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14.1 Introduction

Nutrient uptake from soil and exchanges 

between fungal and plant partners forming 

mycorrhizal symbioses present a mean fea

ture among the beneficial effects of these 

mutualistic relationships. Improved plant 

mineral nutrition through the fungal part

ner was first described a long time ago; in 

return, the plant delivers carbon substrates 

to the fungal partner. The first transport sys

tems involved in plant‐microorganism inter

actions in plants and fungi were also 

identified years ago.

Within this chapter, recent knowledge 

concerning mycorrhizal nutrient exchanges 

and the involved molecular players in 

membrane transport of the ecto‐ and endo

mycorrhizal partners will be presented. 

First, transport of sugars from plants 

towards mycorrhizal fungi is summarized. 

Then, uptake and exchange of main nutri

ents such as nitrogen, phosphate, sulfate, 

potassium, and water by the symbiotic 

partners will be reviewed.

14.2 Carbon transport from 
plant leaves to the fungal 
partner

In the mycorrhizal associations, in return for 

mineral nutrient provisioning, the plant 

provides sugar photosynthates to the heter

otrophic symbiont. This trade is regulated by 

both plant and fungal transport components, 

as for instance the long‐distance  transport 

of sucrose from leaves towards mycorrhizal 

roots and subsequent cellular transfer of 

monosaccharides at the symbiotic interface 

(Doidy et al., 2012a).

14.2.1 From source leaves to 
mycorrhizal roots
Sucrose, the main carbohydrate for long‐

distance transport in plants, is synthesized in 

the mesophyll, loaded into the phloem, 

unloaded towards roots and cleaved into 

monosaccharides (glucose and fructose) to 

supply underground tissues. Mycorrhizal 

colonization of plant roots increases the 

sink strength and creates an additional sugar 
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demand for the plant (Wright et al., 1998). 

Thus, a large portion of photoassimilates 

is  redirected towards the colonized rhizos

phere. These sugar fluxes are coordinated 

by  transport systems, comprising sucrose 

(SUTs), monosaccharide (MSTs) and SWEET 

transporters. These subfamilies are key com

ponents for carbon partitioning in plants, 

and for their interactions with microorga

nisms (Doidy et al., 2012a; Lemoine, et al., 

2013; Nehls et al., 2016).

14.2.1.1 Sucrose transporters, SUTs
All plants have a small‐sized family of SUTs, 

classified into four different types (Sauer, 

2007; Peng et al., 2014), and representing 

key transport systems for long distance trans

port of sugar, including the loading of sucrose 

in source leaves, as well as the unloading 

towards sink organs. Sucrose export from 

leaves to colonized roots involves fine tuning 

of sucrose transporters (Ge et al., 2008; 

Tejeda‐Sartorius et al., 2008; Boldt et al., 

2011; Nehls et al., 2016). For instance, in 

Medicago truncatula, expression of MtSUT1‐1, 

MtSUT2 and MtSUT4‐1 is regulated in leaves 

and arbuscular mycorrhizal (AM) roots 

when inoculated with Rhizophagus sp. (Doidy 

et al., 2012b).

In AM roots from tomato and rice, 

SlSUT2 and OsSUT4 seem to mediate 

sugar  back‐transport towards plant cells 

(Bitterlich et al., 2014a, 2014b), suggesting a 

mechanism of sucrose retrieval for the con

trol of photosynthate export towards arbus

cular mycorrhizal fungi (AMF). Up to now, a 

single sut1 knockdown mutant with 

impaired sucrose export from source leaves 

in potato has been investigated in mycorrhi

zal conditions, and showed no effect on fun

gal colonization rates (Gabriel‐Neumann 

et al., 2011). This result suggests that sucrose 

export from source leaves by SUT is not the 

bottleneck of the  mycorrhizal‐driven sink.

14.2.1.2 Monosaccharide transporters, 
MSTs
In sink organs, transport of monosaccharides 

resulting from the sucrose cleavage by plant 

invertases (Nehls et al., 2016) is mediated by 

a large family of MSTs (Johnson and Thomas, 

2007; Lalonde and Frommer, 2012). Despite 

the fact that transferred carbon seems to be 

mainly taken up by the fungus in the form of 

glucose, most studies focused only on the 

expression of plant MSTs to pinpoint differ

entially regulated candidates (Garcia‐

Rodriguez et al., 2005) depending on fungal 

inoculates (Ge et al., 2008) and plant varie

ties (Wright et al., 2005).

Only a limited number of plant sugar 

transporters were characterized and located 

in AM‐colonized root parts (Harrison, 1996; 

Gaude et al., 2011; Bitterlich et al., 2014a). 

Interestingly, such MSTs (MtSt1 and MtHext1) 

were also differentially regulated in non‐

colonized cells neighboring arbuscular cells. 

