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18.1 � INTRODUCTION

Symbiosis is the condition in which organisms of different 
species live in a closely integrated and persistent associ-
ation of coexistence. At the molecular level, symbiosis is 
crucial to life, because the metabolic interactions within 
a cellular consortium are essential for closely integrated 
coexistence and the mutual benefit of all members of the 
symbiotic community.

Even if the expression of this concept may appear to 
be extreme, the importance of symbiosis, in evolutionary 
terms, is certainly more acceptable and understandable. 
Evolution consists mainly of changes in gene frequency 
between generations caused by genetic drift, gene flow, 
and natural selection. As early as 1909, Konstantin 
Merezhkowsky, who was considering the importance 
of extremophile organisms and extreme environments, 
introduced an interpretative variant to the symbiosis 
concept. He defined symbiogenesis as “the origin of 
organisms through the combination or association of two 
or more organisms that enter into symbiosis”. According 

to this concept, symbiogenesis should be understood as 
an evolutionary mechanism, and symbiosis is how the 
mechanism takes place (Rosati and Vannini 2011). It is, 
therefore, a very different concept from that of Darwinism 
or modern synthetic theory. In fact, this idea emphasizes 
the central role of interactions among living beings, which 
allow the formation of new entities that incorporate one 
organism within another. Interactions of symbiosis are 
indeed widespread phenomena in the biosphere. Under 
natural, environmental conditions, the symbiotic associ-
ations between microorganisms (e.g., lichens) and those 
between microorganisms and plants (e.g., mycorrhizas, or 
mycorrhizae, and bacterial radical nodules) are common.

If life on our planet began in the aquatic environment, 
organisms would have gradually adapted to the terrestrial 
environment, evolving mainly in conditions of associ-
ation with other organisms. Symbiosis, in fact, may have 
played a far greater role in terrestrial, biological evolution 
than was previously thought. An important symbiosis that 
made the colonization of land by plants possible was the 
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development of arbuscular mycorrhizae (Lipnicki 2015). 
The problems posed by this cohabitation and the com-
petition between different organisms have represented a 
recurring phenomenon during millennia, but at the same 
time, these problems and competition of symbiosis have 
been, and still are, at the origin of mutual coevolution 
(Rodolfi et al. 2006). The meaning given to the term sym-
biosis is still debated: In many biology texts, reference is 
made exclusively to a relationship of mutual advantage 
between the two symbiotic organisms. Currently, how-
ever, many biologists refer to the definition of Anton de 
Bary who, in 1878, extended the meaning to all long-​term 
relationships between individuals of different species, not 
only the advantageous ones (Oulhen et al. 2016). For this 
reason, the term symbiosis currently includes three major 
types of biological interactions between microorganisms 
and plants:

•	 Mutualism, in which both symbionts benefit from 
the relationship (the lichens for example), is the 
most restrictive meaning used in the past for 
symbiosis.

•	 Commensalism, or use of nutritional resources 
with advantage for the microorganism but without 
damage to the plant.

•	 Parasitism, in which the advantage of the asso-
ciation is in favor of one of the symbionts, at the 
expense of the other.

From an ecological point of view, for many heterotrophic 
microorganisms living plants represent a preferential 
habitat that are diversified in the various vegetal areas and 
in the seasonal phases. Living plants are potentially avail-
able and an alternative to the use of plant residues or other 
organic substrates of the soil, where competition with 
other microorganisms is high. The association of hetero-
trophic microorganisms with plants actually represents, 
for the microorganism, an adaptation that responds to pri-
mary trophic and ecological needs: an adequate source of 
nourishment and water, effective protection from adverse 
environmental factors, and a shield against actions of more 
aggressive competing microorganisms (Graniti 2002).

The root is the plant organ most exposed to interactions 
with microorganisms belonging to several phyla that 
are distributed in the rhizosphere. Plant roots can estab-
lish beneficial relationships with microorganisms, some 
of which are mycorrhizal relationships of the root with 
symbiotic fungi. These systems of cooperation between 
organisms with different genomes have achieved highly 
efficient and mutually beneficial integration over millions 
of years, resulting in well-​defined structures and important, 
complementary physiological roles of the two partners.

Mycorrhizal symbiosis, in fact, changes the structure 
of the root system of the host plants: vesicular, arbuscular 
mycorrhizal (VAM) fungi and the root form a new struc-
ture, the mycorrhizal root, in which the fungal mycelium 
entirely replaces the root hairs.

Because of the different organization of the root and 
of the mycelial hyphae, mycorrhizal symbiosis has sig-
nificant advantages. In mycorrhizal roots that result from 
the association of VAM fungi with plant roots, mycor-
rhizal fungi increase the acquisition of mineral nutrients 
and their translocation to the host plant. Diffuse distribu-
tion of the mycelium of the mycorrhizal fungus beyond 
the soil around the roots (the rhizosphere) reaches longer 
distances than those achieved by non-​colonized roots 
and provides greater absorptive capacity of nutrients, 
particularly phosphorus (P), nitrogen (N), and potas-
sium (K) (Classen et al. 2015). In addition, changes in 
root architecture with higher branching intensity increase 
contact surface with the soil at least 600 times that of the 
single root, as indicated by measurements such as 1000 m 
of mycelium per 1 m of the root (Plassard and Dell 2010).

As a direct consequence of increasing the root surface, 
mycorrhizae provide increased capacity for the plant to 
resist stress due to the low moisture content of the soil. 
Fungal hyphae allow soil–​root contact to be maintained 
even in conditions of extreme dryness (Reid 1978) and, 
thanks to mycorrhizae, plants can extract water from the 
soil even in conditions of low soil osmotic potential, other-
wise prohibitive for the single root (Brown and Carlson 
1990). Coleman et al. (1990) and Guehl et al. (1992) have 
shown that the hydraulic conductivity of the soil-​plant 
system is increased by mycorrhizae.

The VAM fungi, which secrete protons and enzymes 
with the capacity to decompose organic matter in the soil, 
can convert mineral elements from insoluble to soluble 
chemical compounds. Consequently, mycorrhizae can 
facilitate the dissolution of P-​bearing compounds in the 
soil and the absorption, transport, accumulation, and util-
ization of P by host plants. Mycorrhizae are a key factor 
in making P available to plants, particularly in relatively 
high and low ranges of soil pH at which P is only slightly 
soluble.

This capability of mycorrhizae to facilitate P nutri-
tion and the acquisition and utilization of other mineral 
nutrients enables mycorrhizal plants to have a competi-
tive advantage for survival in a wide range of ecosystems 
(Rodolfi et al. 2006). The mycorrhizae, able to positively 
influence the nutritional status of the plant, contribute to 
the ability of the plant to utilize nitrogen, as well as carbon 
(C) and other essential plant nutrients, thereby indirectly 
contributing to the growth and productivity of the plant 
(Di Martino et al. 2018).
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Numerous scientific investigations suggest that VAM 
fungi, through various metabolic strategies, reduce the 
virulence of fungal pathogens, altering the physiology 
of the host and making the roots more resistant to the 
pathogens themselves. Dehne (1982) estimates, in gen-
eral, a decrease in fungal pathologies in 55% and 70% of 
all cases studied up to 1982. Although the understanding 
of the molecular mechanisms of the genetic matrix 
between mycorrhizal plant and pathogen is still under 
investigation, it is evident that mycorrhizal plants are less 
sensitive to fungal diseases.

18.2 � ENDOPHYTIC FUNGI

According to the theory of Thomson (1982), the genesis 
of mutualism is to be found in parasitism, through a cor-
rective adaptation over time with the host organism. In 
other words, natural enemies adapt to the acquired resist-
ance characteristics of the host organism during a natural 
modulation and genetic mutation. Based on the hypothesis 
of improvement, the harmful effects caused by the para-
site on its host are attenuated over time until the moment 
in which the host benefits from being infected (Boucher 
et al. 1982). This coevolutionary process is established 
over time and translates into symbiosis, only when both 
organisms take advantage of the association and increase 
their trophic efficiency. In this perspective, coevolution is 
a reciprocal process between interacting partners involved 
in intimate physiological and ecological interactions. The 
hypothesis that mutualism originates from parasitism 
through a series of coevolutionary changes concerning 
above all the reproductive systems of the two partners is 
confirmed by the existence of the “perfect” endophytic 
association (Rodolfi et al. 2006).

