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Review
Glossary

Arbuscular mycorrhizal fungus: fungal symbiont of plant roots in which the

fungus enters the cortical cells of the roots and forms specialized, branched

structures called ‘arbuscules’.

Ectomycorrhizal fungus: fungal symbiont of plant roots where the fungus does

not enter the cortical root cells but grows intercellularly in a complex network

of mycelia called a ‘Hartig net’.

Endosymbiotic: a symbiotic relation in which one symbiotic partner lives

inside the other.

Fungal endophyte: an asymptomatic plant-colonizing fungus that lives a

portion of its life cycle inside the plant.

Mutualism: a specific form of symbiosis where both partners benefit from the

relation, as typically seen in mycorrhizal relations.
Almost all plant species form symbioses with soil fungi,
and nutrient transfer to plants is largely mediated
through this partnership. Studies of fungal nutrient
transfer to plants have largely focused on the transfer
of limiting soil nutrients, such as nitrogen and phospho-
rous, by mycorrhizal fungi. However, certain fungal
endophytes, such as Metarhizium and Beauveria, are
also able to transfer nitrogen to their plant hosts. Here,
we review recent studies that have identified genes and
their encoded transporters involved in the movement of
nitrogen, phosphorous, and nonlimiting soil nutrients
between symbionts. These recent advances in our un-
derstanding could lead to applications in agricultural
and horticultural settings, and to the development of
model fungal systems that could further elucidate the
role of fungi in these symbioses.

Plant–fungal Interactions
Over 90% of all plant species form symbioses (see Glossary)
with soil fungi. These partnerships were initiated over 450
million years ago, and this early origin suggests that
beneficial plant–fungal interactions had an important role
in the global colonization by land plants [1]. Benefits
imparted to the plant as a result of such an interaction
with a soil fungus include increased mineral nutrient
absorption, water-use efficiency, and disease resistance,
and the interaction may also facilitate plant-to-plant com-
munication [2,3]. Of particular interest is the transfer of
soil nutrients mediated by the fungal symbiont to the plant
host. Colonization of plant roots by fungi increases the
surface area from which plants can scavenge nutrients.
Thus, root-colonizing fungi facilitate the absorption of
crucial and often limiting soil nutrients, which results in
increased photosynthetic ability and enhanced growth,
productivity, and overall plant health [4].

Approximately 5000 fungal species are thought to be
capable of colonizing roots and subsequently furnishing
plants with soil nutrients [5]. The two major groups of
beneficial plant-associating fungi are the mycorrhizal fun-
gi and the endophytic fungi. One characteristic that dis-
tinguishes mycorrhizal fungi from endophytic fungi is that
mycorrhizal fungi cannot survive in the absence of their
plant hosts because most mycorrhizal fungi are obligate
biotrophs [1]. However, even though endophytes are
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defined as microorganisms that live asymptomatically
inside healthy plant tissues, many of these ‘endophytic’
fungi have multiple life stages and are known to be decom-
posers of organic detritus, plant pathogens, or pathogens of
soil insects at other points in their life cycle [6–8]. Never-
theless, this definition of endophyte is being challenged as
more information regarding the important ecological role
of endophytes is being uncovered.

Seven different types of mycorrhizal fungus have been
identified: ectomycorrhizal, endomycorrhizal (arbuscular
mycorrhizal), ectendomycorrhizal, ericoid, arbutoid, mono-
tropoid, and orchid [5]. Although little is known about the
specific evolutionary origins of these symbioses, more than
2000 species of mycorrhizal fungi are able to colonize the
roots of over 300 000 species of plants in ecosystems around
the world [9]. Most mycorrhizal fungi can be classified as
either ectomycorrhizal or arbuscular mycorrhizal [10]. Ecto-
mycorrhizal fungi are typically members of the Ascomycota
or Basidiomycota and occur, predominantly, in forested
areas, where they colonize roots of trees, such as pine
(Pinaceae) and beech (Fagaceae), as well as the roots of
tropical species, such as members of the Dipterocarpaceae
[11]. These fungi initially form symbioses with lateral roots
and create a mycelial sheath that envelops the root tip. The
fungus is then able to penetrate the plant root to create a
complex network of mycelia surrounding the epidermal and
outer cortical cells, known as a ‘Hartig net’ [11].

