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ABSTRACT

The establishment and the maintenance of a mutualistic arbuscular
mycorrhizal (AM) interaction are based on intense communications
between the partners and within and between plant cells and organs.
Legumes, which can in addition to the AM symbiosis undergo a
symbiosis with nitrogen-fixing rhizobacteria, serve as model plants to
study the signaling in both root endosymbioses. This chapter will
summarize the current knowledge on early signaling and regulation of
arbuscular mycorrhization as follows. The first part provides an overview
on the signaling leading to successful infection of the root — including
common elements required for both legume endosymbioses. This part
comprises (i) signals involved in attraction and recognition of the
partners, (ii) the activation of a signaling cascade in root hair cells of
legumes by AM fungal and rhizobacterial signals, and (iii) the
mechanisms leading to successful penetration of the root surface and to
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intracellular accommodation of the AM fungal partner. The second part
focuses on the carbon supply of the fungus and on the role of apoplastic
invertases and sugar-induced signaling in the AM interaction. The
regulation of the AM symbiosis by a long-distance and systemic feedback
mechanism, called autoregulation of mycorrhization, is topic of the last
part of this chapter.

1. INTRODUCTION

Terrestrial plants evolved different strategies to improve their supply with
mineral nutrients — one comprises the formation of mycorrhizas, mutualistic
interactions with soil-born fungi. The arbuscular mycorrhizal (AM) interaction
represents the most wide-spread and oldest type of mycorrhizas, and the oldest
plant-microbe symbiosis at all. The origin of the AM fungi, which form the
phylum Glomeromycota (SchiiBller et al. 2001, SchiiBler & Walker 2010), is
dated back to more than 600 million years ago (MYA) (Schiiiler & Walker
2011). The fungi are hypothesized to facilitate the colonization of land by
plants (for review see Brundrett 2002, Strullu-Derrien & Strullu 2007,
Bonfante & Genre 2008, Corradi & Bonfante 2012). Fossil records proof the
presence of Glomalean fungi in the Ordovician (around 400 MY A) (Redecker
et al. 2000) and of AM-like endosymbiotic structures in early land plants of
the Devonian (around 460 MYA) (Remy et al. 1994). AM fungi are believed
to colonize plants even before those evolved roots supplying water and
mineral nutrients to the early terrestrial plants and improving their fitness as
recently demonstrated for liverworts (Humphreys et al. 2010). Today, most
terrestrial plants world-wide, including non-vascular plants, herbaceous and
wooden plants, and many important crops, are mycotrophs still relying on the
benefits provided by AM fungi. The main characteristic of the symbiosis is the
nutrient exchange between the partners. Whereas the obligate biotrophic AM
fungi receive carbon from plants, the plant partner profits by an improved
supply with minerals, mainly phosphate, and water. In addition, mycorrhizal
plants often exhibit an improved abiotic and biotic stress tolerance. By the
overall increased plant fitness and competitiveness, the AM symbiosis is a
major factor determining ecosystem biodiversity and productivity (van der
Heijden et al. 1998, Wagg et al. 2014) and is essential for sustainable
agriculture (Gianinazzi et al. 2010).

The arbuscular mycorrhiza is an endomycorrhiza with fungal structures
formed within the root cells. The exchange of nutrients occurs via the
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intraradical fungal structures. Different morphological types of the AM
symbiosis can be distinguished with two main types named Paris and Arum
type (for overview see Smith & Smith 1997, Dickson et al. 2007). Particularly
in ferns, gymnosperms and many wild angiosperms, a Paris type is formed.
Here the AM fungi grow in an intracellular way along the root with coiled
intracellular hyphae that are the main organ for the nutrient exchange in the
Paris type (Figure 1a). Hyphal coils can feature branching forming arbuscules
(arbusculate coils). In common crops, AM fungi mostly form an Arum type
(Figure 1b), in which the AM fungi spread along the root with hyphae formed
between the root cortex cells along root air channels. Emanating from these
intercellular hyphae, the fungi grow into the cortex cells and form by
multitudinous branching events the typical arbuscules (Figure 1). In contrast to
hyphal coils, arbuscules are always terminal structures and are thus
characteristic for the Arum type. The highly-branched (tree-like) arbuscules
have a strongly increased surface and are the fungal organ for mineral nutrient
exchange in the Arum type. They have a limited life-span and finally collapse
and undergo degradation (Cox, Alexander et al. 1988) allowing new arbuscule
formation in the same cell. In addition to the Arum and Paris type,
intermediate morphological forms can occur (for structural diversity).
Although AM morphology appears to be mainly determined by the host, the
AM fungi also exhibit a certain impact (Smith & Smith 1997, Dickson 2004).
In some plant species, both morphological types can be formed as once when
the plant is colonized by different fungal taxa (Kubota et al. 2005). However,
the underlying mechanisms resulting in a Paris, Arum or intermediate type are
so far unknown. Although large continuous airspaces in the root cortex seem
to be essential for the formation of intercellular hyphae, air channels are no
exclusion criterion for a Paris type (Dickson et al. 2007). So far, most AM
research is done on the Arum type which is also the predominating
morphological type in legumes.

Establishment and maintenance of the AM endosymbiosis goes along with
severe transcriptional, cellular, and metabolic adaptations of the host plant to
enable successful attraction, recognition, intracellular accommodation, and
control of the microsymbiont. In contrast to the obligate biotrophy of the AM
fungi, plants are not necessarily dependent on the AM interaction. The AM
symbiosis is particularly determined by the phosphate availability for the plant
but also by other unfavorable conditions in which the plant can benefit from
the fungus and which are usually or quite frequently present in ecosystems,
such as limitation in other mineral nutrients and/or water, elevated soil
salinity, heavy metal contamination, and biotic stress conditions including
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competition. Here, an overview is given on signals and mechanisms
underlying the processes of successful infection and colonization of a host root
by AM fungi as well as regulatory mechanisms that optimize carbon efficiency
for the host and influence the mycorrhization pattern of the plant like the
autoregulation of mycorrhization.

a

Figure 1. Morphological structures of the AM symbiosis. a+b: Schematic presentation
of the Paris (a) and the Arum (b) type. c: Extraradical mycelium with spores. d: Single
Glomalean spore. e: Hyphopodium and entry point. f: Vesicles. g: Intraradical coils
and arbusculate coils. h: Intercellular hyphae and arbuscules. i: Arbuscules. Fungal
structures in d-i are stained according to Vierheilig and co-workers). Bars represent
250 pm (c) and 50 um (d-i). S: spore; H: hyphopodium; C: coil; AC: arbusculate coil;
A: arbuscule; IH: intercellular hypha; V: vesicle; ERM: extraradical mycelium; BAS:
branched adsorbing structures.



Molecular Signaling in the Arbuscular Mycorrhizal Symbiosis 5

Plant genes required for establishment and regulation of an AM symbiosis
were often identified by plant mutant analyses. Such analyses can in addition
reveal common symbiosis genes involved in the AM symbiosis as well as in
the interaction of plants with nitrogen-fixing bacteria, which developed later
during evolution and comprises the legume-rhizobia symbiosis (LRS) also
called nodulation.

Root-specific processes can be also well investigated in composite plants
consisting of wild-type shoots and transgenic roots achieved by
Agrobacterium rhizogenes-mediated root transformation or, if no shoot-
derived signal(s) are required, in root organ cultures. Root cultures can be
established with either non-transformed roots or with roots transformed with
(wild-type) A. rhizogenes resulting in so called hairy roots, which are
characterized by a higher growth potential. Cultivation on growth medium
with lower mineral contents allows successful mycorrhization of those root
cultures.

In contrast, for analyses of the LRS, such root cultures are less suitable.
Here, the bacteria are well able to utilize the sugars provided in the medium
without forming an LRS; moreover, nodulation is inhibited by nitrogenous
compounds such as nitrate. However, for the symbiosis with the obligate
biotrophic AM fungi, root organ cultures are a powerful tool to analyze this
symbiosis under in vitro conditions including investigations of fungal-specific
processes and metabolites during the symbiotic phase by obtaining pure,
metabolic-active AM fungal material in form of extraradical mycelium (for
overview see Fortin et al. 2002).