The endophytic fungi, unlike the other fungal groups, 
possess a peculiar biological behavior, because they can 
live as asymptomatic parasites and mutualistic symbionts 
completely contained in the host plant tissue where 
they establish effective interactions reproducing and 
propagating in a diversified manner (Stergiopoulos and 
Gordon 2014).

Endophytic fungi have been classified in the taxa 
Ascomycotina, Basidiomycotina, and Deuteromycotina. 
These endophytic associations have been identified in 
several vegetable terrestrial ecosystems of alpine, tem-
perate, and tropical areas (Margulis 2010). Endophytic 
fungi are divided into two ecological groups in relation 
to their survival strategies: (1) Endophytes of herbaceous 
plants, called “Balansiaceae” (Schulz and Boyle 2005) 
or “Clavicipitaceae” (Petrini 1996; Sieber 2007) and 
(2) Endophytic taxa of arboreal plants “non-​Balansiaceae” 
(Schulz and Boyle 2005) or “non-​Clavicipitaceae” (Petrini 
1996; Sieber 2007).

To the first group belong fungi Clavicipitaceae members 
of the tribe Balansiae (Ascomycotina) (Saikkonen et al. 
1998), which develop in the exclusively herbaceous host 
plant, systemically and intercellularly inside the plant 
organs (except in the roots), thus resulting in vertical 
transmission of the endophyte through the seed. They can 
produce secondary metabolites and, given the ability to 
colonize the intercellular spaces, they depend on nutrients 
present in the apoplast for their growth (Schulz and Boyle 
2005; Sieber 2007).

The second group brings together many fungi that 
generally belong to the division of the Ascomycota 
but can include species belonging to the Oomycetes, 
Deuteromycota, and Basidiomycota (Saikkonen et al. 
1998; Schulz and Boyle 2005) and are generally isolated 
from all the plant organs of an arboreal plant. The col-
onization can be inter-​ or intracellular (Schulz and 
Boyle 2005) and is generally highly localized in leaves, 
peduncles, branches, or bark (Saikkonen et al. 1998). 
However, the localized infection can become more wide-
spread in the case of conditions such as senescence of the 
vegetable organ (Saikkonen et al. 1998).

In the case of herbaceous plants, it is known that the 
plumule emerging from the seed can be affected by endo-
phytic fungi already present in the tissues of the seed 
before germination or by endophytic fungi that come 
from infected tissues belonging to the mother plant 
(Carroll 1988; Ragazzi 2004). In the case of arboreal 
plants, there is a certainty of the existence of hori-
zontal fungal transmission, external to the host tissues, 
through spores transported by air (Saikkonen et al. 1998; 
Jongejans and Telenius 2001), hydrochory, or zoochory 
(Wilkinson 1997; Ragazzi 2004), largely influenced by 
climatic conditions in relation to spore germination and 
the resulting frequency of infection of host plants (Carroll 
1988). On the contrary, there is no evidence of vertical 
transmission of systemic endophytes through seeds of 
already colonized plants (Petrini 1996; Ragazzi 2004).

18.3 � MOLECULAR DIALOGUE AND 
SYMBIOTIC INTERACTION BETWEEN 
PLANT AND FUNGI

Although the spores of AM fungi can sprout in the absence 
of host plants, they are mandatory biotrophs; therefore, 
their life cycle depends strictly on the molecular dia-
logue that is generated with the photoautotrophic host and 
precedes the root colonization. A symbiotic reprogram-
ming of the plant cell involves the formation of a newly 
discovered pre-​penetration apparatus (PPA) by the plant 
cell in anticipation of fungal infection (Genre et al. 2008). 
Seven plant genes of plant cells have been cloned that 
allow management of the symbiotic, fungal intracellular 

 

 

 

 

 

 

 

 

 

  

 

  

 

  

  

 

 

 

  

 

 

  

 

  

 



324 Handbook of Plant and Crop Physiology

324

passage (Parniske 2008). The stimulus of the plant to 
induce symbiosis also occurs due to specific deficiencies 
of inorganic nutrients, in particular, P (Di Martino et al. 
2018), resulting in the possibility of mutual exchange of 
nutrients and metabolite fluxes in AM fungi. The stimula-
tory effect of plant root exudates on AM fungal hyphae has 
only recently been identified. Strigolactones, classified 
as plant hormones or phytohormones, were found to be 
responsible for the induction of branching (Akiyama et al. 
2005) and alterations in fungal physiology and mito-
chondrial activity (Besserer et al. 2006). Strigolactones 
can also stimulate spore germination in some AM fungi 
(Parniske 2008).

Epidermal cells of plant roots in contact with the 
fungal hypha begin to assemble the secretion mechanism 
that builds the compartment of the interface where the 
fungus will be hosted. The cytoplasm of the plant root is 
aggregated at the contact site and then it develops into a 
thick column that provides the successive route of hypha 
through the cell (Genre and Bonfante 2005).

All elements of the secretory pathway –​ abundant 
endoplasmic reticulum and many Golgi bodies and 
secretory vesicles –​ are concentrated in the PPA (Genre 
et al. 2008), but the main factor among these cytoplasmic 
components is the nucleus. At an early stage, movements 
of the nucleus to and from the contact site precede PPA 
development (Genre and Bonfante 2005). When the PPA 
is completed, the fungus begins to grow again with a 
hyphal tip that goes through the cell wall of the epidermis 
and along the path of the PPA. At this stage, it is pos-
sible that the peripheral membrane could be assembled, 
since the PPA secretory vesicles are expected to merge to 
produce an invagination of the plant’s plasma membrane. 
The development of the perifungal membrane marks the 
perimeter of the symbiotic interface, the narrow intracel-
lular compartment that allows AM fungi to grow within 
the plant cell without breaking its integrity (Bonfante and 
Anca 2009).

Cytological studies have shown that during intracel-
lular AM infection, hyphae that traverse epidermal cells 
are enclosed within an apoplastic compartment of plant 
origin, which is composed of a plasmalemma invagin-
ation and associated matrix (Novero et al. 2002). This 
initial step in root colonization is then followed by exten-
sive intraradical hyphal development, with associated 
arbuscule formation in the inner cortex that is considered 
the site of nutrient exchange, as well as by extraradical 
development and subsequent spore formation.

The participation of Ca2+ with a signaling role at the begin-
ning of AM symbiosis has been widely demonstrated and 
described in the literature (Navazio et al. 2007; Genre et al. 
2013). Fluctuations in intracellular free Ca2+ concentration, 
termed calcium spiking (Ehrhardt et al. 1996), are the power 

switch of the initial steps in signaling pathways activated 
in plants when they meet AM fungi (Navazio and Mariani 
2008), pathogens (Lecourieux et al. 2006), and nitrogen-​
fixing bacteria (Oldroyd et al. 2005). Molecules secreted by 
microorganisms, after binding to specific receptors, trigger 
in plant cells transient changes in cytosolic Ca2+ level. The 
concept that the secreted fungal molecules transmit, through 
Ca2+, a favorable message which can be acknowledged only 
by appropriate receivers, is supported by the lack of defense 
response induction and the upregulation of some genes 
essential for the AM symbiosis initiation in host plant cells 
(Navazio and Mariani 2008).