The sugar flow in non‐colonized adjacent 

cells may be directed to feed arbuscular cells 

through symplasmic pathways.

14.2.1.3 Sugars Will Eventually be 
Exported Transporters, SWEETs
The SWEET transporter family has been 

recently characterized as exporters of 

sucrose and monosaccharides using FRET 

nanosensors (Chen et al., 2010). This discov

ery of efflux transporters is a major break

through in the field of sugar transport. 

SWEETs play key roles in sugar efflux for 

diverting plant resources towards pathogens 

(Chen et al., 2010), and are currently being 

investigated in mycorrhizal systems (Nehls 

et al., 2016).
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14.2.2 Carbon transfer at the 
biotrophic interface
The question concerning which form of car

bon is given to the fungus, and where pre

cisely the transfer takes place, remained 

controversial (Smith and Smith, 1990). 

Nowadays, the symbiotic interface for nutri

tional exchanges is commonly accepted to 

be at the arbuscule and the Hartig net for 

endo‐ and ectomycorrhiza (Bitterlich et al., 

2016), respectively. Some authors also sug

gest that intercellular hyphae could be 

another exchange site (Smith et al., 2001; 

Helber et al., 2011). Regarding the carbon 

source, monosaccharides, glucose and, to a 

lesser extent, fructose are the major forms 

delivered to the fungal hyphae (Nehls et al., 

2016). However, the sugar export systems 

responsible for cellular efflux towards sym

biotic interfaces are still unknown. The 

newly identified SWEETs may be interesting 

candidates, as they can facilitate effluxes of 

both hexoses and sucrose across membranes 

(Chen, 2014).

On the fungal side, monosaccharide 

transporters were recently identified from 

several ectomycorrhizal (ECM) fungi (Nehls 

et al., 2016) as Amanita muscaria, Laccaria 

bicolor, Tuber sp., and from AMF Rhizophagus 

irregularis (Helber et al., 2011). Preliminary 

phylogenetic studies indicate that endo‐ and 

ectomycorrhizal transporters belong to dis

tant clusters. Within each species, distinct 

MSTs are responsible for sugar uptake from 

biotrophic interfaces and soil‐growing myce

lium, and for sugar partitioning within fun

gal structures.

In AMF, RiMST2 is primarily expressed 

in  symbiotic intraradical structures, and its 

silencing by host‐induced gene silencing 

resulted in impaired mycorrhizal forma

tion, malformed arbuscules, and reduced 

 phosphate transporter (MtPT4) expression 

(Helber et al., 2011). RiMST2 is, so far, the 

only transporter shown to directly mediate 

sugar uptake at mycorrhizal interfaces. 

However, the silencing of RiMST2 did not 

completely prevent a functional symbiosis, 

suggesting that other transporters may be 

involved in sugar uptake towards the 

 fungus. Finally, a putative sucrose trans

porter (RiSUC1) has also been identified 

in  the genome of R. irregularis but, as no 

sucrose uptake by ecto‐ and endomycorr

hizal fungi has been observed, the role of 

such fungal sucrose transporter remains to 

be determined.

14.3 Nitrogen transport 
in mycorrhizal roots

Given that nitrogen (N) usable by plants is 

not uniformly distributed in soil, and is often 

a limiting factor in ecosystems, the establish

ment of microbe‐mediated N uptake is  crucial 

(Read and Perez‐Moreno, 2003; Courty et al., 

2015). This N uptake is mediated by various 

transport systems, including transport of 

inorganic N as nitrate (NO
3
–) and ammonium 

(NH
4

+), and of organic N as  peptides and 

amino acids.

14.3.1 Inorganic N transport 
in ecto‐ and arbuscular mycorrhiza
Nitrate is the most important source of 

N  in soil solutions and more mobile than 

NH
4

+. However, due to the high energy 

demand needed for reduction of NO
3

– 

to  NH
4

+, direct assimilation of NH
4

+ is 

often  preferred by soil‐living organisms 

(Marschner, 1995; Courty et al., 2015). 

Although NO
3

–/NH
4

+ transfer through ECM 

is controversial between microcosm and 
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field experiments (Clemmensen et al., 

2008; Chalot and Plassard, 2011), the ecto

mycorrhizal fungus Hebeloma cylindrosporum 

positively affects NO
3

– nutrition of its natu

ral host Pinus pinaster (Plassard et al., 2000, 

2002).