Arbuscular mycorrhizal fungi are obligate biotrophic
symbionts and are all members of the phylum Glomeromy-
cota [12]. Arbuscular mycorrhizal fungi differ from ectomy-
corrhizal fungi in that the hyphae penetrate the cells of the
Obligate biotroph: a parasitic or symbiotic organism that cannot survive

outside of its host (i.e., mycorrhizal fungi).

Symbiosis: a relation that exists when two species live in direct contact with each

other. This can be mutualistic, antagonistic, or commensal. Mycorrhizal–plant

interactions are typically mutualistic. The relation that exists between EIPF and

their plant host has yet to be defined in terms of a specific symbiotic relation.
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inner root cortex to form specialized branched structures
called ‘arbuscules’ [13]. Arbuscules create a specific nutrient
transfer interface that is embedded with several plant and
fungal transporters, facilitating nutrient transfer between
the symbionts [14,15]. However, arbuscular mycorrhizal
fungi do not enter the protoplast of the plant cell; instead,
the plant cell wall accommodates the entering arbuscule by
forming a new and distinct periarbuscular membrane
(PAM) continuous with the plasma membrane of the cortical
cell [15].

Endophytes can be defined as endosymbiotic microorgan-
isms that live in plant tissues without causing symptoms of
disease. Endophytes have been found to associate with
almost all plant species, and some are capable of internal
migration within plant tissue to inhabit foliage, stems, and
bark, as well as roots [16,17]. Root-associating endophytic
fungi share numerous similarities with their mycorrhizal
counterparts; however, most endophytes do not have an
obligate biotrophic life stage and live at least part of their
life cycle away from the plant [18]. However, the mechanism
of plant colonization, and the nature of the symbiosis is
poorly understood when compared with mycorrhizal fungi
[10]. The ability of fungal endophytes to transfer nutrients to
the host is a relatively recent discovery [19,20], and the
mechanisms of this transfer are unknown.

Nutrient transfer is common among most plant–fungal
symbioses [21]; however, for many of these fungi, the
specific mechanisms and gene products involved in nutri-
ent transfer remain to be elucidated. Despite the impor-
tance of nutrient transfer to plants by mycorrhizal fungi,
there is a paucity of information with respect to the fungal
genes involved, and most of the genetic information
obtained has been inferred from a plant perspective [21].
Mycorrhizal fungi are difficult to culture in vitro or manip-
ulate using traditional transformation technology. There-
fore, research has focused on plant molecular biology and
the use of model plants, such as barrel clover (Medicago
truncatula), that can be genetically modified [14,22,23].
However, the discovery that several endophytic fungi have
the ability to colonize plants has provided an opportunity
to analyze genetically the fungal role in this symbiosis
because these fungi can be stably transformed [24–26].
Fungal symbionts can transfer limiting soil nutrients,
including phosphorus, nitrogen, and sulfur, to their plant
hosts, and the plant typically reciprocates by transferring
plant-derived carbohydrates to the fungus [27]. Here, we
review recent advances in understanding regarding the
transfer of nitrogen, phosphorus, and nonlimiting soil
nutrients by mycorrhizal and endophytic fungi to plants,
and discuss the elucidation of novel symbiotic pathways
that relate to widespread plant–fungal nutrient exchange.