This molecular dialogue through the interaction 
between plant and fungi can also extend among individual 
plants of the same plant community. Trees of a plant com-
munity may seem separate from one another, but the 
soil in which they establish their roots tells us another 
story. The trees secretly dialogue, trade, and sometimes 
come into conflict with each other, thanks to an extensive 
hyphal network in the soil, which connects a network of 
host plants of the same species. In fact, through hyphal 
networks, trees can share many resources by creating a 
system that is called The Wood Wide Web or common 
mycorrhizal network (CMN) (Figure 18.1).

Older trees called mother plants use this network to 
supply sugars to younger ones, giving them a greater 
chance of survival. Trees that are not healthy or are 
dying can download the latest nutritional resources into 
the network; in this way the healthiest neighbors can use 
remobilized and shared resources (Tedersoo et al. 2020).

A CMN also plays an important role in plant-​to-​
plant “communication” by transferring info-​chemicals 
and warning signals between plants. Some plants that 
are attacked by herbivores produce volatile organic 
compounds that act as a repellent for aphids but attract 
the natural enemies of aphids to the infested leaves. These 
volatile compounds are only produced by the non-​infested 
plants when they share a CMN with the infested ones 
(Babikova et al. 2013).

Studies indicate that orchids with little or no photosyn-
thesis can gain the organic carbon they need for growth 
through specific associations with ectomycorrhizal fungi 
that are capable of fetching carbon mainly through the 
symbiotic network with other photosynthetic plants 
(Girlanda et al. 2011). Juglans nigra (eastern American 
black walnut), on the other hand, uses the CMNs to spread 
toxic chemicals such as juglone that can harm rival plants 
(Achatz et al. 2014). Hidden CMNs are the glue that 
unites an emerging community of individuals. When we 
enter a woodland, we remember that trees are part of a 
large superorganism that includes dialogue among indi-
vidual trees (exchange of information) and even sharing 
of nutrients.
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18.3.1 � Carbon Flow from Host Plants to 
Arbuscular Mycorrhizal (AM) Fungi

Because mycorrhizal fungi do not have the capacity to fix C 
by photosynthesis, they are heterotrophs that must acquire 
C and organic compounds from photosynthetic plants. 
Categories of organic compounds provided by host plants 
to the mycorrhizal fungi include sucrose and lipids (Bravo 
et al. 2017). The biological role of these compounds in the 
fungal hosts is largely unknown, but sucrose and lipids 
could be involved in metabolism (i.e., in production of 
vitamin B

12
 or growth hormones) (Ghignone et al. 2012) 

and other aspects of the pre-​symbiotic growth of the AMF 
(Salvioli et al. 2016).

18.3.1.1 � Sucrose Transport and Metabolism in 
Mycorrhizal Roots

Most photosynthetic plants, as autotrophic organisms, 
synthesize C compounds in the leaves and accumulate 
sugars in various storage tissues and roots in the form 
of starch that is synthesized and stored in heterotrophic 
plastids (amyloplasts) (Noronha et al. 2018). In symbi-
osis with AM fungi, plant hosts provide highly regulated 
fluxes of sugars from the sites of synthesis toward roots 
colonized by AM fungi (Figure 18.2).

In most plants, the sugar dimer sucrose is translocated 
from the shoot to the roots through the phloem (Giaquinta 
1983; Xu et al. 2018). However, after leaving the vas-
cular tissue at the root, sucrose must transit the endo-
dermis to reach the cortical cells. The forms in which C 

is provided in sugars from the host plant to AM fungi are 
still under debate, although most of the experimental evi-
dence suggests that glucose is the main form taken up by 
the fungus (Shachar-​Hill et al. 1995; Pfeffer et al. 1999; 
Ganugi et al. 2019). Because sucrose is expected to move 
symplastically to overcome the Casparian strip (Kaiser 
et al. 2014), the involvement of proteins that facilitate 
transmembrane transport of glucose (SWEET exporters, 
or SWEETs) in cortical cells containing arbuscules 
has been hypothesized. In order to test this hypothesis, 
Manck-​Götzenberger and Requena (2016) decided to 
characterize the SWEET family of transporters in the 
mycorrhizal plant Solanum tuberosum (potato). They 
showed that potato contains a large SWEET family with 
35 members and that mycorrhizal colonization imposes 
a major transcriptional regulation of SWEETs in roots. 
Moreover, enzymatic and promoter-​reporter assays have 
clearly shown that mycorrhizal roots have a significant 
increase in cell wall-​bound invertase (CWI) activity 
(Wright et al. 1998; Schaarschmidt et al. 2006; Manck-​
Götzenberger and Requena 2016). Furthermore, CWI 
activity is located in the apoplast surrounding arbuscule-​
containing cells and intercellular hyphae, suggesting 
that apoplastic sucrose is cleaved prior to uptake by the 
fungus (Schaarschmidt et al. 2006).

Sucrose (Suc) reaches arbuscule-​containing cells 
symplastically from the endodermis by overcoming the 
Casparian strip via plasma cells. Sucrose can be subse-
quently split by sucrose synthase (SUSY) or cytoplasmic 
invertase (cINV) to glucose (Glc) and fructose (Fru). To 

FIGURE 18.1 � The Wood Wide Web, or common mycorrhizal network (CMN).
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maintain a favorable concentration gradient, hexoses 
may be translocated into the vacuole via tonoplast-​
located SWEETs or other transporters. This would also 
serve as a mechanism to control the outflow of sugar to 
AM fungus, which prevents parasitic behavior (Chen 
et al. 2015). Alternatively, it is possible that hexoses 
may be exported into the apoplast with the help of 
SWEET7a. Direct export of sucrose into the apoplast or 
the peri-​arbuscular space could be achieved by sucrose 
efflux transporters as SWEET12a. In the apoplast and 
peri-​arbuscular space, sucrose is cleaved by CWI. The 

sugars in the apoplast are either taken up by the fungus 
via monosaccharide transporters such as RiMST2 or 
by the plant cell via monosaccharide transporters such 
as MST1(shown in M. truncatula) (Schaarschmidt 
et al. 2007) and via sucrose transporters such as SUT2 
(shown for S. lycopersicum) (Harrison, 1996; Bitterlich 
et al., 2014).

Carbon flow in the form of sucrose reaches the 
arbuscule-​containing cells symplastically through the 
endodermis, and sucrose in such cells can be cleaved by 
sucrose synthase (SUSY) or cytoplasmic invertase (cINV) 

FIGURE 18.2 � Model of sugar distribution during arbuscular mycorrhizal symbiosis.
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to glucose (Glc) and fructose (Fru). AtSWEET2 localized 
at the tonoplast acts as an importer of glucose. AtSWEET2 
is mainly localized in root tips, and its function has been 
associated with prevention of the loss of carbon into the 
rhizosphere. The export of sucrose into apoplast and peri-​
arbuscular space is reached by SWEET12a sucrose efflux 
transporters. Subsequently, in the apoplast as well in the 
peri-​arbuscular space, the sucrose is cleaved by cell-​wall-​
bound invertase (CWI). Neighboring cells might also con-
tribute to the nutrition of the arbuscule-​containing cell by 
providing sugars symplastically.

18.3.1.2 � Lipid Transfer from Host Plants to 
AM Fungi

The C acquired by AM fungi from host plants, which can 
be more than 20% of the photoassimilated C (Bago et al. 
2002), must be transported from the intraradical mycelium 
(IRM) to the extraradical mycelium (ERM) to allow the 
development of hyphae and production of spores. In add-
ition, a large part of the sugars must be converted to fatty 
acids, because lipids are the main C storage compounds 
in AM fungi (Beilby and Kidby 1980; Becard et al. 1991).

