhizal ascomycete Tuber
borchii. Fungal Genet. Biol. 36, 1. doi: 10.1016/S1087-1845(02)00001-4

Morrison, E. W., Frey, S. D., Sadowsky, J. J., van Diepen, L. T. A., Thomas, W. K.,
and Pringle, A. (2016). Chronic nitrogen additions fundamentally restructure
the soil fungal community in a temperate forest. Fungal Ecol. 23, 1. doi:
10.1016/j.funeco.2016.05.011

Müller, T., Avolio, M., Olivi, M., Benjdia, M., Rikirsch, E., Kasaras, A., et al. (2007).
Nitrogen transport in the ectomycorrhiza association: the Hebeloma
cylindrosporum-Pinus pinaster model. Phytochemistry 68, 1. doi: 10.1016/
j.phytochem.2006.09.021

Näsholm, T., Högberg, P., Franklin, O., Metcalfe, D., Keel, S. G., Campbell, C., et al.
(2013). Are ectomycorrhizal fungi alleviating or aggravating nitrogen limitation
of tree growth in boreal forests? New Phytol. 198, 1. doi: 10.1111/nph.12139

Nagy, L. G., Riley, R., Bergmann, P. J., Krizsan, K., Martin, F. M., Grigoriev, I. V.,
et al. (2016). Genetic bases of fungal white rot wood decay predicted by
phylogenomic analysis of correlated gene-phenotype evolution.Mol. Biol. Evol.
34, 1. doi: 10.1093/molbev/msw238

Nehls, U., and Plassard, C. (2018). Nitrogen and phosphate metabolism in
ectomycorrhizas. New Phytol. 220, 4. doi: 10.1111/nph.15257

Nehls, U., Kleber, R., Wiese, J., and Hampp, R. (1999). Isolation and
characterization of a general amino acid permease from the ectomycorrhizal
fungus Amanita muscaria. New Phytol. 144, 2. doi: 10.1046/j.1469-
8137.1999.00513.x

Nehls, U., Mikolajewski, S., Magel, E., and Hampp, R. (2001). Carbohydrate
metabolism in ectomycorrhizas: gene expression, monosaccharide transport
and metabolic control. New Phytol. 150, 3. doi: 10.1046/j.1469-8137.2001.00141.x

Nehls, U., Grunze, N., Willmann, M., Reich, M., and Küster, H. (2007). Sugar for
my honey: carbohydrate partitioning in ectomycorrhizal symbiosis.
Phytochemistry 68, 1. doi: 10.1016/j.phytochem.2006.09.024

Nehls, U., Göhringer, F., Wittulsky, S., and Dietz, S. (2010). Fungal carbohydrate
support in the ectomycorrhizal symbiosis: a review. Plant Biol. 12, 2. doi:
10.1111/j.1438-8677.2009.00312.x

Nehls, U., Das, A., and Neb, D. (2016). “Carbohydrate metabolism in
ectomycorrhizal symbiosis,” in Molecular Mycorrhizal Symbiosis. Eds. F. M.
Martin (Hoboken, NJ, USA: John Wiley & Sons Inc.).

Nilsson, L. O., and Wallander, H. (2003). Production of external mycelium by
ectomycorrhizal fungi in a Norway spruce forest was reduced in response to
nitrogen fertilization.New Phytol. 158, 2. doi: 10.1046/j.1469-8137.2003.00728.x

Op De Beeck, M., Troein, C., Peterson, C., Persson, P., and Tunlid, A. (2018).
Fenton reaction facilitates organic nitrogen acquisition by an ectomycorrhizal
fungus. New Phytol. 218, 1. doi: 10.1111/nph.14971

Orwin, K. H., Kirschbaum, M. U., St John, M. G., and Dickie, I. A. (2011). Organic
nutrient uptake by mycorrhizal fungi enhances ecosystem carbon storage: a
model-based assessment. Ecol. Lett. 14, 5. doi: 10.1111/j.1461-0248.2011.01611.x