Nitrogen transfer from fungal symbiont to plant hosts
In almost all ecosystems, including agricultural conditions,
nitrogen availability limits primary productivity, and ni-
trogen cycling and storage is highly variable [28]. The rate
of photosynthesis can be directly linked to nitrogen avail-
ability; plants require relatively large quantities of nitro-
gen compared with phosphorus [29]. Over 50% of leaf
nitrogen is devoted to photosynthesis [30]; hence, nitrogen
availability is integral for carbon fixation.
2

There are two routes by which atmospheric nitrogen is
deposited into terrestrial ecosystems, atmospheric deposi-
tion and nitrogen fixation [28]. In the atmosphere, several
forms of nitrogen exist, such as N2 (the most abundant,
comprising 78% of the atmosphere), NO, NO3

�, and NH3

gas [28]. Although some of these forms can be readily
incorporated into terrestrial ecosystems, N2 requires fixa-
tion by soil and/or plant symbiotic bacteria [31]. Once fixed
in terrestrial systems, nitrogen may be bound in organic
matter and must subsequently be mineralized to release
inorganic nitrogenous compounds that can be used by
plants [32]. Nitrogen conversion is largely mediated by
fungal decomposers in the soil [33]: several soil fungi are
able to exploit the energy stored in the redox potential of
organic nitrogen [34]. For example, mycorrhizal fungi are
able to excrete exoenzymes (i.e., proteases) that break
down organic matter and subsequently capture nitrogen-
containing compounds, thus providing a direct path from
organically bound nitrogen in the soil to the plant [35].
That is, mycorrhizal fungi provide the host plant with
access to nitrogenous reserves that would otherwise re-
main inaccessible in the soil.

Typically, nitrogen bound in organic matter is present
as peptides, proteins, and free amino acids, which can be
directly absorbed by fungi [35]. Both arbuscular mycor-
rhizal and ectomycorrhizal fungi release peptidases and
proteases into the soil that cleave organically bound nitro-
gen and subsequently absorb the nitrogenous monomers
[1,36]. Inorganic nitrogen in the soil is preferentially taken
up by fungi as nitrates (NO3

�) or ammonium (NH4
+), and it

has been suggested that, once this nitrogen has been
absorbed by the extraradical mycelia, it is converted into
the amino acid arginine for transport into the intraradical
mycelia [37]. Once internal migration is complete, the
arginine would be broken down through the urease cycle
into ammonium for transport into the plant. This hypo-
thetical pathway is supported by work showing that, dur-
ing fungal association, arginine in host plant roots is
increased threefold, and is the most abundant free amino
acid owing to the fungal presence inside the root [38]. This
pathway would indicate preferential absorption of NH4

+ by
fungal hyphae; however, this is not always the case. For
example, the root:shoot ratio of 15N in cowpea (Vigna
unguiculata) plants was higher for plants supplied with
NO3

� than for cowpeas grown with NH4
+, indicating that

nitrate is transferred more rapidly within the plant com-
pared with ammonium, and that transfer of NO3

�may rely
on independent pathways within the fungus [37]. Prefer-
ence for the form of inorganic nitrogen absorbed by the
hyphae may also relate directly to soil type. In most soils,
nitrate is more mobile than ammonium; this effect is
exacerbated in clay-based soils because clay minerals ad-
sorb NH4

+ owing to its positive charge [39]. Thus, prefer-
ence for a specific nitrogen type may be influenced by the
soil in which the symbiosis occurs.

Although the transport of nitrogen in most plant–fungal
symbioses seems to focus heavily on nitrates and ammoni-
um, the specifics of the transfer vary between fungal
species (Figure 1). For example, arbuscular mycorrhizal
fungi construct a specific nutrient transfer interface with
the host plant, the aforementioned PAM, and ammonium
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Figure 1. Plant–fungal root symbioses. Plant genes (depicted in green) and fungal genes (depicted in black) involved in nitrogen (N), phosphorus (P), and other nonlimiting

soil nutrient (NL) transport in arbuscular mycorrhizal fungal [40,41,56,57,66,80,81], endophytic fungal [61,82], and ectomycorrhizal fungal [59,67,83,84] symbioses.