De novo fatty acid biosynthesis in plants, predomin-
antly from acetyl coenzyme A (acetyl-​CoA), takes place in 
plastids. Acetyl-​CoA is the basic building block of the fatty 
acid chains, and the malonyl-​acyl carrier protein (ACP) is 
the C donor for all subsequent extension cycles (Ohlrogge 
and Browse 1995). Acetyl-​CoA carboxylase (ACCase) 
catalyzes the formation of malonyl-​CoA from acetyl-​CoA, 
and fatty acid synthase (FAS) catalyzes the subsequent 
extension cycles. Two C atoms are added to the growing 
acyl chain in each cycle, leading to the formation of C16:0-​
ACP (Ohlrogge and Jaworski 1997). The acyl chains are 
covalently bound to the soluble ACP via a thioester during 
the extension cycles, and acyl-​ACP thioesterases hydrolyze 
acyl chains and terminate the fatty acid chain elongation 
of fatty acids from the ACP (Jones et al. 1995; Jing et al. 
2011). From the fatty acids chain, the 2-​monoacylglycerols 
synthesized by a glycerol-​3-​phosphate acyltransferase 
(GPAT), that is, reduced arbuscular mycorrhization2 
(RAM2), are likely exported by the peri-​arbuscular 
membrane-​localized heterodimeric adenosine triphosphate 
(ATP) binding cassette (ABC) transporters STR-​STR2 into 
the interface space and then taken up by unknown lipid 
transporters into AM fungi (Jiang et al. 2017).

The core set of genes also includes the ketoacyl-​ACP 
synthase LjDISI/​MtKasII (represented by Cs5g01990), 
which is an essential component of the mycorrhiza-​
induced regulon involved in fatty acid biosynthesis, 
Keymer et al. 2017). This regulon has been shown to 
include the AM host conserved fatty acyl-​acyl carrier 
protein (ACP) thioesterase FatM and the GPAT RAM2, 
involved in 16:0 β-​monoacylglycerol synthesis (Wang 

et al. 2012; Bravo et al. 2017; Jiang et al. 2017; Luginbuehl 
et al. 2017). Mutants in these genes all display defects 
in arbuscule development. These indications support the 
hypothesis that plants transfer lipids to AM fungi to sus-
tain colonization.

18.3.2 � Mineral Nutrient Flow from Fungi to 
Host Plants

In roots associated with AM fungi, there are two pathways 
of nutrient uptake that involve different sites of the root, 
different root tissue, and different transporters. In the 
direct pathway, the nutrients are absorbed from the rhizo-
sphere by root transporters in the epidermis and root hairs, 
close to the root surface. In the mycorrhizal pathway 
(Figure 18.3), the nutrients are taken up into AM fungal 
hyphae by fungal transporters and translocated to intra-
cellular fungal structures (arbuscules and hyphal coils) in 
root cortical cells (Smith et al. 2003).

18.3.2.1 � Nitrogen
Nitrogen, because of its electronic configuration, different 
oxidation states, and the ability to generate stable covalent 
bonds with C, is a key element in many biological organic 
compounds. After C, N is the most important nutritional 
macronutrient for plants and other living organisms, since 
it is fundamental for the formation of proteins, enzymes, 
chlorophyll, nucleic acids, and other cellular constituents. 
Nitrogen is a nutrient that can function in many ways, and 
it occupies a unique position among the essential elem-
ents in the soil, because relatively large quantities of it are 
assimilated by growing plants. During the absorption of N 
throughout the life cycle of plants, the maximum require-
ment of the element occurs during the period of maximum 
growth rate (e.g., during grain filling of cereals).

The model of mycorrhizal pathways (Figure 18.3) 
is based on previous models presented in the literature 
(Pfeffer et al. 1999; Govindarajulu et al. 2005; Tian et al. 
2010; Fellbaum et al. 2012; Bücking and Kafle 2015). This 
model shows the P and N uptake by the fungal ERM from 
the soil through inorganic phosphorus (P

i
), nitrate (NO

3
¯) 

or ammonium (NH
4
+) transporters (orange). The model 

shows N assimilation into amino acids glutamine (Gln), 
glutamic acid (Glu), and arginine (Arg), the conversion 
of Pi into polyP, the transport of polyP from the ERM to 
the IRM, polyP hydrolysis and the release of Arg and P

i
 in 

the IRM, Arg breakdown to NH
4
+ via the catabolic branch 

of the urea cycle, and the Pi, NH
4
+, potential amino acid 

efflux (yellow) into the interfacial apoplast, and the plant 
uptake from the interface through mycorrhiza-​inducible P

i
 

or NH
4

+ transporters.
Nitrogen is one of the most important factors in agri-

cultural production. Normally, the application of N 
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fertilizers causes a marked increase in the development 
of vegetative plant tissue, more intense green coloring 
of leaves and stems, and, ultimately, an overall increase 
in biomass production. However, excessive use of N 
fertilizers must be avoided both because it causes a sub-
stantial increase in the costs of cultivation and because it 
can cause serious environmental damage, such as NO

3
¯ 

pollution of groundwater and surface water (Masoni and 
Ercoli 2010). The use of mycorrhizal fungi in agriculture 
allows a more limited and eco-​friendly use of N fertilizers, 
because mycorrhizae can compensate for a low rate of 
N fertilizer application by more efficiently capturing N 
and making it available to plants. Plants can absorb N by 
(1) transporters in the epidermis or root hairs or (2) the 
mycorrhizal-​uptake pathway that absorbs nutrients by 
fungal transporters in the extraradical mycelium. As is 
the case with P, mycorrhiza-​inducible N transporters are 
upregulated by symbiotic AM fungi (Gomez et al. 2009; 
Kobae et al. 2010). Furthermore, it has been recently 
demonstrated that the average arboreal life in Medicago 
(alfalfa or lucerne) plants is not only influenced by PT4 
but also by the mycorrhiza-​inducible NH

4
+ transporter 

AMT2,3 (Breuillin-​Sessoms et al. 2015). Many studies 
and reports in the literature confirm that there is a positive 

effect of the symbiosis of AM fungi and plants on plant 
N nutrition, as is also evidenced for P. Moreover, recent 
studies suggest that the NH

4
+ uptake system of AM fungi 

has five times greater affinity for NH
4

+ than do N uptake 
systems of plants without AM fungi, enabling the fungus 
to take up NH

4
+ more efficiently from the soil even under 

low N supply conditions (Pérez-​Tienda et al. 2012).
Although some investigators claim that the improve-

ment of N nutrition of plants by AM fungi is only the 
result of an improvement of P nutrition, much of the lit-
erature postulates that this positive effect is independent 
of the contribution of these fungal isolates to P supply. 
There is increasing evidence that a pathway for N through 
the fungal hyphae to the host plant exists, even if the per-
centage contribution to total N nutrition of the host plant 
can vary considerably and is context-​dependent (Smith 
et al. 2011; Mensah et al. 2015).

Unlike P, where access of the ERM to P sources 
beyond the root exhaustion zone is clearly beneficial, 
the ERM should not increase access to soil resources of 
N. In fact, concentrations of inorganic NO

3
¯ and NH

4
+ in 

the soil are relatively high, compared to P, and the rhizo-
sphere is less likely to run out of N because of the avail-
ability of N resources in the soil outside the rhizosphere. 

FIGURE 18.3 � Summary model of transport and transfer of N and P from AM fungi to the host.
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However, it must be said that deficiencies of N and P 
have similar, stimulatory effects on the development of 
mycorrhizae. Recent research demonstrates that both 
P and N are important determinants of the symbiosis 
of AM fungi and plants and that the colonization of the 
plant host is controlled by feedback mechanisms between 
both nutrients (Fellbaum et al. 2014). For example, 
both P-​ and N-​starvation of the plant induce a nutrient 
stress transcriptome that is favorable for AM coloniza-
tion. Under P and N stress, defensive genes of the plant 
are downregulated, while genes that are involved in the 
strigolactone biosynthesis are upregulated (Bonneau et al. 
2013). Strigolactone serves as an important signal for AM 
fungi in the soil and stimulates hyphal branching during 
the pre-​symbiotic growth stage (Besserer et al. 2006). 
High P availability often reduces AM colonization of the 
plant (Di Martino et al. 2018), but N starvation triggers 
a signal that promotes AM colonization and reverses the 
inhibitory effects of high P availabilities on AM colon-
ization (Breuillin-​Sessoms et al. 2015; Nouri et al. 2014). 
Confirming this, in several plant species, mycorrhiza-​
inducible NO

3
¯ (Hildebrandt et al. 2002) or NH

4
+ (Kobae 

et al. 2010; Pérez-​Tienda et al. 2011; Breuillin-​Sessoms 
et al. 2015) transporters have been identified that are able 
to facilitate the uptake of inorganic N from the mycor-
rhizal interface.