14.3.1.1 Plant and fungal nitrate 
transporters and their involvement 
in ecto‐ and arbuscular mycorrhiza
Nitrate is internalized by specific, highly reg

ulated transporters via an energy‐dependent 

uptake process. In plants, huge families of 

nitrate and peptide transporters have been 

described belonging to the NPF (NRT1/PTR 

Family; Léran et al., 2014) and to the NRT2 

and NRT3 families (Orsel et al., 2002; Tsay 

et al., 2007; Bai et al., 2013). In AM‐colonized 

roots, plant nitrate transporters can be regu

lated by the presence of the fungus 

(Hildebrandt et al., 2002; Guether et al., 

2009), but are also induced in response to 

high phosphate (Hohnjec et al., 2005). This 

complex gene expression modulation sug

gests a mechanism of nitrate assimilation 

depending on plant and fungal nutritional 

status.

Mycorrhizal fungi possess a reduced 

number of high‐affinity nitrate transporters 

belonging to the NRT2 family. One or two 

NRT2 genes have been found and, in part, 

characterized in the genomes of L. bicolor 

(Lucic et al., 2008), H. cylindrosporum 

(HcNRT2; Jargeat et al., 2003) or Tuber borchii 

(TbNRT2; Montanini et al., 2006). Inte

restingly, TbNRT2 was found to be strongly 

expressed in the Hartig net and mantle, but 

weakly expressed in free‐living mycelia. 

Under sufficient C supply, fungal NRT2 

genes are stimulated by external nitrate or 

N  starvation but down‐regulated by NH
4

+ 

and glutamine (Montanini et al., 2006).

14.3.1.2 Plant ammonium transporters 
(AMT) in ecto‐ and arbuscular 
mycorrhiza
Phylogenetic analyses on plant ammonium 

transporters have revealed four clades 

AMT1/2/3/4 (Loqué and von Wiren, 2004). 

Interestingly, several plant AMTs, partly 

characterized as high‐affinity AMTs, are 

upregulated during mycorrhizal symbi

oses – for example, in Populus tremula × tremu-

loides (PttAMT1;2; Selle et al., 2005; Couturier 

et al., 2007), Lotus japonicus (LjAMT2;2; 

Guether et al., 2009), Glycine max (GmAMT3;1, 

GmAMT4;4, GmAMT4;1, GmAMT1;4; Kobae 

et  al., 2010), Oryza sativa (OsAMT3;1; Pérez‐

Tienda et al., 2014) or Sorghum bicolor 

(SbAMT3;1; Koegel et al., 2013).

AM‐inducible AMTs are present in all 

family clades. Some AM‐inducible AMTs 

seem to be conserved among plant families, 

like AMT3;1, and could have evolved from a 

common ancestor. Others seem to have 

evolved independently (e.g., GmAMT1;4 or 

PttAMT1;2). AM‐induced AMT genes were 

detected in arbusculated cells, more pre

cisely on the branch domain of periarbuscu

lar membranes, but not on the trunk region 

(LjAMT2;2, SbAMT3;1, GmAMT4;1), indicat

ing that active NH
4

+ transfer occurs around 

arbuscular branches by recruiting NH
4

+ in 

the acidic periarbuscular space and releasing 

the uncharged NH
3
 into the cytoplasm of the 

arbusculated cells. Thus, protons coming 

from the deprotonation process remain in 

the periarbuscular space, and could rein

force the gradient for H+‐dependent trans

port processes.

Observation of some AM‐induced AMTs 

in non‐colonized cortical cells near arbuscu

lated cells (M. truncatula; Gomez et al., 2009; 

Gaude et al., 2011; SbAMT3;1) suggests a role 

in the pre‐penetration response.
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In addition to the AMTs, some aquaporins, 

such as Nod 26‐like intrinsic protein, were 

reported to act as low‐affinity ammonium 

transporters in AM symbiosis (see below).

14.3.1.3 Fungal ammonium transporters 
in mycorrhizal symbiosis
Ammonium has been shown to be used by 

mycorrhizal fungi (Rangel‐Castro et al., 

2002). In ECM fungi, low‐affinity and high‐

affinity AMTs were identified and function

ally characterized in H. cylindrosporum and 

T.  borchii (Javelle et al., 2003; Montanini 

et al., 2002) and shown to be regulated by 

N sources (Courty et al., 2015).

Differential expression in the mantle or 

in the Hartig net, compared to free‐living 

mycelium, was found (A. muscaria; Willmann 

et al., 2007; Tuber melanosporum; Hacquard 

et al., 2013).

The capability and efficiency of AM fungi 

in taking up NH
4

+ and transferring N to host 

plants depends on the fungal species (Mader 

et al., 2000; Tanaka and Yano 2005; Ngwene 

et al., 2012), reflecting a degree of functional 

complementarity. Two AMTs were identified 

in R. irregularis (high‐affinity GintAMT1, 

Lopez‐Pedrosa et al., 2006; GintAMT2, Pérez‐

Tienda et al., 2011). GintAMT1 is expressed 

in the extra‐radical mycelium, suggesting a 

role in NH
4

+ acquisition when NH
4

+ is pre

sent at low concentrations. GintAMT2 might 

be involved in retrieving NH
4

+ that has 

leaked out, as observed in yeast. They are 

both regulated in response to carbon, high

lighting a strong interconnection between 

C  and N transfer during AM symbiosis 

(Fellbaum et al., 2012).