Review Trends in Plant Science xxx xxxx, Vol. xxx, No. x

TRPLSC-1196; No. of Pages 7
transporters in Glomus intraradices have been character-
ized within this membrane [40]. Specifically, the ammoni-
um transporters GintAMT1 and GintAMT2 are expressed
by mycorrhizal fungi colonizing cortical cells [40,41]. The
nitrogen transfer ability of other Glomus species has also
been investigated, which led to the identification of a
Glomus mosseae ammonium transporter (GmAMT4.1)
during arbuscule development inside soybean (Glycine
max) roots [42]. In several of the endomycorrhizal symbio-
ses, a distinct upregulation of the AMT family of ammoni-
um transporters has been observed and fungal nitrate
transporters have been found in ectomycorrhizal fungal-
colonized roots [43]. In both Laccaria bicolor and Hebeloma
cylindrosporum, high-affinity nitrate transporters in the
NRT family are expressed during plant colonization
[44,45].

Endophytic fungi are also capable of transferring nitro-
gen to their plant hosts. The dark septate endophyte
Heteroconium chaetospira has been shown to transfer
nitrogen obtained from decaying organic matter in the soil
to the roots of Chinese cabbage (Brassica campestris) [46].
Other endophytes have been found to increase the nitrogen
uptake efficiency of young plants in nitrogen-depleted soils
[47]. Nitrogen can also be cycled into plants through endo-
phytic insect-pathogenic fungi (EIPF). This unique group
of root-colonizing fungi is able to transfer nitrogen
harvested from belowground insect hosts into different
plant species [19,20]. Species of the insect pathogens
Metarhizium and Beauveria are able to infect soil insects
and subsequently transfer insect-derived nitrogen to
plants [19,20]. Metarhizium, Beauveria, and H. chaetospira
all have similar habitat, host specificity, and nutrient
transfer ability, similarities that may be of future use in
accurately classifying nutrient cycling endophytes. The
specific form of nitrogen transfer is unknown, although
nitrogen is potentially converted to ammonium within the
3
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intraradical mycelia and transferred into plant roots in
this form, much like the pathways that have been postu-
lated for the transfer of nutrients in the arbuscular mycor-
rhizal and ectomycorrhizal–plant symbioses [48]. There
are costs as well as benefits associated with endophytism,
for both the plant and the fungus [18]. However, these costs
have yet to be specifically elucidated in symbioses involv-
ing Metarhizium or Beauveria.

A reciprocal upregulation of nitrogen transporters has
also been observed in plants that accommodate fungal
translocation of nitrogen. Plant ammonium transporters
are upregulated in arbuscule-containing cells. For exam-
ple, in sorghum (Sorghum bicolor), the expression of plant
ammonium transporters SbAMT3;1 and SbAMT4 was in-
duced only in arbuscule-containing cells [49]. Similarly,
nitrate transporters were expressed in arbusculated cells
of Medicago truncatula: the low-affinity nitrate transpor-
ters medtr7g116510.1, medtr4g136330.1, mtr.27765.1.s1,
and medtr4g159100.1 all showed increased expression in
cortical cells colonized by arbuscular mycorrhizal fungi
[50]. This coordinated and specific expression of both plant
and fungal ammonium and nitrate transporters in mycor-
rhizal-colonized cortical cells suggests the crucial impor-
tance of fungal nitrogen transfer in plants.

Transfer of phosphate from fungus to plant
Phosphorous may also be limiting in some ecosystems;
however, unlike nitrogen, atmospheric levels of phosphate
do not have an important role in the cycling of phosphate to
plants [51]. Most phosphorous is bound in rocks, minerals,
and large oceanic deposits [51]. Geological processes, such
as weathering, release phosphorous as phosphate ions into
the soil, where it can be absorbed by plant roots [51].