In most agricultural soils, NO
3
¯ is the dominant form 

of N that is available to plants and fungi, whereas in 
many undisturbed or very acidic soils, ammonium (NH

4
+) 

predominates and NO
3
¯ can be almost entirely absent in 

environments hostile to the action of nitrifying bacteria. 
For strictly bioenergetic reasons related to the oxidation 
state of the element, NO

3
¯ represents the most available 

source of inorganic N for most plants and for the ERM, 
but NH

4
+ is more easily assimilated (Johansen et al. 1996; 

Toussaint et al. 2004; Jin et al. 2005).
Based on pH changes induced by the ERM when 

hyphae were supplied with NO
3
¯ or NH

4
+, it has been 

hypothesized that the NO
3
¯ uptake by the hyphae is active 

and coupled to an H+-​symport mechanism, similar to 
plants and other fungi (Fuggi et al. 1984), while NH

4
+ is 

taken up by an antiport mechanism with a net H+ efflux 
(Bago and Azcón-​Aguilar 1997) in acid soil unlike  in 
alkaline soils in which ammonium can diffuse in an un-​
ionized form as ammonia (Raven et al. 1992).

Despite the fungal preference for NH
4
+, it has been 

reported that when NH
4

+ was the only source N for 
mycorrhizal plants, the biomass of the roots and buds, the 
density of the length of the hyphae, and the transport of N 
through the hyphae to the plant were less than when N was 
supplied as NO

3
¯ (Hawkins et al. 2000). With NH

4
+ as the 

sole N source, the assimilation of NH
4
+ could increase the 

consumption of C skeletons in the root and reduce the C 

availability for the fungus. In fact, it was found that NH
4

+ 
reduced the hyphal length in the soil, but not the number 
of arbuscules, and it was assumed that high concentrations 
of NH

4
+ could also have a direct deleterious effect on the 

ERM (Hawkins et al. 2000). An excess of NH
4

+ as the 
sole source of inorganic N is often considered to be toxic 
for plants, and high concentrations of NH

4
+ inhibit root 

growth (Liu et al. 2013). The causes of NH
4

+ toxicity are 
related mainly to two factors:

	1.	A high concentration of NH
4

+ can promote and com-
bine the glutamate dehydrogenase (GDH) activity 
K

M
 4 mM (Kwinta et al. 2001) with the already 

functional glutamine synthetase-glutamate synthase 
(GS-GOGAT) activity, depleting the Krebs cycle of 
metabolic intermediates, and

	2.	Passive diffusion of ammonia can raise intracel-
lular pH.

Plant GDH has a very high K
m
 value for ammonia, is 

activated by Ca2+, and is localized in the mitochondria of 
a various different plant tissues (Turano et al. 1997).

Nitrate reduction in AM fungi converts soil NO
3
¯ to 

NH
4

+ available to the plant. After NO
3
¯ is transported 

within the root system or fungal hyphae, it is first reduced 
to nitrite (NO

2
¯), by a nitrate reductase that is nicotina-

mide adenine dinucleotide (NADH)-​ and nicotinamide 
adenine dinucleotide phosphate (NADPH)-​ dependent. 
Unlike plants, in AM fungi, nitrate reductase activity 
is mainly driven by NADPH (Kaldorf et al. 1998), as a 
reductant for NO

2
¯ formation (Hildebrandt et al. 2002). 

Nitrate assimilation and nitrate reductase activity of AM 
plants are generally higher than in non-​mycorrhizal con-
trol plants in both roots (Oliver et al. 1983; Subramanian 
and Charest 1998; Hawkins and George 1999) and leaves 
(Cliquet and Stewart 1993; Faure et al. 1998). In non-​
mycorrhizal plants, NO

3
¯ reduction primarily takes place 

in the leaves, while in mycorrhizal plants, NO
3
¯ is pre-

dominantly reduced in the roots (Vázquez et al. 2001; Di 
Martino et al. 2019). A gene that encodes a fungal nitrate 
reductase is expressed in spores, the ERM and the IRM, 
but the transcript levels are particularly high in the IRM. 
These aspects of fungal nitrate reductase lead to develop-
ment of the hypothesis that NO

3
¯, which is not directly 

assimilated in the ERM can also be reduced in the fungal 
tissue within the host root (Kaldorf et al. 1994; Kaldorf 
et al. 1998; Tisserant et al. 2012). In the next step of 
assimilation of N, NO

2
¯ is converted into NH

4
+ by nitrite 

reductase. A gene encoding a putative fungal nitrite reduc-
tase of the AM fungus Rhizophagus irregularis shows 
particularly high expression levels in spores and in the 
IRM (Tisserant et al. 2012). These high expression levels 
of nitrite reductase in spores and in the IRM correspond 
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to high transcription levels of a fungal nitrate reductase in 
the IRM of the AM roots (Tisserant et al. 2012).

N assimilation and amino acid biosynthesis are key 
processes of N metabolism in AM fungi in which, as in 
plants, two pathways can be involved in the assimilation 
of NH

4
+: the NAD GDH pathway or the GS-​GOGAT 

pathway. As in plants, NH
4
+ is predominately assimilated 

via the GS-​GOGAT pathway in AM fungi (Johansen et al. 
1996; Breuninger et al. 2004; Govindarajulu et al. 2005). 
Two different functional GS isoforms of R. irregularis, 
i.e., GiGS1 and GiGS2, have been characterized. 
GiGS1 has a lower K

M
 than GiGS2 and is constitutively 

expressed at high levels in the ERM, while GiGS2 is 
strongly induced by addition of NO

3
¯ to the ERM (Tian 

et al. 2010). This confirms specific adaptability of the 
fungi to a range of availability of N in the soil. GiGS1 is 
the main functional enzyme for N assimilation at low N 
availabilities, and that GiGS2 may play a more significant 
role for N assimilation under high N supply conditions 
(Tian et al. 2010). Furthermore, it has been found that the 
fungal GS genes of Funneliformis mosseae (GmGln1) 
and R. irregularis (GiGln1) are constitutively expressed 
but that the GS activities in the ERM are modulated in 
response to different N availabilities (Breuninger et al. 
2004). This modulation in response to different N avail-
abilities suggests that the fungal GS activity is not con-
trolled on a transcriptional level, but that it is subjected 
to post-​transcriptional regulation (Breuninger et al. 2004).

Indicating the GS-​GOGAT pathway, intracellular 
ERM Gln content becomes highly labeled when 15NH

4
+ 

is supplied to AM fungi, representing one of the major 
N sinks (Rolin et al. 2001; Gachomo et al. 2009). Gln 
and Glu play a central role in N metabolism (1) as key N 
donors, (2) as precursors of many essential metabolites 
such as nucleic acids, amino sugars, and other amino 
acids, such as histidine, tyrosine, and asparagine (Asn), 
and (3) as key effectors for N assimilation repression and 
as regulators of genes involved in N metabolism (Howitt 
and Udvardi 2000; Forde 2000; Javelle et al. 2003; 
Navarro et al. 2006). Due to these important functions, 
the free levels of Gln in AM fungi are tightly controlled 
(Gachomo et al. 2009). In addition to Gln, Glu, Asn, 
aspartate (Asp), and alanine are abundant free amino 
acids in germinating spores (Gachomo et al. 2009), in 
the ERM (Johansen et al. 1996), or in AM roots (Rolin 
et al. 2001; Jin et al. 2005). Ornithine, serine, and glycine 
are also detectable but are in much lower concentrations 
(Johansen et al. 1996).