Pardo, L. H., Fenn, M. E., Goodale, C. L., Geiser, L. H., Driscoll, C. T., Allen, E. B.,
et al. (2011). Effects of nitrogen deposition and empirical nitrogen critical loads
for ecoregions of the United States. Ecol. Appl. 21, 8. doi: 10.1890/10-2341.1
January 2020 | Volume 10 | Article 1658

https://doi.org/10.1046/j.1365-2958.2003.03303.x
https://doi.org/10.1046/j.1469-8137.1997.00729.x
https://doi.org/10.1111/j.1469-8137.2012.04087.x
https://doi.org/10.1139/b04-110
https://doi.org/10.1016/j.funeco.2009.02.002
https://doi.org/10.1016/j.funeco.2009.02.002
https://doi.org/10.1111/nph.15524
https://doi.org/10.1111/j.1462-2920.2009.01912.x
https://doi.org/10.1111/j.1758-2229.2009.00111.x
https://doi.org/10.1111//j.1469-8137.2010.03399.x
https://doi.org/10.1126/science.1208473
https://doi.org/10.1038/ng3223
https://doi.org/10.1111/nph.12538
https://doi.org/10.1007/s00572-004-0337-y
https://doi.org/10.1186/1752-0509-5-70
https://doi.org/10.1073/pnas.1715417114
https://doi.org/10.1007/s11104-015-2557-7
https://doi.org/10.1007/s11104-015-2557-7
https://doi.org/10.5941/MYCO.2013.41.3.121
https://doi.org/10.1046/j.1469-8137.2002.00367.x
https://doi.org/10.1111/nph.14206
https://doi.org/10.1111/nph.13201
https://doi.org/10.1111/j.1469-8137.2006.01936.x
https://doi.org/10.1111/j.1469-8137.2008.02539.x
https://doi.org/10.1111/j.1469-8137.2008.02539.x
https://doi.org/10.1111/j.1469-8137.2008.02580.x
https://doi.org/10.1016/j.pbi.2009.05.007
https://doi.org/10.1038/nature06556
https://doi.org/10.1038/nrmicro.2016.149
https://doi.org/10.7717/peerj2270
https://doi.org/10.1016/S1087-1845(02)00001-4
https://doi.org/10.1016/j.funeco.2016.05.011
https://doi.org/10.1016/j.phytochem.2006.09.021
https://doi.org/10.1016/j.phytochem.2006.09.021
https://doi.org/10.1111/nph.12139
https://doi.org/10.1093/molbev/msw238
https://doi.org/10.1111/nph.15257
https://doi.org/10.1046/j.1469-8137.1999.00513.x
https://doi.org/10.1046/j.1469-8137.1999.00513.x
https://doi.org/10.1046/j.1469-8137.2001.00141.x
https://doi.org/10.1016/j.phytochem.2006.09.024
https://doi.org/10.1111/j.1438-8677.2009.00312.x
https://doi.org/10.1046/j.1469-8137.2003.00728.x
https://doi.org/10.1111/nph.14971
https://doi.org/10.1111/j.1461-0248.2011.01611.x
https://doi.org/10.1890/10-2341.1
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles


Stuart and Plett C/N Exchange in Ectomycorrhizal Symbiosis
Parrent, J. L., Morris, W. F., and Vilgalys, R. (2006). CO2-enrichment and nutrient
availability alter ectomycorrhizal fungal communities. Ecology 87, 9. doi:
10.1890/0012-9658(2006)87[2278:CANAAE]2.0.CO;2

Pellitier, P. T., and Zak, D. R. (2018). Ectomycorrhizal fungi and the enzymatic
liberation of nitrogen from soil organic matter: why evolutionary history
matters. New Phytol. 217, 1. doi: 10.1111/nph.14598

Pena, R., and Polle, A. (2014). Attributing functions to ectomycorrhizal fungal
identities in assemblages for nitrogen acquisition under stress. ISME J. 8, 2. doi:
10.1038/ismej.2013.158

Pena, R., Tejedor, J., Zeller, B., Dannenmann, M., and Polle, A. (2013).
Interspecific temporal and spatial differences in the acquisition of litter-
derived nitrogen by ectomycorrhizal fungal assemblages. New Phytol. 199, 2.
doi: 10.1111/nph.12272

Peter, M., Kohler, A., Ohm, R. A., Kuo, A., Krützmann, J., Morin, E., et al. (2016).
Ectomycorrhizal ecology is imprinted in the genome of the dominant
symbiotic fungus Cenococcum geophilum. Nat. Commun. 7, 12662. doi:
10.1038/ncomms12662