Most research on AM molecular signaling has been done with few fungal
species formerly classified as Glomus species (SchiiBler & Walker 2010),
including the AM model fungus Rhizophagus irregularis DAOM 197198
formerly known as Glomus intraradices DAOM 197198 (Stockinger et al.
2009, Schiifler & Walker 2010), and few Gigaspora species. So far,
functional gene analyses in AM fungi are less applicable, but a first progress in
introducing foreign DNA could be achieved via particle bombardment (Harrier
& Millam 2001) and recently, gene suppression was shown to be possible by
host-induced gene silencing (Helber et al. 2011). Moreover, recent sequencing
of the transcriptome and genome of the model fungus R. irregularis DAOM
197198 will strongly improve our understanding of the AM symbiosis
(Tisserant et al. 2012, 2013).
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2. ESTABLISHMENT OF AN AM SYMBIOSIS

The genetic basis for an AM establishment probably evolved with or even
before the colonization of land by plants. Most of our today's land plants still
hold the ability to interact with AM fungi to form a mutualistic interaction
indicating the importance of this symbiosis for plant competitiveness and
ecosystem functioning. However, some plant species lost this ability including
members of the Brassicaceae. The initialization of an AM symbiosis is based
on an intense signaling exchange between both partners, which is in parts also
recruited for the LRS.

2.1. Attraction of AM Fungi and Perception of Specific Fungal
Signals

To form a mutualistic interaction, the involved partners first of all have to
find and recognize each other. Particularly under phosphate starvation, plants
exude different signals into the rhizosphere to attract AM fungi (for overview
see Figure 2). In the absence of a host, AM fungal spores are able to
germinate, but show only limited hyphal development. If no plant-derived
signals are perceived by the fungus, it stops asymbiotic growth and reallocates
resources allowing multiple germinations (Koske 1981, Logi et al. 1998).
Numerous studies showed the promoting effect of root exudates on spore
germination and their requirement for the switch from asymbiotic to
presymbiotic AM fungal growth by stimulating hyphal development and
branching prior to physical contact of the partners (e.g. Graham 1982, Elias &
Safir 1987, Poulin et al. 1993, Nagahashi & Douds 2007, Sun). Presymbiotic
fungal development is preceded and accompanied by rapid induction of fungal
gene expression and stimulated respiratory and mitotic activity of the fungus
caused by root exuded compounds (Tamasloukht et al. 2003, Besserer et al.
2006, 2008). CO, emitted by the root as a volatile was demonstrated as critical
factor for the stimulation of AM fungal growth by root exudates, probably by
serving as essential carbon source (Bécard & Piché 1989).

2.1.1. Flavonoids

One group of root exuded compounds that can attract AM fungi are the
flavonoids — secondary plant metabolites derived from the phenylpropanoid
pathway (for overview see Cesco et al. 2012). Root flavonoids are well
researched for leguminous plants since they promote root nodulation by
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stimulating the production of specific rhizobacterial signals the so-called Nod
factors, but root flavonoids are ubiquitously distributed in the plant kingdom.
For AM fungi it was shown that flavonoids can stimulate spore germination,
hyphal growth and branching, and root infection and colonization (for
overview see Steinkellner et al. 2007, Abdel-Lateif et al. 2012, Hassan &
Mathesius 2012).
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Figure 2. Signals involved in attraction of AM fungi. Different compounds exuded by
roots stimulate germination of AM fungal spores, hyphal growth and branching. These
factors include specific flavonoid compounds that in general induce germination and
presymbiotic fungal development, 2-hydroxy fatty acids that stimulate elongated
lateral branches, and strigolactones that activate fungal energy metabolism and that are
particularly important for hyphal branching, also of higher order. Strigolactone
biosynthesis upon phosphate (P) starvation is regulated by MtNSP1 and MtNSP2,
GRAS domain transcription factors that are also essential for the Nod factor response
(Liu et al. 2011). Exudation of strigolactones is controlled by an ABC transporter,
PhPDR1 (Kretzschmar et al. 2012). Attraction of AM fungi by root exudates is
regulated by the nutritional status of the plant. Additional factors, including volatiles,
are involved in fungal attraction (not depicted). For hyphopodium formation, specific
cutin monomers of the epidermal cell wall are essential signals, whose production is
regulated by the GRAS domain transcription factor MtRAMI1 (that can also interact
with MtNSP1) and the glycerol-3-phosphate acyl transferase MtRAM?2 (Gobbato et al.
2012, Wang et al. 2012). +: positive regulation; ++: essential factor for induction.
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However, application experiments revealed flavonoid-specific and
concentration-dependent effects on spore germination and/or presymbiotic
growth of AM fungi and demonstrated that flavonoids can act as stimulators
but also as inhibitors (for example see Siqueira et al. 1991, Tsai & Phillips
1991, Bécard et al. 1992, Morandi et al. 1992). A stimulating effect was
particularly found for flavonols like kaempferol and quercitin, which could be
detected in root exudates of legumes and non-legumes like carrot (Daucus
carota) (Tsai & Phillips 1991, Bécard et al. 1992, Poulin et al. 1993, Scervino
et al. 2005b). In contrast, some flavonoid compounds, e.g. the flavones
apigenin, chrysin, and luteolin, were demonstrated to inhibit germination,
presymbiotic growth, and/or entry points of AM fungi (Bécard et al. 1992,
Scervino et al. 2007). Also pyranoisoflavones isolated from root exudates of
the non-host plant white lupin (Lupinus albus), a member of the usually
mycotrophic Fabaceae family, were identified as inhibitors of AM fungal germ
tube growth (Akiyama et al. 2010b). With some isoflavones contradictory
results were achieved. Whereas few studies found reduced germination of two
Glomus species and reduced hyphal growth of Gigaspora margarita after
application of formononetin and biochanin A, respectively (Tsai & Phillips
1991, Bécard et al. 1992), other studies showed improved AM fungal hyphal
growth and root colonization by each of the two isoflavones for other Glomus
species (Nair et al. 1991, Siqueira et al. 1991). This might be due to
differences in the experimental setup including the flavonoid concentration but
also to genus/species-specific differences that were found in the
responsiveness of AM fungi towards individual flavonoids (Tsai & Phillips
1991, Scervino et al. 2005a, 2007).

In the rhizosphere, the particular potpourri of exuded flavonoids rather
than individual flavonoid compounds would determine the effect on AM
fungi. Interestingly, plants are able to quantitatively and qualitatively modulate
their flavonoid exudation according to their nutritional and mycorrhizal status.
For bean (Phaseolus vulgaris), root exudation of phenolic compounds
including flavonoids was found to be strongly induced not only upon nitrogen
starvation but also upon phosphate starvation (Juszczuk et al. 2004). In melon
(Cucumis melo), a flavonoid that stimulates AM fungal colonization was
found to accumulate in roots upon phosphate deficiency, whereas elevated
phosphate fertilization and AM fungal inoculation led to a strongly reduced
accumulation (Akiyama et al. 2002). However, although several flavonoids
can stimulate AM fungal spore germination, presymbiotic fungal growth, and
root infection and colonization, they are not essential for an AM interaction as
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demonstrated with flavonoid-deficient plants (Bécard et al. 1995). Thus,
additional plant-derived signals must exist.

2.1.2. Strigolactones

In the year 2000, non-flavonoid compound(s) of root exudates of
mycotrophic plants were identified to induce hyphal branching, nuclear
division, and hyphal length of germinating AM fungi, whereas exudates of
non-host plants had no effect (Buee et al. 2000, Nagahashi & Douds 2000).
Five years later, the strigolactone 5-deoxy-strigol was purified as a branching
factor from exudates of phosphate starved Lotus japonicus, leading to hyphal
branching in the AM fungus G. margarita (Akiyama et al. 2005).
Strigolactones are a new class of carotenoid-derived phytohormones that were
first discovered in cotton root exudates as germination stimulants for the
parasitic weed Striga lutea (Cook et al. 1966, 1972). During the last decade,
their regulatory role in root and shoot development and their function for the
interaction with AM fungi have been intensively studied (for review see e.g.
Brewer et al. 2013, Rasmussen et al. 2013, Ruyter-Spira et al. 2013,
Zwanenburg & Pospisil 2013). In roots, which generally exhibit high levels of
strigolactones, these compounds are involved in regulation of root
architecture, probably by regulating lateral auxin reflux. They can inhibit
adventitious root formation, stimulate primary root growth and root hair
elongation (the latter upon involvement of ethylene), and affect lateral root
initiation. Lateral root formation can be either reduced (under sufficient P
availability) or improved (under P deprivation) by strigolactones.
Strigolactones were also found to promote LRS formation as they somehow
stimulate root nodule number in pea (Foo & Davies 2011, Foo et al. 2013b)
and presumably activate swarming mobility of rhizobacteria (Tambalo et al.
2014).