The most abundant form of phosphate in soils is ortho-
phosphate (PO4

3�) and, in this form, phosphate can be
absorbed directly by plant roots or by roots colonized by
mycorrhizal fungi [52]. PO4

3� is then rapidly translocated
to fungal structures inside the root, such as intercellular
hyphae or highly branched arbuscules, for transport di-
rectly into root cortical cells [53]. The transfer of PO4

3� is a
stepwise process that involves the conversion of PO4

3� to a
polyphosphate molecule for movement through the myce-
lia; the polyphosphate is then converted back into an
inorganic phosphate molecule for transport into the plant
[53]. Mycorrhizal fungi secrete enzymes, such as phospho-
monoesterases and phosphatases, that are able to hydro-
lyze organic P compounds in soil, such as phenolphthalein
diphosphate, providing plant hosts with phosphorous typi-
cally unavailable to non-mycorrhizal roots [54].

Initial studies of fungal nutrient transfer focused on the
ability of Glomus spp. to transfer phosphate to their plant
partners. It is now apparent that several mycorrhizal fungi
have a key role in the cycling of soil phosphate [55], and
numerous transporters involved in the process have been
elucidated. For example, microarray analyses of G. intrar-
adices and an associated plant (M. truncatula) showed a
coordinated upregulation of fungal and plant phosphate
transporters, specifically GmosPT and GvPT in the fungus
and MtPt4 in the plant [56–58]. These transporters are
specific to arbuscular mycorrhizal symbiosis and are local-
ized in the PAM [58]. In addition, various transporters
4

crucial to the cycling of phosphate have been reported in
ectomycorrhizal fungi. In the model organisms L. bicolor
and H. cylindrosporum, there is increased expression of the
phosphate transporters HcPT2 and LbPT during plant root
association [59]. Expression is further increased when soil
phosphorous levels are low, indicating the importance of
these transporters in plant phosphate nutrition [59].

Significant upregulation of high-affinity phosphate
transporters has also been reported in several mycorrhizal
plants, including legumes and woody plant species [60].
For example, proteins in the Pht1 family are highly
expressed during ectomycorrhizal symbiosis, and knock-
down experiments have shown the importance of these
transporters in phosphate transfer between the ectomycor-
rhizal L. bicolor and poplar (Populus trichocarpa) trees
[60].

Endophytes are also capable of phosphorous transfer to
plants; however, there is a paucity of information on this
process. Piriformospora indica, a basidiomycetous root
endophyte, was shown to increase the phosphate uptake
of its host plant, specifically through the increased expres-
sion of the phosphate transporter PiPT [61]. Therefore,
next-stage research into endophytic nutrient cycling
should focus on phosphate to gain a clearer picture of their
overall ecological importance.

Nonlimiting soil nutrients
Not all nutrients transferred from symbiotic fungi to plants
are limited in soils; and both arbuscular mycorrhizal and
ectomycorrhizal fungi are able to transfer mineral nutri-
ents, such as sulfur, cesium, zinc, potassium, and copper
[62–64]. These minerals enter soil systems in a manner
similar to phosphorous; however, large quantities are typ-
ically not required by plants and neither are they particu-
larly mobile in soil; as such, they are relatively abundant in
most ecosystems [65].

In arbuscular mycorrhizal fungi, the transfer of non-
limiting and limiting soil nutrients is linked such that the
overall efficiency of total mineral transfer is dependent on
the relative abundance of limited nutrients. For example,
examination of the plant genetics underlying fungal nutri-
ent transfer revealed that, during mycorrhizal association,
several M. truncatula sulfate transporters (MtSULTRs)
were upregulated, indicating that root colonization by
fungi increased the rate of plant sulfur absorption [66].
However, the efficiency of sulfur uptake in plant roots was
directly tied to phosphate availability, and there was an
increase in sulfur transfer only when soil phosphate con-
tent was low [62]. A similar relation has been observed
between potassium and phosphate in ectomycorrhizal nu-
trient transfer. The transfer of potassium to cluster pine
trees (Pinus pinaster) was significantly increased when
colonized by the ectomycorrhizal fungi Hebeloma cylin-
drosporum [67]. However, expression of the fungal potas-
sium transporter HcTrk1 was correlated with a decrease in
the phosphate transporter HcPT1 [67].