Plassard, C., Bonafos, B., and Touraine, B. (2000). Differential effects of mineral
and organic N sources, and of ectomycorrhizal infection by Hebeloma
cylindrosporum, on growth and N utilization in Pinus pinaster. Plant Cell
Environ. 23, 11. doi: 10.1046/j.1365-3040.2000.00630.x

Plett, J. M., Montanini, B., Kohler, A., Ottonello, S., andMartin, F. (2011). Tapping
genomics to unravel ectomycorrhizal symbiosis. Methods Mol. Biol. 722, 249–
281. doi: 10.1007/978-1-61779-040-9_19

Plett, J. M., Kohler, A., Khachane, A., Keniry, K., Plett, K. L., Martin, F., et al.
(2015a). The effect of elevated carbon dioxide on the interaction between
Eucalyptus grandis and diverse isolates of Pisolithus sp. is associated with a
complex shift in the root transcriptome. New Phytol. 206, 4. doi: 10.1111/
nph.13103

Plett, J. M., Tisserant, E., Brun, A., Morin, E., Grigoriev, I. V., Kuo, A., et al.
(2015b). The Mutualist Laccaria bicolor expresses a core gene regulon during
the colonization of diverse host plants and a variable regulon to counteract
host-specific defenses. Mol. Plant Microbe Interact. 28, 3. doi: 10.1094/MPMI-
05-14-0129-FI

Rapparini, F., and Peñuelas, J. (2014). “Mycorrhizal fungi to alleviate drought
stress on plant growth,” in Use of Microbes for the Alleviation of Soil Stresses.
Eds. M. Miransari (New York, NY, USA: Springer), 21–42.

Read, D. J., and Perez-Moreno, J. (2003). Mycorrhizas and nutrient cycling in
ecosystems—a journey towards relevance? New Phytol. 157, 3. doi: 10.1046/
j.1469-8137.2003.00704.x

Read, D. J., Leake, J. R., and Perez-Moreno, J. (2004). Mycorrhizal fungi as drivers
of ecosystem processes in heathland and boreal forest biomes. Can. J. Bot. 82, 8.
doi: 10.1139/b04-123

Read, D. J. (1991). Mycorrhizas in ecosystems. Experientia 47, 4. doi: 10.1007/
bf01972080

Rinaldi, A. C., Comandini, O., and Kuyper, T. W. (2008). Ectomycorrhizal fungal
diversity: Separating the wheat from the chaff. Fungal Divers. 33, 1–45.

Rincón, A., de Felipe, M. R., and Fernández-Pascual, M. (2007). Inoculation of
Pinus halepensis Mill. with selected ectomycorrhizal fungi improves seedling
establishment 2 years after planting in a degraded gypsum soil.Mycorrhiza 18,
1. doi: 10.1007/s00572-007-0149-y

Rineau, F., Roth, D., Shah, F., Smits, M., Johansson, T., Canbäck, B., et al. (2012).
The ectomycorrhizal fungus Paxillus involutus converts organic matter in
plant litter using a trimmed brown-rot mechanism involving Fenton
chemistry. Environ. Microbiol. 14, 6. doi: 10.1111/j.1462-2920.2012.02736.x

Rineau, F., Shah, F., Smits, M., Persson, P., Johansson, T., Carleer, R., et al. (2013).
Carbon availability triggers the decomposition of plant litter and assimilation of
nitrogen by an ectomycorrhizal fungus. ISME J. 7, 10. doi: 10.1038/ismej.2013.91

Rineau, F., Stas, J., Nguyen, N. H., Kuyper, T. W., Carleer, R., Vangronsveld, J.,
et al. (2016). Ectomycorrhizal fungal protein degradation ability predicted by
soil organic nitrogen availability. J. Appl. Environ. Microbiol. 82, 5. doi:
10.1128/AEM.03191-15

Salzer, P., and Hager, A. (1991). Sucrose utilization of the ectomycorrhizal fungi
amanita muscaria and Hebeloma crustuliniforme depends on the cell wall-
bound invertase activity of their host picea abies. Bot. Acta 104, 6. doi: 10.1111/
j.1438-8677.1991.tb00256.x

Sawyer, N. A., Chambers, S. M., and Cairney, J. W. G. (2003). Variation in
nitrogen source utilisation by nine Amanita muscaria genotypes from
Frontiers in Plant Science | www.frontiersin.org 11
Australian Pinus radiata plantations. Mycorrhiza 13, 4. doi: 10.1007/s00572-
003-0229-6