Some authors proposed NH
4
+ as a candi

date for transfer between fungal and plant 

cells  through apoplastic space (Chalot et  al., 

2006).  However, mechanisms  underlying 

NH
4
+ export from the fungal cell into the 

 apoplastic interface are still unknown. In 

ECM symbiosis, two putative candidates are 

suggested; a homolog of a putative NH
4
+ 

export protein of Saccharomyces cerevisiae 

(Ato3), expressed in A. muscaria (Selle et al., 

2005) and in L. bicolor (Lucic et al., 2008) 

mycelia, and a fungal aquaporin of L. bicolor 

(Nehls and Dietz, 2014). Another hypothesis 

is that  voltage‐dependent cation channels 

could play a role in the export of inorganic N 

(Chalot et al., 2006).

14.3.2 Organic N transport in 
ecto‐ and arbuscular mycorrhiza
Some di‐ and tripeptide transporter (PTR) 

genes were specifically induced in AM 

roots or in arbusculated cells (Casieri et al., 

2013), and in the AM fungus R. irregularis 

(Belmondo et al., 2014).

In ECM symbiosis, only few genes coding 

for fungal PTR were functionally character

ized. HcPtr2A is a high‐capacity peptide uptake 

transporter under limited N availability, 

whereas HcPtr2B is constitutively expressed 

(Benjdia et al., 2006). Some PTR or oligopep

tide transporters from H. cylindrosporum or 

L.  bicolor were regulated, depending on the 

symbiotic status (Casieri et al., 2013).

The improvement of amino acid transfer 

in ECM roots can be due to the transport of 

glycine, glutamate and allantoin from the 

fungal symbionts (Wallenda and Read, 1999; 

Larsen et al., 2011). Some fungal amino acid 

transporters (AAT), with high affinity for 

basic amino acids and lower affinity for neu

tral and acidic amino acids, were function

ally characterized in A. muscaria (AmAAP1; 

Nehls et al., 1999) and H. cylindrosporum 

(HcGap1; Wipf et al., 2002). Some AAT, iden

tified in L. bicolor and H.  cylindrosporum 

genomes, appear to be expressed in  colonized 
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root tips (Lucic et al., 2008). However, the 

mechanisms of amino acid excretion in ECM 

remain to be  elucidated (Chalot et al., 2006; 

Müller et al., 2007).

14.4 phosphate transport 
systems involved in 
mycorrhizal uptake pathway

Phosphorus (P) is primarily present in soil as 

inorganic P (Pi), derived from bedrock, but 

mostly chemically bound to the surface of 

clay minerals and thus insoluble (Marschner, 

1995). The high immobility of soluble Pi 

present as free orthophosphate, in combina

tion with a rapid absorption, results in the 

development of a depletion zone around 

plant roots (Smith and Read, 2008). 

Although organic P (Po) is not directly avail

able to plants, it can be hydrolyzed by acid 

phosphatases excreted by plant roots (Vance 

et al., 2003) or converted to Pi by microor

ganisms (Richardson and Simpson, 2011).

Among strategies developed by plants, 

the extent of rhizosphere coverage through 

mycorrhizal fungal hyphae increases the soil 

volume explored, and can overcome the lim

ited P availability (Hinsinger et al., 2011). At 

the soil root interface, mycorrhizal plants can 

absorb Pi through both direct and mycorrhi

zal pathways (Marschner and Dell, 1994; 

Liang et al., 2014; Saito and Ezawa, 2016). 

Highly specialized and well‐regulated fungal 

and plant transporters are needed to mediate 

mycorrhizal P uptake and transfer.

14.4.1 phosphate transporters 
in plants and their regulation 
in mycorrhiza
Uptake of the negatively charged orthophos

phate requires an energy‐driven transport 

process, which is mediated by phosphate 

transporters and energized by H+‐ATPases 

(Karandashov and Bucher, 2005; Bucher, 

2007; Krajinski et al., 2014; Wang, Yu, et al., 

2014). The plant Pi transporters are classi

fied in three families, Pht1, Pht2 and Pht3 

(Rausch and Bucher, 2002; Smith, Mudge, 

et al., 2003). Only Pht1 low‐ and high‐affinity 

H+/Pi symporters (ranging from 3 to ≈ 700 μM) 

(e.g., Harrison et al., 2002; Bucher, 2007) 

have, thus far, been described as being 

involved in the mycorrhizal pathway. Most 

Pht1 genes are strongly expressed in the 

root  epidermal cells, including root hairs, 

and  in cortex cells, suggesting a role in Pi 

uptake (Liu, Muchhal, et al., 1998; Chiou et 

al., 2001; Ai et al., 2009).