There is little information available on the ability of
endophytes to transfer nonlimiting soil nutrients to their
plant hosts. Historically, endophytes were viewed as
asymptomatic plant colonizers with no nutrient transfer
capabilities; however, we now know that this is not the case
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[19,20,46,47]. Future research on fungal endophytes
should focus on the extent of endophyte-mediated nutrient
cycling as well as on their overall ecological impact.

Reciprocal exchange: trading carbon for nutrients
In soil ecosystems, readily available carbon is limited,
particularly with respect to fungi, which are incapable of
breaking down complex organic compounds. Plants fix
carbon and offer easily metabolizable carbohydrates to
fungi that have evolved to colonize plant roots and offer,
in exchange, limiting nutrients to the plant [68].

This reciprocity has been observed in several mycor-
rhizal fungi. Glomus intraradices transfers phosphorus to
the roots of wild carrot (Daucus carota) and barrel clover in
exchange for carbon [69]. An increase in the efflux of carbon
from the carrot roots that was available to the fungus
resulted in an increase in phosphate transfer to the plant
[69]. Conversely, a decrease in available carbon slowed the
overall rate of phosphate transfer [69]. These results are
significant because they not only indicate a close symbiotic
relation between the plant and the fungus, but also reveal
that the fungus and plant are capable of sensing their
immediate environments and actively participating in the
reciprocal exchange of nutrients.

A similar relation has been observed with regard to
nitrogen transfer, with nitrogen being transferred to car-
rots by G. intraradices in exchange for photosynthetically
fixed carbon [70]. Here again, nitrogen transfer to the plant
was reliant on plant carbon provided to the fungus [70].
Furthermore, G. intraradices would not transfer nitrogen
until plant sugars had initially been transferred to the
fungus [70]. Thus, reciprocal nutrient exchange stabilizes
the cooperative relation between the symbiotic partners.

The mechanisms that control carbon transport to intrar-
adical mycelia have yet to be elucidated; however, plant
sugar transporters and enzymes have a key role in the
movement of plant-derived carbohydrates to the fungus. In
Glomus spp., a high-affinity monosaccharide transporter,
MST2, has been characterized [71]. The expression of this
transporter correlates with expression patterns of the
mycorrhizal phosphate transporter, PT4, indicating that
the amount of carbon received by the fungal symbiont is
directly related to the phosphate transfer efficiency [71].
Plant sugar transporters also show elevated expression
during mycorrhizal colonization. In the model mycorrhizal
association between M. truncatula and G. intraradices,
increased expression of MtSucS1, a plant sucrose synthase
gene, has been reported surrounding internal hyphae and
arbuscules [19]. Furthermore, the expression of a family of
M. truncatula sucrose transporters, MtSUTs, has been
shown to increase in mycorrhizal-colonized roots [19].

There is little information available on nutrient reci-
procity in endophytic fungi. However, it has been shown
that carbon exchange may be required for EIPF root
association. A raffinose transporter (Mrt) was found to
be crucial for rhizospheric competence in Metarhizium
and a gene knockout led to poor growth in soybean root
exudate [72]. Metarhizium also produces an extracellular
invertase, which when knocked out, led to poor growth in
root exudate but improved the root-colonizing ability of
the fungus [73]. It was hypothesized that the invertase
knockout caused a reduction in carbon catabolite repres-
sion resulting in increased production of plant cell wall-
degrading depolymerases that subsequently allowed for
root colonization.

Several nonlimiting soil nutrients are transferred to
plants through fungal intermediaries. Despite the lack
of knowledge surrounding the transfer of these nutrients,
it has been observed that, with respect to certain micro-
nutrients, transfer is dependent on plant reciprocity
[66,74]. However, whether there is any reciprocity with
regard to the transfer of plant carbon to fungal endophytes
in exchange for soil nutrients has yet to be elucidated.