In germinating Gigaspora species, not only the strigolactone 5-deoxy-
strigol, but a whole range of natural strigolactone compounds, including
sorgolactone and strigol found in root exudates of the monocot Sorghum
bicolor, and several synthetic analogues, including GR24 and G7, induce AM
hyphal branching at very low concentrations (Akiyama et al. 2005, 2010a,
Besserer et al. 2006). Moreover, the branching response was also detected for
phylogenetically distant AM fungi (Besserer et al. 2006). These findings
reveal the common role of this phytohormone class as plant-derived signals in
the widespread AM symbiosis. Strigolactones boost the presymbiotic
development by stimulating the AM fungal metabolic activity including
mitochondrial biogenesis and respiration (Besserer et al. 2006). Strigolactones
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rapidly induce the NADH content of the hyphae which can be used by the
stimulated mitochondrial NADH dehydrogenase activity to mobilize the
fungal lipids as carbon and energy source required for the stimulated cell
proliferation (Besserer et al. 2008). The induced branching pattern can differ
between individual strigolactones and comprises also highly branched short
hyphae of higher order (Akiyama et al. 2010a).

Strigolactone exudation is well controlled by the plant. Recently, the first
strigolactone transporter was identified (Kretzschmar et al. 2012). An ATP-
binding cassette (ABC) transporter from petunia (Petunia hybrida), PhPDR1,
was shown to control as cellular exporter the efflux of strigolactones from the
plant root. If this transport is abolished, the AM fungal branching and the root
colonization are reduced. The transporter is transcriptionally induced by
phosphate starvation, application of G24 or auxin, and interestingly also upon
AM interaction (Kretzschmar et al. 2012); however, another study showed
reduced strigolactone activity of root exudates due to AM fungal root
colonization (Lendzemo et al. 2009). Induction of the ABC transporter at
phosphate deprivation is in line with promoted biosynthesis and elevated
exudation of strigolactones upon P (and N) starvation in legumes and non-
leguminous plants (Yoneyama et al. 2007a, 2007b, Lopez-Raez et al. 2008,
Foo et al. 2013b). The biosynthesis of strigolactones is probably controlled by
transcriptional regulators and recently, two GRAS domain transcription factors
were found to be indispensable for strigolactone production under nutrient-
deficiency conditions (Liu et al. 2011). The Medicago truncatula transcription
factors Nodulation Signaling Pathway (NSP)1 and NSP2, that were previously
identified to activate Nod factor-induced gene expression (Hirsch et al. 2009),
and orthologs from rice (Oryza sativa) regulate expression of carotenoid
biosynthesis genes and strigolactone accumulation in roots under P (and N)
starvation (Liu et al. 2011). A negative regulation of strigolactone biosynthesis
by high P supply occurs systemically in the root as shown for pea (Pisum
sativum) (Balzergue et al. 2011). However, since exogenous application of
strigolactones was not sufficient to restore mycorrhizal colonization under
high-P conditions, additional factors other than strigolactone must be involved
in mediating the effect of P availability on the AM symbiosis (Balzergue et al.
2011). This is consistent with analyses on pea mutant plants. These analyses
revealed that neither strigolactone biosynthesis nor a strigolactone response is
required for the enhanced mycorrhization under low-P conditions (Foo et al.
2013b).

Next to mycotrophic plants, also AM non-host plants exude strigolactones
as shown for L. albus; here, however, exudation is not correlated to the
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nutritional status of the plant (Yoneyama et al. 2008). Astonishing, the AM
fungal branching response to the lupin-derived strigolactones was completely
inhibited by pyranoisoflavones exuded by L. albus (Akiyama et al. 2010b).

2.1.3. Additional Branching Factors

For the complex branching pattern of AM fungi in response to root
exudates, a mixture of compounds is suggested as inducer instead of a single
factor. Different alcohol-soluble fractions of D. carota root exudates were
found to induce different branching phenotypes — also in dependence on the
AM fungal species (Nagahashi & Douds 2007). In addition to flavonoids and
strigolactones, 2-hydroxy fatty acids of specific lengths can act as branching
signals (Nagahashi & Douds 2011). 2-Hydroxytetradecanoic acid and 2-
hydroxydodecanoic acid from D. carota root exudates strongly increased
elongated lateral branches of the primary germ tube and of major secondary
hyphae. A methanol-soluble factor (not identical to GR24) that stimulates
presymbiotic AM fungal growth, hyphal branching and AM establishment was
also found in tomato (Solanum lycopersicum) root exudates (Sun) but its
chemical structure is so far unknown. Mutant plants missing this factor emit
soluble factor(s) inhibiting spore germination and hyphal tip growth and are
defective in premycorrhizal infection (pmi mutant) (Gadkar et al. 2003).
However, despite the inhibiting factor(s) of the mutant, application of the
stimulating factor from wild-type tomato plants to the pmi mutant dual root
organ culture system sufficiently restored the AM fungal branching response
and resulted in functional root colonization leading to production of new
viable spores (Sun et al. 2012).

In addition to the different promoting compounds found in the soluble root
exudates, also volatile root signals were identified to stimulate AM hyphal
growth and branching during the presymbiotic phase and can act
synergistically with the soluble exudes compounds (Koske 1982, Bécard &
Piché 1989, Gadkar et al. 2003).

2.1.4. Signals Involved in Hyphopodia Formation

After successful attraction of an AM fungus by exuded plant signals, the
fungus comes in physical contact with the root surface. To tightly attach to the
plant partner, it forms a flattened hyphal structure called hyphopodium. For
hyphopodium formation, contact to the root epidermal cell wall is required as
demonstrated with isolated cell walls of D. carota roots (Nagahashi & Douds
1997). The use of isolated cell walls indicates that neither intact cells nor
exuded signals are necessary for hyphopodium formation. Interestingly,
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hyphopodia formation could not be observed on cell walls of other cell types;
it was also found to be absent in some non-hosts such as Beta vulgaris
(Nagahashi & Douds 1997) and L. albus (Gianinazzi-Pearson & Gianinazzi
1992). This clearly indicates that also the step of hyphopodium formation
requires specific (host) plant signals. Grafting experiments with L. al/bus and
host plants revealed the involvement of the shoot in producing such signal(s)
(Gianinazzi-Pearson & Gianinazzi 1992). The recent characterization of
MtRAMI and MtRAM?2 shed more light on the regulation of AM fungal
hyphopodium formation by the plant. The M. truncatula mutants raml and
ram2, whose root exudates lead to normal stimulation of AM fungal
germination and hyphal branching, show drastically reduced hyphopodia
formation (Gobbato et al. 2012, Wang et al. 2012).

MtRAM1 encodes a GRAS domain transcription factor that regulates
MtRAM?2 (Gobbato et al. 2012), which codes for a glycerol-3-phosphate acyl
transferase (Wang et al. 2012). Heterologous expression of MtRAM?2 in
Arabidopsis thaliana and ram2 mutant analyses indicate that RAM2 functions
in the production of cutin monomers belonging to long-chain ®-hydroxy fatty
acids (OHFA) and a,w-dicarboxylic acids (DCA). Roots of ram2 mutants have
next to lower 18:1-DCA and 18:1-OHFA contents reduced levels of 16:0-DCA
and 16:0-OHFA, which were also produced in leaves of MtRAM?2-expressing
A. thaliana plants (Wang et al. 2012). Application of these C16 cutin
monomers, but not of longer-chain lipids, could rescue the ram2 mutant
allowing hyphopodia formation on the surface of ram?2 roots at similar levels
than in wild-type plants. For the epidermal surface of the ram2 mutant, neither
modification in the physical structure nor in the wax composition was found
compared to the wild type (Wang et al. 2012). These data indicate a signaling
(rather than a structural) function of C16:0 cutin monomers on AM fungal
hyphopodia formation. Interestingly, also oomycete appressoria formation is
regulated by MtRAM1 and MtRAM? indicating a recruitment of the C16:0
aliphatic fatty acid signaling functions by some pathogens (Gobbato et al.
2012, Wang et al. 2012). But different to the interaction with pathogenic
oomycetes, both genes are up-regulated upon AM interaction (Wang et al.
2012) suggesting a positive feedback regulation of C16:0 cutin monomer
production in the AM symbiosis.