Furthermore, a series of studies has dem

onstrated AM‐induced expression of plant 

Pht1 transporter genes and also of energizing 

H+‐ATPases, and their primordial role for 

mycorrhiza functioning (for further reading 

see Saito and Ezawa, 2016). The regulation 

of mycorrhiza‐inducible Pi transporter genes 

is conserved between perennial woody and 

herbaceous plant species (Loth‐Pereda et al., 

2011).

The upregulation of AM‐inducible plant 

Pi transporters is often accompanied by the 

downregulation of other Pi transporters – in 

particular, those thought to be involved 

in direct Pi uptake (Liu, Trieu, et al., 1998; 

Rausch et al., 2001; Paszkowski et al., 2002). 

This interplay between Pht1 transporters 

may reflect the balance between direct and 

mycorrhizal pathways of Pi uptake (Smith, 

Smith, et al., 2003). However, it is still not 

clear whether the downregulation results 

indirectly from the improvement of Pi acqui

sition, or from a direct downregulation by 

the plant as a response to the symbiosis.

The fine‐tuned regulation of the abun

dance of Pi transporters in the periarbuscu

lar membrane is probably dependent on 
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post‐transcriptional and post‐translational 

regulation (Smith et al., 2011). For instance, 

trafficking and degradation of several Pht1 

transporters is modulated by miR399‐PHO2 

and miR827‐NLA, which cooperatively reg

ulate plant Pi acquisition (Liu et al., 2014). 

However, to date, nothing is known about 

the post‐transcriptional and post‐transla

tional regulation processes linked to the AM 

inducibility of Pht1 transporters.

14.4.2 phosphate transporters 
in mycorrhizal fungi
In AM fungi, H+/Pi and Na+/Pi transporters 

enabling Pi uptake in a wide soil pH range 

have been described (Saito and Ezawa, 

2016).

In ECM fungi, several genes putatively 

encoding Pi transporters have been identi

fied (Casieri et al., 2013; Kohler et al., 2015). 

Most of these transporters are H+/Pi trans

porters, suggesting that the efficiency of fun

gal Pi uptake strongly relies on external pH 

values. The two H+/Pi transporters, found 

initially in extraradical hyphae of H. cylin-

drosporum (Tatry et al., 2009; Garcia et al., 

2013) could mediate Pi uptake when soil P 

availability was low (HcPT1.1) or high 

(HcPT2).

Similar to HcPT1.1, upregulation by low 

Pi has been found for other H+/Pi transport

ers in Tricholoma spp. (Kothe et al., 2002) and 

Boletus edulis (Wang, Li, et al., 2014). The 

Na+/Pi transporter TmPT3 from T. melano-

sporum might be related to alkaline soils 

requiring Pi uptake independently of proton 

gradients (Casieri et al., 2013). Current 

knowledge about the role of ECM fungi at 

the plant‐fungus interface has been reviewed 

by Becquer et al. (2014). So far, molecular 

mechanisms behind the fungal Pi secretion 

towards the plant root cells are still ques

tioned (Saito and Ezawa, 2016).

14.5 plant sulfur nutrition 
in mycorrhizal symbiosis

Plants use sulfate as a major sulfur (S) source 

to synthesize various molecules essential to 

sustain cell growth and viability (Saito, 

2004). The nutritional benefits of symbiotic 

interactions might help the plant in case of S 

deficiency. Original studies on S have shown 

sulfate uptake by AM fungi and its translo

cation to the plant root and shoot in maize‐

Funneliformis mosseae (Gray and Gerdemann, 

1973) or in onion‐Rhizophagus fasciculatus 

(Rhodes and Gerdemann, 1978) symbiosis. 

Organic S‐containing compounds, such as 

cysteine, methionine and glutathione, could 

also be transferred by AM fungi to root 

organ cultures of carrot (Allen and Shachar‐

Hill, 2009). S has been shown to affect AM 

fungal community structures in roots of dif

ferent soybean cultivars (Jie et al., 2012). 

However, even if S is a key component of 

plant metabolic pathways, data are scarce 

about the physiological impact of S transfer 

during AM symbiosis, as S deficit is less fre

quent in agricultural soils.

Whatever the plant or the AM fungal part

ner, AM symbiosis plays probably a significant 

role in plant S nutrition. Under S starvation, 

four putative sulfate transporters (SULTRs) 

are downregulated in roots and leaves of myc

orrhizal M. truncatula plants compared with 

non‐mycorrhizal plants, suggesting S increase 

in mycorrhizal plants (Casieri et al., 2013; Sieh 

et al., 2013). However, even if some putative 

SULTRs in leguminous plants are affected by 

AM symbiosis, no SULTR transporter gene has 

clearly been identified as specifically expressed 

or induced in AM roots.