Applications
Although arbuscular mycorrhizal, ectomycorrhizal, and
endophytic fungi are ubiquitous in soils, specific applica-
tions of these fungi in agricultural fields, with respect to
increasing plant productivity and survival, remain intan-
gible. The inability to culture mycorrhizal fungi effectively
in the laboratory is a major impediment to producing
mycorrhizal fungi on an industrial scale for commercial
applications, and large-scale culturing on plants is a cum-
bersome process that yields inconsistent results [75]. Re-
cently, some of these inconsistencies have been alleviated
through novel culturing techniques [75]; however,
advances in the study of mycorrhizal genetics could lead
to the creation of easily manipulated laboratory strains for
study as well as for industrial applications.

Regardless of laboratory difficulties, there is great po-
tential for the industrial application of mycorrhizal fungi.
In agricultural and horticultural settings, mycorrhizal
fungi have been shown to improve water-uptake efficiency,
nutrient acquisition, and the survival rate of young crops
[2]. By increasing the presence of mycorrhizal fungi in
industrial soils, there should be further increases in posi-
tive, fungal-conferred benefits to plants.

EIPF have been manufactured on an industrial scale for
the treatment of insect pests [76]. Metarhizium and Beau-
veria are of particular interest because they infect a large
range of insects and have nitrogen transfer capabilities
[43,44,77,78]. These fungi live in a wide range of hosts,
their genomes have been sequenced, and they are amena-
ble to traditional molecular genetic techniques, such as
gene knockouts. As such, these fungi may provide insight
into the roles of fungal genes in reciprocal nutrient
exchanges, particularly if there are homologous transfer
genes in mycorrhizal fungi.

Concluding remarks
Despite the integral role that plant-associating fungi have
in the cycling of soil nutrients, they remain relatively
enigmatic from a research perspective. Although several
studies have been conducted on the nutrient transfer
capabilities of mycorrhizal fungi, a combination of their
inability to be effectively cultured and their recalcitrance
to traditional genetic manipulation leaves a paucity of
information on these fungi [79]. Endophytes have the
potential to be an important model for the study of plant
root interactions. Unlike mycorrhizal fungi, several endo-
phytes can be easily cultured in the laboratory, and stable
transformation systems are available [22,23]. Through the
5
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use of novel methodology and by using EIPF as a model,
there is the potential to characterize genes involved in
fungal nutrient transfer. The next stage of research needs
to focus not only on genetics, but also on understanding the
complex relations that exist in soil with respect to fungal
population structure, nutrient availability, and microbial
competition. Both mycorrhizal and endophytic fungi natu-
rally associate with economically important crops; thus,
understanding and evaluating their ecological roles in
agricultural settings is integral to downstream applica-
tion. The increased presence of either mycorrhizal fungi or
EIPF in industrial fields would potentially increase crop
yield and, in the case of EIPF, protect crops from harmful
insect pests on a broad scale. Overall, the application of
optimized root-colonizing, and nutrient cycling fungi into
agricultural and horticultural settings could increase fer-
tilizer use efficiency, limit run-off contamination, decrease
total energy inputs into agroecosystems, and increase crop
production, all of which are fundamental goals towards
sustainable and environmentally viable agriculture.
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71 Bü cking, H. and Shachar-Hill, Y. (2005) Phosphate uptake, transport
and transfer by the arbuscular mycorrhizal fungus Glomus
intraradices is stimulated by increased carbohydrate availability.
New Phytol. 165, 899–912

72 Fellbaum, C.R. (2012) Carbon availability triggers fungal nitrogen
uptake and transport in arbuscular mycorrhizal symbiosis. Proc.
Natl. Acad. Sci. U.S.A. 109, 2666–2671

73 Helber, N. et al. (2011) A versatile monosaccharide transporter that
operates in the arbuscular mycorrhizal fungus Glomus sp is crucial for
the symbiotic relationship with plants. Plant Cell 23, 3812–3823