2.1.5. AM Fungal Signals and Signal Perception

Different to appressoria of pathogenic fungi, AM fungi do not use turgor
pressure to penetrate the root. Instead, the successful root infection by AM
fungi is genetically controlled by the plant. To enable perception by the host
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and to transcriptionally reprogram the corresponding host cells allowing
penetration, also the microsymbiont has to emit specific signals. Several
studies showed that diffusible signal(s) from germinating AM fungal spores
are able to trigger certain plant responses, including intracellular calcium
changes (Navazio et al. 2007, Chabaud et al. 2011), transcriptional activation
of symbiosis genes (Kosuta et al. 2003, Navazio et al. 2007, Mukherjee & Ané
2011), and stimulation of lateral root formation (Olah et al. 2005, Mukherjee
& Ané 2011). A response to the diffusible AM fungal signal(s) was found in
leguminous and non-leguminous host plants (Mukherjee & Ané 2011), but not
in the non-host A. thaliana (Navazio et al. 2007). Time course-experiments
with spores germinating in the absence of a host indicate that (some) AM
fungal signaling molecules, which induce a rapid and transient elevation in the
cytosolic calcium concentration in a soybean (Glycine max) cell culture, are
constitutively released by the fungus (at a lower rate even by un-germinated
spores) and thus not necessarily require an induction by plant-derived signals
(Navazio et al. 2007). However, to trigger intracellular calcium oscillations,
the so-called calcium spiking, in root hair cells of M. truncatula, highly
branched AM fungal hyphae are required; no calcium changes were observed
in root hair cells associated with runner hyphae (Kosuta et al. 2008). This is in
line with a recent study that showed strongly elevated exudation of fungal
signaling molecules upon spore germination in the presence of the
strigolactone analogue GR24 (Genre et al. 2013), which induces hyphal
branching.

Interestingly, the plant responses described for the diffusible AM fungal
signal(s) are very similar to that elicited by Nod factors, the microbial signals
in the LRS. The chemical structure of Nod factors was already elucidated
around 25 years ago (Lerouge et al. 1990) as decorated lipochito-
oligosaccharides (LCOs), which determine the host-specificity of the
rhizobacteria (for overview see D’Haeze & Holsters 2002). Rhizobacteria can
produce LCO populations ranging from two to around 60 different individuals,
depending on the bacterial strain. Individual rhizobial LCOs structurally differ
in the length of the oligosaccharide backbone (four to five B-1,4-linked N-
acetyl-D-glucosamine residues), the type of the fatty acyl group that is N-
linked to the non-reducing terminal residue, and/or in the presence and nature
of further substituents at the reducing and non-reducing terminal residues that
comprise sulphate, methyl, fucosyl, carbamoyl, and acetyl groups. Nod factor
production requires expression of rhizobial nodulation (nod) genes, which are
induced by the transcriptional regulator NodD after interaction with root
exuded flavonoids. Rhizobial LCOs are perceived by root hair cells via lysine
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motif (LysM) domain receptor-like kinases, namely Nod Factor Receptor
(NFR)1 and NFRS5 in L. japonicus (Madsen et al. 2003, Radutoiu et al. 2003,
Broghammer et al. 2012) and Nod Factor Perception (NFP) and LYK3 in M.
truncatula (Ben Amor et al. 2003, Limpens et al. 2003, Arrighi et al. 2006).
Nod factor perception rapidly induces host plant responses, such as root hair
deformation and curling, transient alkalinization and membrane
depolarization, changes in the intracellular calcium concentration, and
transcriptional activation of early nodulin genes (for overview see Oldroyd
2013).

Although the existence of corresponding AM fungus-derived signal(s),
also referred to as Myc factor, was suggested for a long time, the chemical
nature of such an AM fungal factor remained unknown until 2011. In that
year, Maillet and co-workers (2011) published the structures of the first
identified LCOs exuded by the AM model fungal R. irregularis. To purify
bioactive LCOs exuded by AM fungi (Myc-LCOs), the authors made use of
bioassays that can either sense different non-sulfated LCOs (via root-hair
branching in Vicia sativa) or sulphated LCOs (via transcriptional activation of
the early nodulin gene ENODI1 in M. truncatula). The most active fractions,
which also induced lateral root formation, were further purified and LCOs
were detected using high-sensitivity, high-resolution mass spectrometry. By
that, the authors found a mixture of sulphated and non-sulphated simple LCOs
in exudates of mycorrhizal roots and in sterile germinated spore exudates;
none were detected in exudates of non-mycorrhizal roots. This confirmed the
fungal origin of the identified LCOs. Interestingly, quantities of exuded LCOs
as well as the biological activity of AM fungal spore exudates clearly
increased upon spore germination indicating a de novo synthesis and/or
secretion (Maillet et al. 2011). For the identified Myc-LCOs, palmitic acid
(C16:0) and oleic acid (C18:1A9Z) are the major N-acyl substitutions. To
verify and further characterize the biological activity of these Myc-LCOs that
were purified with extremely low yield, the authors used bacterial genetic
engineering to synthesize individual Myc-LCOs in Escherichia coli or in
appropriate rhizobial nod gene mutants. Corresponding to the isolated natural
LCOs, the thus produced sulphated and non-sulphated LCOs were active in
MtENODI 1 transcriptional activation and in the root hair deformation assay,
respectively. Application of an equal mixture of sulphated and non-sulphated
LCOs (each of in a 1:1 mixture with C16:0 and C18:1 N-acyl chains) at a
concentration of 10 nM significantly increased number of root infection sites
by R. irregularis in legumes (M. truncatula) and non-legumes (7agetes patula)
resulting in enhanced root colonization (Maillet et al. 2011). Root colonization
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was also increased in root organ cultures of D. carota. Thus, the signal
processing in plants does not require a shoot. The promoting effect on root
colonization was more pronounced for the mixture of non-sulphated and
sulfated Myc-LCOs than for the same concentration of pure non-sulphated or
pure sulphated LCOs as demonstrated for 7. patula. However, pure non-
sulphated Myc-LCOs stronger increased root colonization than the pure
sulphated LCOs. The authors also analyzed the effect of the Myc-LCOs on M.
truncatula lateral root branching, which is induced by non-sulphated and
sulfated Myc-LCOs in a concentration-dependent manner. Here, they found a
higher biological activity for sulfated LCOs, which were active down to
0.1 nM or even lower (Maillet et al. 2011). Czaja and co-workers (2012) found
also a stronger transcriptional reprogramming in M. truncatula roots by
sulphated than by non-sulphated Myc-LCOs, which might indicate that a
higher number of these genes are involved in the root branching response than
in the mycorrhization response. Interestingly, rhizobial LCOs and Myc-LCOs
differentially regulated gene expression showing a relatively low number of
genes commonly activated by the microbial signals (Czaja et al. 2012).
Surprisingly, the mixture of sulphated and non-sulphated Myc-LCOs showed
lower transcriptional reprogramming than the pure sulphated Myc-LCOs and
also here relatively low overlap was found in the gene activation induced by
either sulphated, non-sulphated or mixed Myc-LCOs. Thus, differences in the
efficiency and/or specificity in the perception of individual and combined
Myc-LCOs are suggested.

Recently, non-LCO AM fungal signals were identified in germinated
spore exudates (Genre et al. 2013). Such exudates of G. margarita were
previously shown to induce a calcium spiking response in epidermal cells
(Chabaud et al. 2011), which could be confirmed for exudates of other AM
fungi (Gigaspora rosea, R. irregularis) (Genre et al. 2013). However, the
calcium spiking appears irregular and also exhibits cell-to-cell variations,
independent on the AM fungal source of exudate. Genre and co-workers
(2013) found that a chitinase treatment of the germinated spore exudates
completely abolished the spiking response in the root epidermis indicating the
chitin-based structure of the signal(s). Application experiments revealed that
short-chain chitin oligomers (COs), particularly those of four to five N-acetyl-
D-glycosamine residues (chitotetraose [CO4] and chitopentaose [CO5]) which
could be also detected in germinated spore exudates, efficiently induce non-
regular calcium spiking in root organ cultures of M. truncatula and of D.
carota (Genre et al. 2013). When compared to the previously identified non-
sulphated and sulphated Myc-LCOs, COs induce the intracellular calcium
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spiking with higher efficiency. Interestingly, concentrations of short-chain
COs, particularly of the highly bioactive CO4 and COS5, strongly increased in
AM fungal exudates after strigolactone (GR24) treatment. This was in line
with a significantly elevated spiking response. Astonishing, germinated spore
exudates of the M. truncatula pathogen Colletotrichum trifolii were not able to
induce calcium spiking although they contained CO4 to a comparable
concentration than AM fungal exudates. Even supplementation of the
pathogen exudates with CO4 was not sufficient to trigger a calcium response
in M. truncatula root epidermal cells indicating the presence of additional
components inhibiting the CO-induced calcium spiking for this non-AM
fungus (Genre et al. 2013).