Recent studies demonstrate that Arg is the most abun-
dant free amino acid in the ERM and can represent more 
than 90% of the total free amino acids in the ERM (Rolin 
et al. 2001). Arginine levels of up to 200 nM·mg−1 dry 
weight have been reported in the ERM (Jin et al. 2005). 

Due to its high N-​to-​C ratio of 4:6, Arg plays an important 
role for N storage and N transfer from the ERM to the 
IRM (Jin et al. 2005; Cruz et al. 2007). For example, 
Arg represents the N accumulation molecule in quies-
cent spores and its catabolism during spore germination 
provides the N and C skeletons for the biosynthesis of other 
amino acids or proteins necessary for the pre-​symbiotic 
growth of the AM fungus (Gachomo et al. 2009).

Transport of N through the hyphae of the AM symbi-
osis can be very rapid and flux rates similar to those of P 
have been observed (Cruz et al. 2007). Fungal vacuoles 
often contain polyphosphates (polyP) and basic amino 
acids in equimolar concentrations (Cramer and Davis 
1984; Westenberg et al. 1989), and it has been suggested 
that N could move in the form of Arg with fungal polyP 
from the ERM to the IRM (Govindarajulu et al. 2005; Cruz 
et al. 2007). PolyP are negatively charged polyanions, and 
the basic amino acid Arg could serve together with other 
cations such as K+ and Mg2+ as counter charge and con-
tribute to the required charge balance (Cruz et al. 2007). 
Studies on N transport in the AM symbiosis of Agropyron 
repens, however, also suggest that in addition to Arg, 
other amino acids such as Gln or Glu could be involved in 
the translocation of N from the ERM to the IRM (George 
et al. 1992).

Evidence from studies performed on gene expression 
supports the biosynthesis of Arg in the ERM. In fact, 
the ERM transcription levels of all enzymes involved in 
Arg biosynthesis such as fungal carbamoyl phosphate 
synthetase (CPS), argininosuccinate synthase (ASS), 
and argininosuccinate lyase (AL), are induced by NO

3
¯ 

immediately after its addition.
CPS catalyzes the formation of carbamoylphosphate 

from CO
2
, ATP, and ammonia (NH

3
), which is converted 

together with ornithine to citrulline and inorganic P
i
 by 

an ornithine transcarbamoylase (OTC). Citrulline and Asp 
are converted to argininosuccinate (AS) by ASS, and AL 
converts argininosuccinate to fumarate and Arg. In con-
trast, in the IRM, a fungal arginase (CAR1) and urease 
(URE) that are involved in the catabolism of Arg are 
upregulated (Tian et al. 2010). The biosynthesis of Arg 
in the ERM and the subsequent breakdown of Arg in the 
IRM are spatially separated, but synchronized processes, 
and they confirm the function of the anabolic (ERM) and 
catabolic part (IRM) of the urea cycle in the AM symbi-
osis (Bücking and Kafle 2015).

The synchronization of these processes suggests that 
Arg plays an important role in the N translocation from 
the ERM to the IRM (Cruz et al. 2007). Ultimately, it is 
possible to argue that ERM performs a primary function 
of N and P

i
 nutrient absorption, as well as the organization 

of the first forms of organic N such as Gln, Glu, and Arg. 
The IRM, on the other hand, through its metabolism and 
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through specific carriers, transfers proteins, P
i
, NH

4
+, and 

amino acids to the interfacial apoplast.
Hence, the ERM performs a primary function of 

absorption of N and phosphoric inorganic nutrients, as 
well as the organization of the first organic N forms such 
as Gln, Glu, and Arg.

18.3.2.2 � Phosphorus
When P represents a limiting nutrient for plant growth, 
it is absorbed with difficulty even if present in relatively 
large quantities in the soil. The poor availability of P is 
because of the very low solubility of phosphates of iron, 
aluminum, and calcium, which leads to a concentra-
tion of 10 μM or less and very low mobility. Inorganic 
phosphorus is acquired by plants as negatively charged 
ions (principally H

2
PO

4
¯ and HPO

4
2-​), posing a further 

problem because the concentration in cells is about 1000-​
fold higher than in the soil solution and the cell membrane 
has an inside-​negative electric potential. Uptake of P

i
, 

therefore, requires metabolic energy and involves high-​
affinity transporter proteins in the Pht1 family.

As a result, plants have evolved, developing increased 
capacity to absorb P

i
 and to increase the availability of P

i
 

in the soil (Marschner 1995). The most common of these 
characteristics of vascular plants is AM symbiosis. In fact, 
the predominant nutrient element acquired through AM 
is P, which is transferred to the host plant in its oxidized 
inorganic phosphate (P

i
) forms (Karandashov and Bucher 

2005; Nouri et al. 2014).
The two pathways through which AM plants absorb 

P have different cell types with different P
i
 transporters 

that capture P from different regions of the root and soil 
volumes. Direct absorption by the radical epidermis, 
including the root hairs when they form, accesses P

i
 in 

the soil solution near the roots. The expression of genes 
that code for high-​affinity P

i
 transporters (P

i
T) in these 

cells is highest in the root apex and in the root hairs 
and decreases in regions of more mature root tissue. 
The expression of these genes that code for P

i
T is often 

reduced with a high P intake and by AM colonization. 
These reductions will lead to lower direct absorption in 
older regions of the root.

Therefore, mycorrhizal roots have a greater ability to 
absorb P

i
 from the soil solution than non-​mycorrhizal 

roots because of the large capacity of extraradical hyphae 
to explore large volumes of soil and because of the specific 
biochemical and metabolic interactions at the soil–​fungus 
and fungus–​plant interfaces. (Plassard and Dell 2010). 
The AM pathway can reduce the impact of P

i
 depletion in 

the rhizosphere, improving plant P nutrition and growth 
(Smith et al. 2011). Conversely, growth differences 
between AM and non-​mycorrhizal (NM) plants tend to 
disappear as available soil P is increased, because of less 

depletion of P in the rhizosphere (Smith and Read 2008; 
Smith and Smith 2011).

P fertilization has been shown to reduce mycorrhizal 
development of Triticum durum (durum wheat) (Di 
Martino et al. 2018). The contribution of AM fungi to P 
nutrition decreases with increasing soil P supply, as direct 
uptake increases, and this is associated with a decreasing 
percentage of root length colonized (Nagy et al. 2009). 
While AM fungi colonize roots behind the root apex, the 
fungi grow widely in the soil to form a well-​developed 
hyphal network that absorbs P

i
 (via high fungal affinity 

P
i
T) up to several centimeters from the root surface, often 

significantly extending the exhaustion zone. Phosphorus  
is quickly translocated via the hyphae to the roots, over-
coming the slow diffusion that occurs in the soil solution 
(Gianinazzi et al. 1979; Marx et al. 1982; Dighton et al. 
2005). The very small diameters of fungal hyphae allow 
access to narrower pores of the soil, thus increasing the 
volume of the soil explored (Drew et al. 2003; Smith and 
Read 2008; Schnepf et al. 2011; Ganugi et al. 2019). The 
mechanisms of release of P

i
 from the fungus to the inter-

facial apoplast are not yet known, but the absorption in 
the plant is increasingly well understood. The P

i
T genes 

of AM inducible plants, which are different from those of 
the direct path, are expressed in colonized cortical cells 
(Xie et al 2013).