Even though regulation of S transport in 

ECM plants has not been well studied, 

decreased S starvation of mycorrhizal plants 

has been suggested (Casieri et al., 2013).
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14.6 Mycorrhizal potassium 
nutrition mediated by 
transporters and channels

Although an improvement of K+ content in 

plants colonized by AM and ECM fungi has 

been recognized, the effective involvement 

of mycorrhizal symbioses in plant K+ nutri

tion was strongly debated, as the very small 

amount of data available (Jentschke et al., 

2001; Benito and Gonzalez‐Guerrero, 2014) 

has produced some contradictory results. 

Recent data assumed that mycorrhizal fungi 

have a positive effect on plant K+ acquisi

tion, mainly under K+ limiting and stress 

conditions (Augé et al., 2014; Garcia et al., 

2014; Jourand et al., 2014), which are the 

rule in natural ecosystems. Molecular mech

anisms governing this mycorrhizal K+ allo

cation start to emerge, thanks to the ongoing 

release of many fungal genomes, allowing 

the identification of several putative K+ 

transport‐related protein families (Garcia 

and Zimmermann, 2014).

14.6.1 potassium acquisition 
in mycorrhizal fungi
In fungi, two highly conserved families of K+ 

transporters have been identified –  the Trk 

(Transporter of K+) and HAK (High‐Affinity 

K+ uptake) transporters (Benito et al., 2011). 

In addition to their function in K+ acquisi

tion, some Trks can also transport Na+ cati

ons, suggesting their involvement in either 

Na+ nutrition or fungal cell detoxification 

(Corratgé et al., 2007; Corratgé‐Faillie et al., 

2010). Interestingly, although at least one 

Trk is present in all sequenced ECM fungi, 

none can be found in the AM fungus R. irreg-

ularis (Garcia and Zimmermann, 2014). 

However, one HAK transporter was detected 

in R. irregularis, suggesting that RiHAK is 

probably the main player of K+ uptake in 

this AM fungus. Both the sequencing of 

other Glomeromycota species and func

tional characterization of RiHAK will bring 

valuable information on K+ acquisition strat

egies used by AM fungi.

Concerning ECM fungi, one Trk member 

of H. cylindrosporum, HcTrk1, has been func

tional characterized (Corratgé et al., 2007). 

Interestingly, plants mycorrhized by HcTrk1‐

overexpressing strains displayed a reduction 

of both K+ and P contents in shoots at low 

K+, indicating a less cooperative behavior of 

the fungus for plant K+ nutrition (Garcia 

et al., 2014). Moreover, K+ homeostasis seems 

to be crucial for mycorrhizal P allocation, 

probably because of the role of K+ as coun

ter‐ion of polyphosphates (Bücking and 

Heyser, 1999; Kikuchi et al., 2014). The role 

in mycorrhizal nutrition of another family 

with K+ and Na+ transport activity, P‐type 

ATPases ACU (Alkali Cation Uptake ATPase), 

found in most fungal genomes (Benito et al., 

2004, 2011), has not yet been elucidated.

14.6.2 potassium translocation 
from mycorrhizal fungi to host 
plants, the missing way
Since it is admitted that the nutrient transfer 

from the fungus to the host plant needs a 

polarized expression of transport systems 

(Casieri et al., 2013), we can assume that 

fungal K+ exporters are specifically expressed, 

localized and regulated at the mycorrhizal 

interface. Two kinds of ion channels, called 

SKC (Shaker‐like K+ Channel) and TOK 

(Tandem‐pore Outward K+ channel), are 

good candidates to play this role in mycor

rhizal fungi (Garcia and Zimmermann, 

2014). Most of the fungi belonging to 

Basidiomycota and Zygomycota possess at 

least one SKC gene.



Chapter 14: The transportome of mycorrhizal systems   247

Surprisingly, three putative SKC genes 

were detected in R. irregularis, but none in 

Ascomycota. The specific loss of SKC genes 

in Ascomycota, together with a lack of 

functionality in heterologous systems 

(Garcia, unpublished results), raises ques

tions on their effective role in K+ transport 

in fungi. TOK channels are promising can

didates for the fungal K+ release into the 

plant during ECM association, even if they 

are not identified in R. irregularis. Strong 

efforts are now needed to decipher the 

whole molecular basis of K+ mobilization, 

translocation and release to the host in 

mycorrhizal fungi.

Plant K+ transport systems are well 

described but no molecular data are availa

ble concerning their role at the plant‐ 

fungus interface. Interestingly, a putative 

K+ uptake (KUP) transporter was upre

gulated 44‐fold in AM colonized roots of 

L. japonicus (Guether et al., 2009). The lack 

of data on the possible role of plant K+ 

transport systems in AM and ECM asso

ciations reveals the need of studies to 

unravel the K+ transportome in such plant‐

microbe interactions, especially under stress 

conditions.