Corresponding to the LRS, the AM fungal signals are suggested to be
perceived by LysM receptor-like kinases (see also Figure 3 in subsection 2.2.).
However, so far the Myc signal receptor(s) required for AM formation have
not been identified. Recently, the Nod factor receptor gene NFP was found to
be somehow involved in perception of Myc-LCOs in M. truncatula. Here,
NFP was found to be essential for the Myc-LCO-induced gene expression
(Czaja et al. 2012) and to be partly involved in the root branching response
elicited by Myc-LCOs (Maillet et al. 2011). However, the root branching
phenotype of nfp mutants depended on the concentration of applied Myc-
LCOs indicating an involvement of other receptor proteins at higher LCO
concentrations (Maillet et al. 2011). Moreover, the root branching response to
the natural mixture of exuded AM fungal signals and the calcium spiking
response to short-chain COs were not found to be affected in nfp mutants
(Olah et al. 2005, Mukherjee & Ané 2011, Genre et al. 2013) indicating
additional receptor protein(s) and different efficiencies or specificities in the
perception of individual and combined AM fungal signals (see also Czaja et al.
2012). Overall, NFP seems not essential for the AM fungal root colonization
since nfp mutants exhibit a mycorrhization phenotype comparable to that of
wild-type plants (Ben Amor et al. 2003, Maillet et al. 2011). Perception of the
Myc-LCOs was shown to be also independent of LYK3, which forms a
heteromer with NFP for Nod factor perception in M. truncatula (Maillet et al.
2011). Thus, other receptor proteins must be involved in perception of AM
fungal signals which might be encoded by paralogous genes (Young et al
2011). The evolution of the LRS was accompanied by a whole-genome
duplication event in the papilionoids, the largest subfamily of the Fabaceae,
producing genetic redundancy that probably facilitates the evolution of novel,
nodulation-specific gene functions without compromising existing functions in
mycorrhizal signaling. The paralog of NFP, the LYRI gene, is highly
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expressed during AM fungal colonization (Young et al. 2011), but is not
required for LRS in which instead NFP is transcriptionally activated (Arrighi
et al. 2006) indicating functional specialization of the two homologs. In the
non-legume Parasponia andersonii, that is able to form a rhizobium symbiosis
but did not undergo whole genome duplication, the predicted NFP ortholog is
involved in nodulation and in mycorrhization (Op den Camp et al. 2011). A
LYK3 homolog from A. thaliana, AtCERKI, that shows divergence in the
activation loop and a three-amino acid (Y AQ) motif of the kinase domain from
LYK3 (Nakagawa et al. 2011), is involved in pathogen-elicited defense
responses (Zhu et al. 2006, Miya et al. 2007, Willmann et al. 2011, see also
Oldroyd 2013). Phylogenetic analyses of LYK3 homologs from different plant
species including the basal legume Cercis chinensis, a representative of the
Cercideae tribe, indicate a Myc-LCO receptor as common ancestor of the
LYK3 lineage instead of a defense-related receptor kinase (De Mita et al.
2014). After identifying root branching factors and AM fungal signals, the
identification of all receptor proteins required for mediating the response to the
different AM fungal signaling molecules will be another milestone in
elucidating the early signal exchange between the AM partners and the
initiation of the host response leading to root infection.

After initial signal perception, further Myc-LCO- and COs-elicited signal
transduction requires elements of the common signaling pathway that is
conserved for the AM symbiosis and the LRS as outlined below. Compared to
non-sulphated and sulphated Myc-LCOs, short-chain COs induce intracellular
calcium spiking with higher efficiency. This might indicate undecorated short-
chain COs as ancient fungal signals in the AM symbiosis that could (in
addition to the mixture of different simple LCOs) contribute to the low host
specificity of AM fungi. Elucidating the effects of COs on plant gene
expression and on AM fungal root colonization and nodulation will shed more
light on the role of COs in the AM symbiosis and its cross-talk with the LRS
since different to LCOs COs appear to act NFP-independently. Since some
plant responses induced by diffusible AM fungal signals were found to occur
independent of the common signaling pathway (Kosuta et al. 2003, Olah et al.
2005, Mukherjee & Ané 2011) (see also subsection 2.2.), additional signaling
pathway(s) involved in AM establishment are suggested, which might be
activated either by the identified Myc-LCOs and/or COs or by additional, so
far unknown AM fungal signal(s). In addition to such activating signals, the
AM model fungus R. irregularis DAOM 197198 was found to secret an
effector protein, SP7, probably to suppress plant defense responses (Kloppholz
et al. 2011). SP7 localizes to the nucleus and interacts with the pathogenesis-
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related ethylene responsive transcription factor ERF19, apparently promoting
the biotrophic status of fungi inside the host. SP7 transcription is induced in
germinated spores and extraradical mycelium by co-incubation with roots and
is strongly up-regulated during root colonization (Kloppholz et al. 2011).
Transcriptome analyses of this model fungus revealed a whole set of AM
fungal genes encoding small secreted proteins that are highly up-regulated in
mycorrhizal roots and microdissected arbusculated cells (Tisserant et al
2013). These small secreted proteins are predicted to act as effectors, similar to
SP7, to suppress plant defense mechanisms and/or to manipulate host cell
signaling during intracellular accommodation. It can be assumed that a part of
those genes is already induced at the presymbiotic phase prior to root
infection.

2.2. Activation of a Conserved Signaling Cascade and
Transcriptional Reprogramming of the Root Cells

After perception of specific chitin-based microsymbiont signals by
(predicted) LysM receptor-like kinases (see above), the signal is further
processed by signaling pathways that contain common elements conserved for
mycorrhization and nodulation and that finally lead to transcriptional
reprogramming of the host cell enabling root infection (see also Figure 3). The
common signaling pathway shared in AM and LRS establishment is also
called DMI pathway, since it comprises (in the M. truncatula nomenclature)
the genes DMI1, DMI2, and DMI3 (Catoira et al. 2000, Ane et al. 2002). These
genes were identified by mutant analyses of M. truncatula plants that are
unable to form an AM symbiosis and an LRS and were thus called doesn't
make infection (dmi) mutants (Catoira et al. 2000). The main steps of the
common signaling cascade in the epidermal root (hair) cells comprise signal
perception at the plasma membrane followed by (peri)nuclear calcium spiking
that activates a nucleus-localized calcium/calmodulin-dependent protein
kinase resulting via activation of transcription factors in specific gene
expression. Analyses on O. sativa, S. lycopersicum, and the tree Casuarina
glauca demonstrate that this common signaling cascade is not restricted to
legumes (Gherbi et al. 2008, Gutjahr et al. 2008, Markmann et al. 2008, Nair
& Bhargava 2012). Instead, part of the existing signaling pathways required
for successful AM formation appears to be recruited for the later evolved
symbioses with nitrogen-fixing bacteria (for review see Markmann & Parniske
2009, Gough & Cullimore 2011, Streng et al. 2011).
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Figure 3. Perception of AM fungal or rhizobial signals and activation of a common
signaling cascade resulting in successful root infection. The figure illustrates the
elements involved in the establishment of an AM symbiosis or an LRS identified in the
model legumes M. truncatula and/or L. japonicus. The components of the common
signaling cascade, also called DMI pathway, are presented as black boxes. Elements
specific for the response to AM fungal signals and to Nod factors are illustrated as
white and gray boxes, respectively. Ways leading to lateral root formation elicited by
Myec signals are indicated with dashed arrows. Additional, so far non-elucidated (DMI-
independent) pathways that are activated by AM fungal signals are not illustrated in
the schema. Microbial signals are perceived by plasma membrane-bound receptor-like
kinases (RKs), which were for the LRS identified as LysM RKs (MtLYK3/LjNFR1
and MtNFP/LjNFRS, Ben Amor et al. 2003, Madsen et al. 2003, Radutoiu et al. 2003)
and which are still unknown for the AM symbiosis. Although the Nod factor receptor
MINFP was found to be involved in Myc-LCO-elicited plant responses comprising
transcriptional reprogramming (Czaja et al. 2012) and lateral root formation (Maillet et
al. 2011), NFP seems not to be essential for mycorrhizal root colonization indicating
additional receptor protein(s). Downstream of initial signal perception both in the AM
interaction and in the LRS, an additional membrane-bound RK belonging to the LRR
class (MtDMI2/LjSYMRK, Catoira et al. 2000, Ane et al. 2002, Stracke et al. 2002) is
part of the conserved signaling cascade and involved in producing an unknown
secondary messenger. Activation of nuclear membrane-located kation channels,
including the potassium channels MtDMI1/LjPOLLUX and LjCASTOR (Ane et al.
2002, Imaizumi-Anraku et al. 2005) as well as still un-identified Ca®" channels and
SERCA-type calcium pumps such as MtMCAS (Capoen et al. 2011), leads to
(peri)nuclear oscillations in the calcium concentration, the so-called calcium spiking.
Nuclear pore components (NUP85, NUP133, NENA of L. japonicus, Kanamori et al.
2006, Saito et al. 2007, Groth et al. 2010) are required for generation of the Ca*"
spiking which, however, shows different signatures in the Nod factor and the Myc
signal response. The calcium signal is further processed by a calcium/calmodulin-
dependent protein kinase (MtDMI3/LjCCaMK[=LjSym15], Lévy et al. 2004, Mitra et
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al. 2004, Kistner et al. 2005) which activates, also in interaction with
MtIPD3/LjCYCLOPS (Yano et al. 2008, Horvath et al. 2011), symbiosis-specific
transcription factors (TFs). For the LRS, MtNIN/LjNIN (Schauser et al. 1999, Marsh et
al. 2007) and a GRAS domain TF complex formed by MtNSP1 and MtNSP2 (Hirsch
et al. 2009) are essential for transcriptional reprogramming allowing successful root
infection and nodule organogenesis. The GRAS TFs might also interact with other TFs
(not illustrated). For the pathways activated by AM fungal signals, MtNSP2 was found
to be essential for the Myc-LCO-elicited root branching response and to be (partly)
involved in mycorrhization (Maillet et al. 2011) — thus representing another common
element. MtNSP2 might act together with the GRAS domain transcription factor
MtRAMI, which is essential for both AM fungus-induced stimulation of lateral root
formation and AM formation (Gobbato et al. 2012). NSP1 was found to be involved in
lateral root formation induced also by sulphated Myc-LCOs (next to sulphated
rhizobial LCOs) in M. truncatula (Maillet et al. 2011).