Zhu et al. (2001) also observed a reduction in the col-
onization of AMF in modern wheat cultivars (Triticum 
aestivum L.) compared to older cultivars, indicating 
that modern agronomic techniques may have reduced 
the symbiotic response of younger wheat cultivars to 
AMF. In a study of 14 crop species, Martín-​Robles et al. 
(2017) observed that wild strains established symbiosis 
with AMF in conditions of low and high P, while modern 
cultivars were reactive only in conditions of low avail-
ability of P. These observations support ongoing research 
aimed at breeding for a greater AMF colonization in 
organic management in which the available soil P is gen-
erally low. The different capacities of agricultural crops to 
sufficiently mobilize soluble P have aroused interest in the 
ability of certain crops to favor the assimilation of P by 
subsequent or antagonistic crops. The main ways in which 
more-​P-​efficient crops can promote subsequent crops is 
to include the accumulation of P in crop tissues followed 
by mineralization of P

i
 from organic P (P

o
) available in 

plants, the enhancement of biomass and soil microbial 
activity (in particular AMF) and modification of the rhizo-
sphere (through the exudation of carboxylates, enzymes, 
and/​or protons that mobilize the recalcitrant P

i
 and P

o
). 

Arbuscular mycorrhizal fungi have been shown to have a 
greater P uptake efficiency than plant roots by accessing 
P at lower soil solution P

i
 concentrations and by taking 

it up at increased rates (Liu et al. 2007). This ability is 
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attributed to a combination of factors: (i) AMF hyphae 
have smaller diameters than plant roots and therefore a 
greater surface area-​to-​volume ratio (Liu et al. 2007); (ii) 
AMF mycelia undergo constant turnover, where hyphal 
contents are redistributed to areas of new growth, effect-
ively optimizing the exploitation of soil in time and space 
(Hamel and Plenchette 2007); (iii) AMF have a low-​
affinity system and a high-​affinity system for P uptake, 
with the latter being highly efficient at P uptake (Liu et al. 
2007); and (iv) once taken up by AMF hyphae, orthophos-
phate anions are converted into polyphosphate, which 
helps to maintain a concentration gradient, assisting with 
P uptake (Funamoto et al. 2007).

In this context, plant breeding for phosphorus use 
efficiency (PUE) has the potential to play a significant 
role in reducing the demand for P fertilizers. Cultivation 
programs for PUE should adopt an interdisciplinary 
protocol considering the complexity of genetic, environ-
mental, and management interactions (Manschadi et al. 
2014) and should include development in soils with low-​
soluble total P (STP) concentrations (Rowe et al. 2016). 
Van der Heijden et al. (1998) found that a greater number 
of AMF species was linked with greater ecosystem prod-
uctivity and total P uptake. We know that agroecosystem 
management affects AMF community composition (Dai 
et al. 2014; Schneider et al. 2015), but the functional 
differences of these communities are still largely unclear. 
An increased understanding of AMF functional diversity 
and how this is affected by management is fundamental 
to know how we might be able to manipulate their role 
in agroecosystems to contribute to greater PUE (Powell 
et al. 2018).

One study reported that in a soil with low available P
i
, 

the organic C/​P ratio decreased over the growing season, 
whereas in a soil with high P

i
 availability it did not, 

suggesting that conditions of P deficiency may result in 
increased use of soil C by soil microorganisms and may 
deplete organic C (Romanyà et al. 2017). However, since 
the C/​P ratio in soil organic matter (SOM) is not always 
tightly coupled (Stevenson 1986), it is possible that bio-
chemical mineralization of P

o
 can occur without depleting 

organic C (McGill and Cole 1981; Simpson et al. 2011).
Moreover, good agricultural practice periodically 

brings to the soil materials with a balanced C/​N ratio, 
such as manure and compost, which have a mixed com-
position, partly of animal origin and partly of vegetable 
origin. This condition favors decomposition and a sub-
stantial balance between mineralization and humifica-
tion that are ultimately the best organic soil improvers. 
The presence of the barn had a decisive role in the trad-
itional farm: this structure, aimed at the maintenance of 
working animals and, second, the production of milk 
and meat, allowed the production of large quantities of 

organic material that could be humified by optimizing 
the reuse of the straw and animal manure. The special-
ization of the production guidelines in market agricul-
ture has significantly reduced this resource, increasing 
the production of organic materials, which individually 
contribute little to maintaining good levels of humus in 
the soil.

18.3.2.3 � Potassium
Potassium (K) is one of the most abundant elements of 
soil and is the third most crucial component of most crop 
fertilizers, after nitrogen and phosphorus. However, the 
availability of K can be low, limiting plant growth and 
yield. Functions of K are important in different metabolic 
processes and physiological functions such as regulation 
in the stomatal opening, regulation of cell membrane 
potential, and osmotic adjustment. An important bio-
chemical role of K is the activation of enzymes involved 
in important metabolic processes, such as protein syn-
thesis and photosynthesis (Marschner 1995). Unlike N 
and P, which are fundamental constituents of organic 
macromolecules, all K is present in soluble form in the 
cell. K+ is the most abundant cation in the cytosol where 
it is accumulated against a large transmembrane con-
centration gradient, maintaining an almost constant con-
centration of around 100–​200 mM, which is its optimal 
cytoplasmic concentration for enzymatic activity. The 
high cytosolic concentration of K+ ion explains the high 
percentage of K, 2–​5%, of a plant´s total dry weight con-
tent (Leigh and Wyn Jones, 1984; Navarro et al. 2006). 
These high physiological concentrations can only be 
ensured by an efficient K+ uptake by the roots from the 
surrounding soil. An apparent paradox of soil chemistry 
is that some chemical elements, although they are present 
in a high percentage in the earth’s crust, are not very avail-
able for radical absorption in the soil. Potassium is among 
the soil elements that show this behavior. In fact, in the 
soil, K is found in four major pools with variable avail-
ability for plant absorption. This variation among the four 
major pools of K in the soil is due to different forms of 
aggregation of K in the soil that are in balance with each 
other, that is, K:

	1.	 Imprisoned for the most part within the crystalline 
structure of primary minerals (such as K-​feldspars 
and micas), where it represents 90–​98% of the total 
content of K in the soil and is not available for 
plants.

	2.	Embedded in non-​exchangeable positions of sec-
ondary minerals, characterized by slow release, in 
which the K+ ions are absorbed in the interlayer spa-
cing of the clay minerals, which represent 1–​10% of 
the total K content of the soil.
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	3.	 Interchangeable forms characterized by the rapid 
release, which include K+ ions adsorbed by elec-
trostatic forces on colloidal clay and soil surfaces, 
which represent 1–​2% of the total K content of 
the soil.

	4.	 In the soil solution, which is readily available for 
immediate assimilation of plants but represents only 
0.1–​0.2% of the total K content of the soil (Meena 
et al. 2014).

The last two forms of K are readily available for supply 
to plants and are taken up in relatively large quantities 
compared to the first two forms.

There are few studies that have examined the effect of 
AM fungi on the weathering of K-​containing minerals. 
Arbuscular mycorrhizal fungi can increase the solubility of 
mineral forms of K+ by releasing protons, H+, or CO

2
 and 

organic acid anions such as oxalate, malate, and citrate. This 
process of dissolution of K is associated with increases of 
N, K, Ca, and Fe in the plant leaves and fruits (Jones et al. 
2009; Veresoglou et al. 2011; Yousefi et al. 2011).

Oxalic acid and acetic acid have been found in fungal 
hyphae, and polyols such as mannitol and arabitol are 
thought to be important for retaining turgor in fungal 
hyphae during C translocation along hydrostatic pressure 
gradients. High internal pressures in hyphae are thought 
to be an evolutionary adaptation to facilitate penetration 
of both plant tissues and rock surfaces (Jongmans et al. 
1997). This exudation of droplets may play an important 
role in conditioning the immediate environment of 
hyphal tips, facilitating interactions with substrates and 
associated microorganisms, even in drier soils. Similar 
observations have been made by Querejeta et al. (2003) 
who demonstrated that water obtained by Quercus 
agrifolia plants, using a hydraulic lift, can be transferred 
to associated arbuscular mycorrhizal and ectomycorrhizal 
fungi to maintain their integrity and activity during 
drought, even when the fertile upper soil is dry. Carbon 
allocation in the form of sugars and polyols (Sun et al. 
1999) may be important in generating turgor pressure in 
hyphae and have consequences for weathering of minerals 
with a lattice structure.