Selle, A., Willmann, M., Grunze, N., Geßler, A., Weiß, M., and Nehls, U. (2005).
The high-affinity poplar ammonium importer PttAMT1.2 and its role in
ectomycorrhizal symbiosis. New Phytol. 168, 3. doi: 10.1111/j.1469-
8137.2005.01535.x

Selosse, M. A., Strullu-Derrien, C., Martin, F. M., Kamoun, S., and Kenrick, P.
(2015). Plants, fungi and oomycetes: a 400-million year affair that shapes the
biosphere. New Phytol. 206, 2. doi: 10.1111/nph.13371

Shah, F., Rineau, F., Canback, B., Johansson, T., and Tunlid, A. (2013). The molecular
components of the extracellular protein-degradation pathways of the ectomycorrhizal
fungus Paxillus involutus. New Phytol. 200, 3. doi: 10.1111/nph.12425

Shah, F., Nicolás, C., Bentzer, J., Ellström, M., Smits, M., Rineau, F., et al. (2016).
Ectomycorrhizal fungi decompose soil organic matter using oxidative
mechanisms adapted from saprotrophic ancestors. New Phytol. 209, 4. doi:
10.1111/nph.13722

Simard, S. W., Jones, M. D., and Durall, D. M. (2003). “Carbon and Nutrient
Fluxes Within and Between Mycorrhizal Plants,” in Mycorrhizal Ecology. Eds.
M. G. A. van der Heijden and I. R. Sanders (New York, NY, USA: Springer).

Smith, S. E., and Read, D. J. (2008). Mycorrhizal Symbiosis. 3rd ed. (Cambridge,
MA, USA: Academic Press).

Sulman, B. N., Brzostek, E. R., Medici, C., Shevliakova, E., Menge, D. N. L., and
Phillips, R. P. (2017). Feedbacks between plant N demand and rhizosphere
priming depend on type of mycorrhizal association. Ecol. Lett. 20, 1043–1053.
doi: 10.1111/ele.12802

Talbot, J. M., Allison, S. D., and Treseder, K. K. (2008). Decomposers in disguise:
mycorrhizal fungi as regulators of soil C dynamics in ecosystems under global
change. Funct. Ecol. 22, 6. doi: 10.1111/j.1365-2435.2008.01402.x

Tedersoo, L., and Smith, M. E. (2013). Lineages of ectomycorrhizal fungi revisited:
Foraging strategies and novel lineages revealed by sequences from
belowground. Fungal Biol. Rev. 27, 3–4. doi: 10.1016/j.fbr.2013.09.001

Terrer, C., Vicca, S., Hungate, B. A., Phillips, R. P., and Prentice, C. (2016).
Mycorrhizal association as a primary control of the CO2 fertilization effect.
Science 353, 6294. doi: 10.1126/science.aaf4610

Toljander, J. F., Eberhardt, U., Toljander, Y. K., Paul, L. R., and Taylor, A. F. S.
(2006). Species composition of an ectomycorrhizal fungal community along a
local nutrient gradient in a boreal forest. New Phytol. 170, 4. doi: 10.1111/
j.1469-8137.2006.01718.x

Treseder, K. K., Torn, M. S., and Masiello, C. A. (2006). An ecosystem-scale
radiocarbon tracer to test use of litter carbon by ectomycorrhizal fungi. Soil
Biol. Biochem. 38, 5. doi: 10.1016/j.soilbio.2005.09.006

Treseder, K. K. (2004). A meta-analysis of mycorrhizal responses to nitrogen,
phosphorus, and atmospheric CO2 in field studies. New Phytol. 164, 2. doi:
10.1111/j.1469-8137.2004.01159.x

Valtanen, K., Eissfeller, V., Beyer, F., Hertel, D., Scheu, S., and Polle, A. (2014).
Carbon and nitrogen fluxes between beech and their ectomycorrhizal
assemblage. Mycorrhiza 24, 8. doi: 10.1007/s00572-014-0581-8

Willmann, A., Weiß, M., and Nehls, U. (2007). Ectomycorrhiza-mediated
repression of the high-affinity ammonium importer gene AmAMT2 in
Amanita muscaria. Curr. Genet. 51, 71. doi: 10.1007/s00294-006-0106-x

Wright, D. P., Scholes, J. D., Read, D. J., and Rolfe, S. A. (2000). Changes in carbon
allocation and expression of carbon transporter genes in Betula pendula Roth.
colonized by the ectomycorrhizal fungus Paxillus involutus (Batsch) Fr. Plant
Cell. Environ. 23, 1. doi: 10.1046/j.1365-3040.2000.00518.x

Zak, D. R., Pellitier, P. T., Argiroff, W. A., Castillo, B., James, T. Y., Nave, L. E.,
et al. (2019). Exploring the role of ectomycorrhizal fungi in soil carbon
dynamics. New Phytol. 223, 1. doi: 10.1111/nph.15679

Conflict of Interest: 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.