The LysM receptor-like kinases that perceive the microbial signals are
suggested to form a complex with a member of the leucine rich repeat (LRR)
kinase family at the plasma membrane. The LysM kinase MtLYK3/LjNFR1
was shown to have functional kinase activity at the cytoplasmic domain
(Radutoiu et al. 2003, Arrighi et al. 2006), which might activate the LRR
receptor-like kinase. The LRR kinase, that also has a functional kinase
domain, is encoded by DMI2 (also called NORK) in M. truncatula (Catoira et
al. 2000, Ane et al. 2002) and SYMRK in L. japonicus (Stracke et al. 2002). It
probably acts as a co-receptor with the LysM receptors and is as well crucial
for the establishment of both, AM symbiosis and LRS. Moreover, a
homologous LRR kinase gene identified in C. glauca was found to be essential
for the development of an actinorhiza (Gherbi et al. 2008, Markmann et al.
2008) — a symbiosis with nitrogen-fixing Frankia bacteria that can be formed
by eight angiosperm families of the orders Fagales, Cucurbitales and Rosales
(Wall 2000). Action of MtDMI2/LjSYMRK is predicted to produce an
unknown secondary messenger. MtDMI2 was shown to interact with 3-
hydroxy-3-methylglutaryl-CoA reductase (HMGR), more precise with the
HMGRI1 isoform, which is specifically expressed in roots and which was
shown to be essential for root nodule development (Kevei et al. 2007).
However, HMGR was recently supposed to play also a role for the AM
formation (Kuhn et al. 2010). Since HMGR is a key enzyme in the mevalonate
biosynthesis, the secondary messenger might be an isoprenoid compound like
cytokinin or a sterol as suggested by Kevei and co-workers (2007). Also,
mevalonate is hypothesized as secondary messenger since it was found to
activate the following step in the signaling cascade, namely calcium spiking in
root hair cells of M. truncatula (see Oldroyd 2013 for this information). In
addition, phospholipid signaling has been discussed as secondary messenger,
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at least in Nod factor signaling. It was shown that Nod factor application
elevates phospholipid concentration (Den Hartog et al. 2001) and that activity
of phospholipase C and/or D is required for induction of Nod factor-elicited
root hair curling, calcium spiking, and expression of the early nodulins
ENODI1 and ENODI2 (Pingret et al. 1998, Den Hartog et al. 2001, Engstrom
et al. 2002, Charron et al. 2004).

A secondary messenger is required to translocate the initial signal from
the plasma membrane to the root cell nucleus. Here, kation channels become
activated that are located in the nuclear envelope and are crucial for the
calcium spiking response in the root cell. Among these are
MtDMII/LjPOLLUX and LjCASTOR (Ane et al. 2002, Imaizumi-Anraku et
al. 2005). LjCASTOR is an additional homolog from L. japonicus, not present
in M. truncatula, which acts independently of LjPOLLUX but with the same
function (Charpentier et al. 2008). These kation channels were previously
thought to be associated with the plastids of root cells (Imaizumi-Anraku et al.
2005), but were later identified to be located in the nuclear envelope, at least in
case of DMII particularly in the inner nuclear membrane (Riely et al. 2007,
Charpentier et al. 2008). CASTOR and POLLUX were shown to be
particularly permeable for potassium and exhibit only weak calcium
permeability (Charpentier et al. 2008). Nevertheless, DMI1/CASTOR and
POLLUX are essential for induction of the calcium spiking probably by acting
as counter-ion channels compensating the charge changes during each calcium
peak by facilitating a potassium influx. Moreover, activation of
DMI1/CASTOR and POLLUX likely influences the nuclear membrane
potential, which might activate the so far unknown nuclear membrane-located
calcium channels (Charpentier et al. 2008).

The calcium spiking occurs in the nucleoplasm and in the nucleus-
associated cytoplasm, which is in line with the prediction of the ER as calcium
store (Sieberer et al. 2009, Capoen et al. 2011). The ER lumen is contiguous
with the lumen of the nuclear envelope. To target the release of the ER
calcium store particularly into the nucleus, localization of the involved kation
channels to the inner nuclear membrane would be important. Nuclear pores
that cross the nuclear envelope allow the transport of molecules between the
cytoplasm and the nucleus. In L. japonicus, three nuclear pore components,
namely NUP85 (Saito et al. 2007), NUP133 (Kanamori et al. 2006), and
NENA (Groth et al. 2010), were identified to be crucial for the calcium
spiking response and the successful AM fungal and rhizobial entry. These
nuclear pore subcomplexes might be involved in selective nuclear import of
proteins, including DMI1/POLLUX and CASTOR (see also Groth et al. 2010).
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Moreover, nuclear pores are suggested to facilitate the rapid nuclear—
cytoplasmic communication after the endosymbiont recognition to enable the
activation of the inner nuclear membrane-located kation channels by a
secondary messenger. After release of calcium from the internal store, calcium
must be retaken up against its concentration gradient to obtain oscillations in
the concentration of free calcium. Recently, a calcium pump belonging to the
sarco/ER calcium ATPase (SERCA) family, named MCAS, was found to be
required for the nuclear calcium signaling during AM and LRS establishment
in M. truncatula (Capoen et al. 2011). MtMCAS uses the energy from ATPase
hydrolysis to pump calcium back into the lumen of the nuclear envelope and
the ER and is located in the inner and outer nuclear membranes and the ER,
which would allow efficient reloading of the ER/nuclear envelope calcium
store.