Transport of K+ through plant membranes can be 
mediated either by K+ channels, which use the mem-
brane potential and electrochemical gradient to facilitate 
K+ transport, or by secondary transporters with different 
affinities located in the plasma or organelle membranes 
(Gierth et al. 2005; Voelker et al. 2006; Liu et al. 2019). 
Genes encoding plant K+ transporters are classified into 
four major families: (1) KT/​HAK/​KUP (K+ transporter/​
high-​affinity K+ transporter/​K uptake permease), (2) HKT 
(high-​affinity K+/​Na+ transporter), (3) KEA (K+ exchange 
antiporters), and (4) CHX (cation/​H+ exchanger) 

(Uozumi et al. 2000; Cellier et al. 2004; Kunz et al. 2014; 
Aranda-​Sicilia et al. 2016; Wang and Wu 2017). Several 
investigators have reported an improvement of the K+ 
content of the plants in symbiosis with mycorrhizal fungi 
(Sharifi et al. 2007; Jourand et al. 2014). However, until 
now, transport mechanisms have not been uncovered in 
all cases of K+ transport in mycorrhizal fungi. A recent 
study using whole-​genome RNA sequencing of mycor-
rhizal roots of Medicago truncatula (barrel clover) under 
K+ deficiency revealed the upregulation of several genes 
encoding putative transporters, including a putative K+/​
H+ exchanger, in mycorrhizal plants under K+ deprivation 
(Garcia et al. 2017). However, in several transcriptome 
studies, no K+ transporter was observed to be upregulated 
in M. truncatula mycorrhizal roots (Gomez et al. 2009; 
Gaude et al. 2012). Therefore, it would be interesting to 
know whether the gene regulation involved in the transfer 
of K+ from the AM fungus to the plant is conserved among 
different plant species (Liu et al. 2019). The identifica-
tion of any microbial K+ transporter that mobilizes K+ to 
the plant would have a critical role in the K+ nutrition of 
plants. Besides the active role of soil microorganisms in 
providing the plant K+ supply, directly (by capturing K+ 
from the soil and transferring it to the plant) or indirectly 
(by solubilizing K+ in the soil and making it available for 
plant absorption), other beneficial effects of the symbionts 
on plant K+ fitness cannot be ruled out. For instance, 
changes in the gene expression of fungi and plants that 
regulates the levels of cellular signals or the production 
of phytohormones by the plant itself (Waqas et al. 2012) 
or through synthesis by the associated fungus, may occur 
during symbiosis (Sirrenberg et al. 2007; Xu et al. 2018). 
These cellular factors may induce changes in expression 
that may ultimately activate the K+ transporters of the host 
plant itself, thereby improving its K+ content.

18.3.2.4 � Calcium
Calcium (Ca) is an important macronutrient required for 
plant growth and development and represents 0.1–​5% 
of all plant dry biomass (Marschner 1995; White and 
Broadley 2003). Calcium’s signaling role in plant cells 
is in response to a wide array of environmental cues 
and, among the inorganic nutrients, Ca may be the most 
involved in molecular communications and in the trans-
mission of metabolic signals in eukaryotic cells (Thor 
2019). In addition to acting as a secondary messenger, 
Ca has been shown to intervene as a chemical medi-
ator in various biological processes, such as cell div-
ision, cell elongation, photomorphogenesis, and biotic 
and abiotic stress responses (Hepler 2005; Reddy et al. 
2011). The involvement of Ca2+ in the triggering of the 
symbiotic process between plant and fungi is analo-
gous to what is demonstrated in the Rhizobium‑legume 
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symbiosis. Navazio and Mariani (2008) documented 
transient changes of Ca2+ concentration that occurred 
when rhizodermal cells were challenged with diffusible 
molecules released by AM fungi. An investigation with an 
experimental design based on challenging host plant cells 
with culture media of different AM fungi (Gigaspora 
margarita, Glomus mosseae, and G. intraradices) 
provided the first firm evidence that Ca2+ is involved as an 
intracellular messenger during mycorrhizal signaling, at 
least in a pre-​contact stage. Based on these experiments, 
it appears that AM fungi announce their presence to 
the plant through the constitutive release of a chemical 
signal, even before experiencing proximity to the plant 
or its symbiotic signals to AM fungi. The notion that the 
secreted fungal molecules herald, through Ca2+, a benefi-
cial message which can be acknowledged only by com-
petent receivers, is supported by (1) the lack of defense 
response induction and the upregulation of some genes 
essential for the AM symbiosis initiation in host plant 
cells and (2) the unresponsiveness of cultured cells from 
the non-​host plant Arabidopsis thaliana. Calcium is an 
essential modulator in mycorrhizal colonization, and the 
mycorrhizal fungus increases its absorption of Ca2+ for 
host plants in Ca-​deficient soils. These assumptions were 
confirmed a recent work on peanut (Arachis hypogaea L.) 
by Cui et al. (2019).

Yield can be limited by a deficiency of exchangeable 
Ca2+ in soil, which can also cause early embryo abortion in 
peanut (Yang et al. 2017; Jain et al. 2011). Cui et al. (2019) 
demonstrated that AM symbiosis increased the Ca2+ con-
tent of peanut seedlings and the development of AM sym-
biosis. In this study, they investigated a combination of 
transcriptional changes, hormone, and metabolomic ana-
lyses in roots of peanut seedlings inoculated by applica-
tion of AMF and Ca2+, and they compared the observed 
changes with those in AM plants or Ca2+-​treated plants. 
They observed that changes in secondary metabolites 
in roots of AM plants and Ca2+-​treated plants coincide 
with the transcriptional regulation of related biosyn-
thesis pathways. These alternations, such as the increases 
in gibberellic acid (GA3) and flavonoid content, were 
considered to be involved in the growth enhancement of 
peanut seedlings by the synergy of AMF with Ca2+ appli-
cation. Moreover, the increase in Ca2+ content enhanced 
K level in plants by enhancing the transcripts of genes 
encoding the K channel, and together with AM symbiosis 
improved plant nutrient uptake, thus increasing the shoot 
and root dry weight. These results indicated that the inter-
action between AM symbiosis and exogenous Ca2+ bene-
fited the growth of peanut seedlings and could explain 
why Ca2+ application strengthens the role of AM symbi-
osis in plant growth by further regulating a major overlap 
of transcriptional changes in roots of AM plant.

18.4 � CONCLUSIONS

“The plant-​fungi symbiosis” is a partnership of inter-
specific coexistence that has developed during more 
than 400 million years. In nature, the strongest bio-
logical entities do not always win, and those that are best 
adapted to the environmental context, including climate 
change and nutritional resources, most often prevail. 
Many studies in molecular biology and biochemistry have 
revealed the value, functionality, and strategic advantages 
of mycorrhizal symbiosis. This basic research regarding a 
small number of AMF species and only a few completely 
sequenced genomes is the foundation of applied research 
that is beginning to produce encouraging results in the 
agronomic field. Future progress in utilizing plant-​fungi 
symbiosis for agriculture, horticulture, arboriculture, and 
silviculture will depend on improving current knowledge 
through:

	1.	deeper understanding of how AMF function;
	2.	selection of AMF strains that differ in their ability 

to provide mineral nutrition and vegetative develop-
ment with a greater number of plant species;

	3.	development of new AMF mixtures to covering a 
wider range of plant species; and

	4.	development of technologies that allow the massive 
cultivation of AMF at low production costs.

Progress in these four areas of plant-​fungi symbiosis 
technology can lead to molecular engineering of AMF 
and their associated microorganisms and plant species. 
Applied research utilizing these improved AMF and 
associated microorganisms to improve plant-​fungi symbi-
osis of modern crop production systems has the potential 
to increase yield and crop quality of a wide range of eco-
nomically valuable plant species.
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