14.7 aquaporins as water 
flux facilitators in mycorrhizal 
associations

14.7.1 plant and fungal water 
channels, aQps
Root water uptake from the soil and its dis

tribution within the plant is important for 

all physiological processes. Water move

ment occurs by a gradient‐driven flow 

through membranes, a process which is 

mediated and regulated by water channels 

called aquaporins (AQPs) (Luu and Maurel, 

2005).

AQPs are a family of pore‐forming inte

gral membrane proteins belonging to the 

family of MIPs (Major Intrinsic Proteins), 

present in all living organisms, and forming 

large families in plants. Based on amino acid 

sequence comparisons, AQPs can be divided 

into five subfamilies (Maurel et al., 2008):
 • Plasma membrane intrinsic proteins 
(PIPs);

 • Tonoplast intrinsic proteins (TIPs);
 • NOD26‐like intrinsic proteins (NIPs), first 
identified in the symbiosomes of legumes 
but also present in the plasma membrane 
and endoplasmic reticulum (ER);

 • Small basic intrinsic proteins (SIPs) found 
in the ER only in dicots; and

 • Uncharacterized intrinsic proteins (XIPs), 
localized in the plasma membrane.

PIPs and TIPs are thought to be involved 

in the regulation of root water uptake under 

drought conditions (Ruiz‐Lozano et al., 

2012).

Besides their importance in plant water 

relations, AQPs have also been shown to 

facilitate the transport of small uncharged 

solutes, such as glycerol, ammonia, urea, 

boric acid, silicic acid and carbon dioxide 

(Maurel et al., 2008).

Aquaporins with a conserved structure 

and similarity have also been identified in 

fungal genomes. Recently, several phyloge

netical analyses have demonstrated the 

diversity of these fungal aquaporins and 

aquaglyceroporins (Nehls and Dietz, 2014; 

Verma et al., 2014). The presence of several 

aquaporins in fungi (e.g., five or seven in 

H.  cylindrosporum or in L. bicolor, respec

tively) is interesting, and needs to be ana

lyzed in more detail to discern functional 

specialization and specific expression and 

regulation.
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14.7.2 expression and regulation 
of aquaporins during mycorrhizal 
symbiosis
The role of aquaporins for mycorrhizal sym

bioses has been mainly described for plant 

proteins in AM associations (Aroca et al., 

2007; Uehlein et al., 2007), but also for ECM 

symbiosis (LeQuéré et al., 2005; Marjanović 

et al., 2005). Recently, however, the rele

vance of fungal aquaporins for the function

ing of ECM symbiosis has been demonstrated 

for an aquaporin of L. bicolor by an over‐

expression approach (Xu et al., 2015).

The first studies concerning the involve

ment of the AM symbiosis in the modulation 

of plant AQPs showed mycorrhiza‐induced 

expression of TIPs in Petroselinum crispum and 

M. truncatula, respectively (Roussel et al., 

1997; Krajinski et al., 2000). The importance 

of AQPs for the efficiency of the AM symbio

sis under drought conditions was demon

strated in tobacco by Ntaqp1 antisense 

mutants (Porcel et al., 2006).

In ECM poplar plants, an increase in the 

water transport capacity of mycorrhizal 

roots was correlated with an upregulation 

of  several PIP‐encoding genes (Marjanović 

et  al., 2005). Interestingly, opposite results 

were observed in ECM birch roots, where 

two genes related to water‐stress response, 

BpPIP1 and BpPIP2, were downregulated 

(LeQuéré et al., 2005). Thus, AM and ECM 

symbioses lead to both an increased or 

decreased expression of AQP genes. 

Facilitated water transport in symbiotic 

association might be linked to increased 

membrane water permeability, which 

requires upregulation of AQPs under 

drought stress (Yu et al., 2005). Particular 

AQP regulation patterns detected in colo

nized roots were related to an overall 

improvement of drought tolerance, as 

reflected by improved growth and water 

 status of mycorrhizal plants (Ruiz‐Lozano 

et al., 2012). Differential regulation of AQP 

encoding genes by AM symbiosis and 

drought conditions has been observed for 

three out of four PIPs in R. irregularis‐inocu

lated Phaseolus vulgaris roots (Aroca et al., 

2007).

In addition, it has been suggested that 

the role of AQPs in AM and ECM symbioses 

might be more complex, also involving sym

biotic exchange of ammonia (Uehlein et al., 

2007).