Interestingly, rhizobia and AM fungi were found to generate alternative
calcium spiking signatures in the pre-infection stage, which might explain the
specific responses needed to establish one or the other symbiosis (Kosuta et al.
2008). The calcium signatures are translated by a nucleus-located
calcium/calmodulin-dependent serine/threonine protein kinase (CCaMK). It is
encoded by DMI3 in M. truncatula (Lévy et al. 2004, Mitra et al. 2004) and by
CCaMK (formerly named SYMI5) in L. japonicus (Kistner et al. 2005,
Tirichine et al. 2006). Activation of the CCaMK by calcium is required — and
sufficient — to facilitate transcriptional reprogramming of the root cell and
endosymbiont infection (Gleason et al. 2006, Tirichine et al. 2006). The
CCaMK can bind calcium directly at three EF hand motifs and via calmodulin
that forms a complex with four calcium ions (Ca*'/calmodulin). The enzyme
consists of several uniform subunits that possess an autoinhibitory domain
which negatively regulates kinase activity. Binding of free calcium by a
CCaMK subunit is required for subsequent binding of Ca®"/calmodulin which
activates the subunit. Recently it was found, that free calcium not only primes
the protein for activation by Ca”'/calmodulin, but also inactivates the protein
in the absence of Ca2+/ca1modulin—binding by stabilizing the inactive state of
the protein (Miller et al. 2013). This different affection of the kinase activity
by binding of free calcium and of calcium complexed with calmodulin is
suggested to allow discrimination between basal calcium concentrations and
those during calcium spiking (Miller et al. 2013). The flexibility in the
activation of the CCaMK is predicted to allow a specific decoding of different
calcium signatures occurring in response to AM fungal and rhizobial signals
(for review see also Singh & Parniske 2012).
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Activated CCaMK can induce specific gene expression via activation of
transcription factors involved in AM and/or LRS formation. For that, the
CCaMK was found to interact with other proteins as phosphorylation
substrate, namely MtIPD3/LjCYCLOPS that is essential for both, AM and
LRS (Yano et al. 2008, Horvath et al. 2011), and LjCIP73 that was found so
far to be crucial for the LRS (Kang et al. 2011). LjCYCLOPS was shown to be
a DNA-binding transcriptional activator that forms a homodimer which in
interaction with LjCCaMK becomes phosphorylated by the activated kinase
(Singh et al. 2014). The phosphorylation results in a conformational change
that allows binding and activation of transcription factors by the CCaMK-—
CYCLOPS complex as demonstrated for NIN (Singh et al. 2014), which is
involved in the LRS (Schauser et al. 1999, Marsh et al. 2007). Additional
transcription factors required for LRS formation are MtNSP1 (Smit et al
2005) and MtNSP2 (Oldroyd & Long 2003, Kalo et al. 2005), that form a
GRAS domain transcription factor complex (Hirsch et al. 2009). MtNSP1 has
DNA-binding domains and can directly interact with promoters of early
nodulin genes; in contrast, MtNSP2 appears to lack this ability (Hirsch et al.
2009). The GRAS transcription factors can also interact with additional
factors. Recently they were shown to interplay with the ERF transcription
factor MtERN1, which is required for LRS and can in addition to MtNSP1
directly bind to promoter regions of early nodulin genes (Cerri et al. 2012).
LjNSP2 was shown to interact with the MYB transcription factor LjIPN2
during LRS establishment (Kang et al. 2014).

In a recent study, the GRAS transcription factor MtNSP2 was identified as
another common element involved in the response to rhizobial and AM fungal
signals. Maillet and co-workers (2011) demonstrated in M. truncatula mutant
analyses that NSP2 is essential for the Myc-LCO-induced root branching
response and also involved in root mycorrhization. However, AM fungal root
colonization was significantly reduced but not abolished in the nsp2-2 mutant
(Maillet et al. 2011) indicating additional factors mediating the mycorrhization
response. In contrast to MtNSP2, MtNSP1 is not involved in formation of an
AM symbiosis; instead it is required for lateral root formation induced by
sulphated Myc-LCOs, but not by non-sulphated Myc-LCOs (Maillet et al.
2011). This partial involvement of NSP/ in Myc signal-elicited root branching
of M. truncatula is probably due to structural similarity with sulphated Nod
factors of Sinorhizobium meliloti which are bioactive in this legume species.
The NSP1-independent root branching response to non-sulphated Myc-LCOs
is suggested to be mediated by a pathway downstream of DMI3 that is
different to the Nod factor signaling pathway (Maillet et al. 2011). To enable
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action of the common transcription factor NSP2 in processes not dependent on
NSP1, it must form a complex with other transcriptional regulators that have a
direct DNA-binding capacity. One candidate might be the GRAS transcription
factor MtRAMI1, which was shown to interact with MtNSP2 in vitro.
MtRAMI is essential for both, Myc-LCO-induced stimulation of lateral root
formation and for the formation of AM fungal hyphopodia (Gobbato et al.
2012). It can directly bind to the promoter and elicit transcription of the
mycorrhiza-inducible gene MtRAM?2 that codes for a glycerol-3-phosphate
acyl transferase involved in cutin biosynthesis (Gobbato et al. 2013) (see also
subsection 2.1.4.).

Interestingly, differences were found in the elements upstream and
downstream of the DMI pathway that are involved in the mycorrhization
response and in the root branching response elicited by AM fungal signals in
M. truncatula. The Nod factor receptor NFP is partly involved in the
stimulation of lateral root formation by sulphated as well as non-sulphated
Myc-LCOs, but has no function in the mycorrhization response (Maillet et al.
2011). Downstream of the calcium/calmodulin-dependent protein kinase
DMI3, different roles in Myc signal-induced root branching and fungal root
colonization were found for the transcription factors NSP1 and NSP2 as
described above. The different dependencies of the Myc signal-elicited root
branching response and the mycorrhization response on specific pathway
components indicate multiple DMI-dependent signaling pathways involved in
the complex Myc signal response. The individual pathways might be also
activated to a different degree by individual AM fungal signals (sulphated
Myc-LCOs, non-sulphated Myc-LCOs, short-chain COs, and putative
additional, so far un-identified signals). In addition, in leguminous plants,
whole-genome duplication and partial recruitment of the pathway(s) for the
evolution of the LRS, which was also accompanied by increased functional
specialization, might have contributed to the complexity found in model
legumes. Stimulation of lateral root branching is a response common to Myc
signals and to Nod factors. This is in line with the higher grade of conservation
of the therein involved pathways as compared to the pathways resulting in root
colonization with the individual endosymbionts.

Moreover, some responses to AM fungal signals are (additionally)
mediated by DMI-independent pathways. For example, lateral root formation
induced by non-identified diffusible AM fungal factor(s) in M. truncatula
were found to require DMII! and DMI2, but not DMI3 (Olah et al. 2005,
Mukherjee & Ané 2011), whereas in O. sativa also the DMI2 ortholog
OsCASTOR and OsPOLLUX were not required (Mukherjee & Ané 2011).
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Transcriptional activation of the early nodulin gene MtENODII by un-
identified diffusible AM fungal signals (probably a slowly diffusible or
relatively unstable factor of low molecular mass) was found to be independent
of MtDMII, MtDMI2, and MtDMI3 (Kosuta et al. 2003). In contrast,
MIENODI1 expression in epidermal cells in contact with AM fungal
hyphopodia requires at least part of the DMI pathway as demonstrated with the
dmi2-2 mutant (Chabaud et al. 2002). In O. sativa, induction of two early AM
response genes was found to occur independent of OsCASTOR and
OsPOLLUX and of the DMI3 ortholog OsCCaMK, whereas expression of
other AM-inducible genes required these elements (Gutjahr et al. 2008), All
this points to the high complexity of the Myc signaling pathways which might
also enable certain flexibility in the response to the natural mixture of exuded
AM fungal signals.

2.3. Root Infection by AM Fungi and Intracellular
Accommodation

2.3.1. Host Cell Infection

The AM fungal infection of the root is a process supported by the plant
partner. AM fungi attach to the root surface with a hyphopodium which does
not enable penetration of the root cell wall by turgor pressure as with an
appressorium of pathogenic fungi. Besides, AM fungi lack genes encoding
plant cell wall-degrading enzymes (Tisserant et al. 2013). Instead, successful
root penetration and colonization by AM fungi are genetically controlled by
the plant. Intracellular epidermal penetration by AM fungi can occur at the
outer epidermal cell wall as shown e.g. for M. truncatula and D. carota (Genre
et al. 2005, 2008) and/or at the anticlinal wall between adjacent epidermal
cells, as described e.g. for L. japonicus (Bonfante et al. 2000) as well as for M.
truncatula (Genre et al. 2005). Also, an intercellular epidermal passage can
take place followed by an intracellular penetration of the exodermis or of outer
cortical cells as found e.g. in L. japonicus (Bonfante et al. 2000, Demchenko et
al. 2004), M. truncatula and D. carota (Genre et al. 2008). However, in all
cases root infection comprises at least one step of intracellular infection prior
colonization of the inner cortex, and it is always dependent on specific
symbiosis genes including the elements of the DMI pathway. Next to common
symbiosis genes (see above), additional genes are required for successful AM
fungal entry into a host root. Recently, a M. truncatula gene encoding a
predicted membrane steroid-binding protein named MtMSBP1 was identified