74 Cairney, J.W.G. (2012) Extramatrical mycelia of ectomycorrhizal fungi
as moderators of carbon dynamics in forest soil. Soil Biol. Biochem. 47,
198–208

75 Ceballos, I. et al. (2013) The in vitro mass-produced model mycorrhizal
fungus, Rhizophagus irregularis, significantly increases yields of the
globally important food security crop cassava. PLoS ONE 8, e70633

76 Kassa, A. (2008) Whey for mass production of Beauveria bassiana and
Metarhizium anisopliae. Mycol. Res. 112, 583–591

77 Roberts, D.W. and Hajek, A.E. (1992) Entomopathogenic fungi as
bioinsecticides. In Frontiers in Industrial Mycology (Leathan, G.F.,
ed.), pp. 144–159, Chapman & Hall

78 Meyling, N.V. et al. (2011) Below and above ground abundance and
distribution of fungal entomopathogens in experimental conventional
and organic cropping systems. Biol. Control 59, 180–186

79 Parniske, M. (2004) Molecular genetics of the arbuscular mycorrhizal
symbiosis. Curr. Opin. Plant Biol. 7, 414–421

80 Cappellazzo, G. (2008) Characterization of an amino acid permease
from the endomycorrhizal fungus Glomus mosseae. Plant Physiol. 147,
429–437

81 Allen, J.W. and Shachar-Hill, Y. (2009) Sulfur transfer through an
arbuscular mycorrhiza. Plant Physiol. 149, 549–560

82 Zuccaro, A. et al. (2011) Endophytic life strategies decoded by genome
and transcriptome analyses of the mutualistic root symbiont
Piriformospora indica. PLoS Pathog. 7, e1002290

83 Kemppainen, M.J. et al. (2009) 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, 541–553

84 Mansouri-Bauly, H. et al. (2006) Sulfur uptake in the ectomycorrhizal
fungus Laccaria bicolor S238N. Mycorrhiza 16, 421–427
7

http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0200
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0200
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0200
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0205
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0205
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0205
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0210
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0210
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0210
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0215
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0215
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0215
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0215
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0220
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0220
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0220
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0220
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0225
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0225
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0225
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0225
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0230
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0230
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0230
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0235
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0235
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0235
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0240
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0240
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0240
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0245
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0245
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0245
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0245
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0250
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0250
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0250
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0250
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0255
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0255
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0260
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0260
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0260
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0265
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0265
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0265
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0270
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0270
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0275
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0275
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0275
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0275
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0275
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0280
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0280
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0280
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0285
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0285
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0285
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0285
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0290
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0290
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0290
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0295
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0295
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0295
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0295
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0300
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0300
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0300
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0305
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0305
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0305
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0310
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0310
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0310
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0315
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0315
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0315
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0320
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0320
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0320
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0325
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0325
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0330
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0330
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0330
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0335
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0335
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0335
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0335
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0335
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0340
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0340
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0340
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0345
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0345
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0345
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0350
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0350
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0350
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0355
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0355
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0355
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0355
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0360
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0360
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0360
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0365
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0365
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0365
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0370
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0370
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0370
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0375
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0375
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0375
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0380
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0380
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0385
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0385
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0385
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0390
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0390
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0390
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0395
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0395
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0400
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0400
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0400
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0405
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0405
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0410
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0410
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0410
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0415
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0415
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0415
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0415
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0420
http://refhub.elsevier.com/S1360-1385(14)00168-X/sbref0420

	Nutrient transfer in plant-fungal symbioses
	Plant-fungal Interactions
	Nitrogen transfer from fungal symbiont to plant hosts
	Transfer of phosphate from fungus to plant
	Nonlimiting soil nutrients
	Reciprocal exchange: trading carbon for nutrients
	Applications
	Concluding remarks
	Acknowledgments
	References