Copyright © 2020 Stuart and Plett. 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) and the
copyright owner(s) are credited and that the original publication in this journal is
cited, in accordance with accepted academic practice. No use, distribution or repro-
duction is permitted which does not comply with these terms.
January 2020 | Volume 10 | Article 1658

https://doi.org/10.1890/0012-9658(2006)87[2278:CANAAE]2.0.CO;2
https://doi.org/10.1111/nph.14598
https://doi.org/10.1038/ismej.2013.158
https://doi.org/10.1111/nph.12272
https://doi.org/10.1038/ncomms12662
https://doi.org/10.1046/j.1365-3040.2000.00630.x
https://doi.org/10.1007/978-1-61779-040-9_19
https://doi.org/10.1111/nph.13103
https://doi.org/10.1111/nph.13103
https://doi.org/10.1094/MPMI-05-14-0129-FI
https://doi.org/10.1094/MPMI-05-14-0129-FI
https://doi.org/10.1046/j.1469-8137.2003.00704.x
https://doi.org/10.1046/j.1469-8137.2003.00704.x
https://doi.org/10.1139/b04-123
https://doi.org/10.1007/bf01972080
https://doi.org/10.1007/bf01972080
https://doi.org/10.1007/s00572-007-0149-y
https://doi.org/10.1111/j.1462-2920.2012.02736.x
https://doi.org/10.1038/ismej.2013.91
https://doi.org/10.1128/AEM.03191-15
https://doi.org/10.1111/j.1438-8677.1991.tb00256.x
https://doi.org/10.1111/j.1438-8677.1991.tb00256.x
https://doi.org/10.1007/s00572-003-0229-6
https://doi.org/10.1007/s00572-003-0229-6
https://doi.org/10.1111/j.1469-8137.2005.01535.x
https://doi.org/10.1111/j.1469-8137.2005.01535.x
https://doi.org/10.1111/nph.13371
https://doi.org/10.1111/nph.12425
https://doi.org/10.1111/nph.13722
https://doi.org/10.1111/ele.12802
https://doi.org/10.1111/j.1365-2435.2008.01402.x
https://doi.org/10.1016/j.fbr.2013.09.001
https://doi.org/10.1126/science.aaf4610
https://doi.org/10.1111/j.1469-8137.2006.01718.x
https://doi.org/10.1111/j.1469-8137.2006.01718.x
https://doi.org/10.1016/j.soilbio.2005.09.006
https://doi.org/10.1111/j.1469-8137.2004.01159.x
https://doi.org/10.1007/s00572-014-0581-8
https://doi.org/10.1007/s00294-006-0106-x
https://doi.org/10.1046/j.1365-3040.2000.00518.x
https://doi.org/10.1111/nph.15679
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/plant-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

	Digging Deeper: In Search of the Mechanisms of Carbon and Nitrogen Exchange in Ectomycorrhizal Symbioses
	Introduction
	Nutrient Uptake and Transport
	Inorganic N Import
	Organic N Acquisition and Import
	Transfer of N to Plant Tissues
	Carbon Transfer
	Section Summary

	Factors Controlling Carbon and N Flux
	Defining C and N Flux
	Coupling of C and N Flux
	Effect of N Concentrations in Soils
	Reconciling the Data

	Future Research Directions
	Author Contributions
	Acknowledgments
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages false
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 1
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU (T&F settings for black and white printer PDFs 20081208)
  >>
  /ExportLayers /ExportVisibleLayers
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /ClipComplexRegions true
        /ConvertStrokesToOutlines false
        /ConvertTextToOutlines false
        /GradientResolution 300
        /LineArtTextResolution 1200
        /PresetName ([High Resolution])
        /PresetSelector /HighResolution
        /RasterVectorBalance 1
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks true
      /IncludeHyperlinks true
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