14.8 and still more transport 
systems – microelements 
in mycorrhizal interactions

Symbiotic exchange between mycorrhizal 

fungi and plant roots also involves uptake 

and transfer of other elements, with Fe, Cu, 

Zn, Ca and Mg playing essential and cata

lytic roles throughout the cell in various 

subcellular compartments (Casieri et al., 

2013). Fine regulation of their biological 

concentrations is mediated by specialized 

transporter systems. So far, few studies have 

revealed functional characterization of such 

transporters mostly upon isolation from 

fungal strains living in polluted soils (Göhre 

and Paszkowski, 2006). A genome‐wide 

analysis revealed copper, iron and zinc 

transporters in the arbuscular mycorrhizal 

fungus R. irregularis (Tamayo et al., 2014).

14.9 Conclusion

Improved nutrient availability for plants and 

fungi is one of the main features of mycor

rhiza. Nutrient uptake at the soil‐fungus 

interface, as well as coordinated exchange 

between both partners at the plant‐fungus 



Table 14.1 Non‐exhaustive table of transport systems described in mycorrhizal symbiosis and mentioned 

within the chapter.

Nutrient AM symbiosis ECM symbiosis References

Fungus Plant Fungus Plant

Sugars MtSUT1‐1, 2, 4‐1 Doidy et al., 2012b

SlSUT2, OsSUT4 Bitterlich et al., 2014a, 2014b

MtSt1

MtHext1

Harrison, 1996

Gaude et al., 2011

MSTs Nehls et al., 2016

RiMST2

RiSUC1

Helber et al., 2011

Nitrogen LeNRT1;1 – 2;1 – 2;3 Hildebrandt et al., 2002

LbNRT2

HcNRT2

TbNRT2

Lucic et al., 2008

Jargeat et al., 2003

Montanini et al., 2006

PttAMT1;2 Selle et al., 2005

LjAMT2;2 Guether et al., 2009

GmAMT3;1 – 4;4 – 4;1 – 1;4 Kobae, et al., 2010

OsAMT3;1 Pérez‐Tienda et al., 2014

SbAMT3;1 Koegel et al., 2013

HcAMT1 – 2 – 3

TbAMT1

Javelle et al., 2003

Montanini et al., 2002

GintAMT1

GintAMT2

RiPTR2

Lopez‐Pedrosa et al., 2006

Pérez‐Tienda et al., 2011

Casieri et al., 2013

Belmondo et al., 2014

PTRs

HcPtr2A – 2B

AmAAP1

HcGap1

Benjdia et al. 2006

Nehls et al., 1999

Wipf et al., 2002

Phosphate MtPT4 Harrison et al., 2002

Pht1s Saito and Ezawa, 2016

HcPT1.1 – 2 Tatry et al., 2009

TvPt Kothe et al., 2002

BePT Wang, Li et al., 2014

TmPT3 Casieri et al., 2013

Sulfate MtSULTRs Casieri et al., 2013

Potassium HcTrk1 Corratgé et al., 2007

Garcia and Zimmermann, 2014

Guether et al., 2009

RiHAK‐SKC SKC‐TOK‐HAK

LjKUP

Water AQPs Nehls and Dietz, 2014

LbAPQ Xu et al., 2015

PcTIP Roussel et al., 1997

MtTIP Krajinski et al., 2000

NtAQP1 Porcel et al., 2006

PttPIPs Marjanović et al., 2005

BpPIP1 – 2 LeQuéré et al., 2005

PvPIPs Aroca et al., 2007

Legend for fungal names: Am; Amanita muscaria, Be; Boletus edulis, Gint; Glomus intraradices, Hc; Hebeloma 

cylindrosporum, Lb; Laccaria bicolor, Ri; Rhizophagus irregularis, Tb; Tuber borchii, Tm; Tuber melanosporum, 

Tv; Trametes versicolor.

Legend for plant names: Bp; Betula pendula; Gm; Glycine max, Le; Lycopersicon esculentum, Lj; Lotus japonicus, 

Mt; Medicago truncatula, Nt; Nicotiana tabacum, Os; Oryza sativa, Pc; Petroselinum crispum, Ptt; Populus tremula x 

tremuloides, Pv; Phaseolus vulgaris, Sb; Sorghum bicolor, Sl; Solanum lycopersicum.
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interface formed by mycorrhiza, include dif

ferentiated expression and/or concerted reg

ulation of a high number of specialized 

membrane transport systems of the fungal 

and plant partners. So far, molecular players 

have been identified and characterized more 

on the plant side in AM and more on the 

fungal side in ECM (see Table 14.1). Massive 

sequencing of genomes of symbiotic micro

organisms (Kohler et al., 2015) and plant 

hosts currently allows the identification of 

the whole transportome putatively involved 

in symbiotic transport, and will conse

quently enable analysis of the functioning 

and regulation of transport processes at the 

symbiotic interfaces – a major step towards 

a  better understanding of the agroecolo

gical outcome of plant‐fungal interactions 

(Gianinazzi et al., 2010).
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