26 Sara Schaarschmidt and Peter M. Gresshoff

to be essential for AM establishment, suggesting the involvement of steroid
signals (Kuhn et al. 2010). It might be possible, that MtMSBP1 is involved in
mediating the response to the so far unidentified secondary messenger after
initial Myc signal perception involving HMGR (see subsection 2.2.).
MtMSBP1 is transcriptionally activated early in the AM interaction requiring
DMI2 and was found to be present in the ER network including the nuclear
envelope. RNAi-mediated gene suppression resulted in a frequent abort of
epidermal penetration by septation of the penetrating hypha and strongly
impaired arbuscule formation (Kuhn et al. 2010). A similar phenotype with
early arrest of invading hyphae and strong defects in root colonization was
found for d3 mutants of O. sativa (Yoshida et al. 2012). D3 encodes an F-box
protein that is essential for the response to strigolactones. However, another
strigolactone insensitive rice mutant (d/4), with defects in a predicted o/f-
hydrolase gene, showed a wild-type mycorrhization phenotype (Yoshida et al.
2012). Interestingly, strigolactone insensitive mutants can differ in their
responsiveness to strigolactone and non-plant-derived compounds and in their
complementation by G24 (Hu et al. 2010, Waters et al. 2012). Accordingly,
the D3 F-box protein is predicted to be (in addition) involved in a signaling
pathway independent on strigolactones that is required for root infection after
hyphopodium contact (Yoshida et al. 2012). Other genes are found to act later
in AM formation and/or AM functioning as outlined below.

Intracellular AM fungal infection and accommodation requires separation
from the cytoplasm of the living plant cell by a plant-derived perifungal
membrane (in arbusculated cells also called periarbuscular membrane) and an
apoplastic compartment, the symbiotic interface. The process of intracellular
AM fungal penetration and the construction of the symbiotic interface is
preceded by the development of a plant-derived tunnel-like structure as
microscopically uncovered in M. truncatula and D. carota roots by Genre and
co-workers (2005, 2008) (Figure 4). By using fluorescent labeling of the plant
cytoskeleton and the endoplasmic reticulum (ER) and confocal laser scanning
microscopy, the authors revealed that in response to AM fungal hyphopodium
formation, a nucleus-directed cytoskeletal/ER apparatus, the so called
prepenetration apparatus (PPA), assembles in the corresponding epidermal cell
(Figure 4a,b). The PPA develops within few hours after hyphal contact
requiring, similar to the infection thread formation in the LRS, the DMI
signaling pathway including calcium spiking and is preceded by
transcriptionally activation of ENODI1 in M. truncatula. 1t is formed during a
two-step nuclear migration (see Figure 4 for details) and comprises dense ER
cisternae surrounded by high-density arrays of microtubules and microfilament
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bundles formed within a cytoplasmic column traversing the epidermal cell
from the site below hyphopodium contact to the opposite side bordering the
cortex. Along this PPA, the fungus grows across the lumen (Figure 4c,d). This
takes place after invagination of the plant plasma membrane initiating the
formation of the perifungal membrane and the symbiotic interface in which the
PPA plays a key role. The PPA was found to be a transient structure that
dismantles after fungal entry and formation of the symbiotic interface.
Interestingly, PPA formation is specific to the (compatible) symbiotic fungal
interaction, whereas an abiotic mechanical stimulus and pathogenic fungi are
sufficient to trigger nucleus migration and cytoplasmic aggregation,
respectively (Genre et al. 2009).

The PPA also operates during intracellular penetration of the outer cortex
and colonization of the inner cortex by AM fungi, both in Arum-type and
Paris-type mycorrhizas as demonstrated for the interaction of Gigaspora
gigantea with M. truncatula and D. carota, respectively (Genre et al. 2005,
2008) (Figure 4c-h). Outer cortical cells located below the infected epidermal
cell respond even before physical contact with the invading AM fungal hypha
(Genre et al. 2008, Sieberer et al. 2012). Similar to epidermal entry, outer
cortical cell invasion by AM fungi is preceded by (peri)nuclear calcium
spiking in the corresponding and in adjacent plant cells as demonstrated for M.
truncatula (Sieberer et al. 2012). The calcium signal starts at low frequency,
followed by nuclear migration below the epidermal nucleus/PPA, and precedes
AM fungal invasion of an outer cortex cell as a high-frequency spiking (Figure
4c,d). The calcium signal ends after successful cell infection. The switch from
low- to high-frequency calcium spiking is supposed to determine the switch
from reversible processes (including PPA formation) to irreversible cell
infection processes initiated by the plant (like de novo interface synthesis)
(Sieberer et al. 2012).

In the inner cortex, PPA formation and structure correspond to the
respective colonization strategy of Arum- and Paris-type mycorrhizas (Genre
et al. 2008). In M. truncatula roots establishing an Arum-type AM, inner
cortical cells form a PPA after physical contact with an intercellular fungal
hypha; in the Paris type in D. carota, linear polarized PPAs were found within
several inner cortical cell files either in an acropetal or basipetal orientation,
according to the direction of fungal growth. In both, after infection of an inner
cortical cell along the PPA, formation of arbuscular branches is preceded by
the development of prebranching cytoplasmic aggregations along the invaded
hypha. Interestingly, prior to infection of the inner cortical cells, nuclear
enlargement was found which was associated with chromatin decondensation
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and large, highly organized nucleoli (Genre et al. 2008), both suggesting
intense transcriptional activity. That is in line with transcriptional
reprogramming prior and during arbuscule formation of plant cells (see for
example Gomez et al. 2009, Guether et al. 2009a, Hogekamp et al. 2011,
Gaude et al. 2012, Hogekamp & Kiister 2013), which is probably, at least
partly, mediated by CYCLOPS/IPD3 since gene mutations can particularly
affect arbuscule formation (Yano et al. 2008, Horvath et al. 2011). A high
proportion of the regulated genes can be linked to functions in protein
turnover, transport processes as well as membrane proliferation and cell wall
synthesis and remodeling.
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Figure 4. AM fungal root infection and intracellular accommodation of the
endosymbiont is guided by a prepenetration apparatus (PPA). Initiation of PPA
formation (Genre et al. 2005, 2008) requires the DMI pathway including Ca** spiking.
After AM fungal hyphopodium formation on the root surface, the epidermal cell
nucleus rapidly translocates beneath the site of hyphopodium contact accompanied by
cytoskeleton rearrangements and by a cytoplasmic aggregation and formation of a
ring-like ER structure below the hyphopodium contact site (a). Then, the nucleus
migrates across the cell lumen (often in a diagonally way) to the opposite, cortex-
oriented side of the cell forming by this the tubular-structured PPA comprising ER,
microtubules, and actin filaments (b). The PPA is involved in the synthesis of the
apoplastic compartment required for intracellular accommodation of the invading
fungus. Along the PPA, the fungus penetrates the epidermal cell and grows across the
lumen (c). After the hypha traversed the epidermal cell, the cell nucleus appears to
migrate back to the cell periphery (d) and the PPA starts to degenerate (e). AM fungal
ingrowth into the root cortex is preceded by calcium spiking starting at low frequency
and by nuclear movement towards the terminal end of the epidermal PPA in the
corresponding and adjacent outer cortex cells (c), which both start to initiate
transcellular PPA formation (d) (Sieberer et al. 2012). The cortex cell that will be
penetrated switches to high-frequency calcium spiking prior to cell infection which is
preceded by membrane invagination to synthesize the symbiotic interface (d). The
calcium signal ends after successful cell infection and the hypha passes through the
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outer cortical cell; the PPA in the adjacent cell rapidly disassembled (e). Intracellular
access to the inner cortex is also preceded by PPA formation and here also by nucleus
enlargement (Genre et al. 2008) (e). During arbuscule development, the PPA functions
in the formation of hyphal branches via prebranching cytoplasmic aggregations and in
the formation of the periarbuscular membrane (d). In arbusculated cells, the enlarged
nucleus is centrally positioned (e) and a layer of ER-rich cytoplasm surrounds the
arbuscule branches; the central vacuole is partly fragmented (Pumplin & Harrison
2009). Ep: epidermis; OC: outer cortex; IC: inner cortex; En: endodermis; VC:
vascular cylinder.

Particularly the arbusculated cells undergo extensive cellular
reorganization events, including periarbuscular membrane biogenesis and
development of the symbiotic interface (see below), that are required for
functional AM symbiosis. Arbuscule formation is also accompanied by
changes in the plastid and mitochondria abundance and structure. In the inner
cortical PPA, polymorphic mitochondria and chromoplast-like plastids, both
often elongated, were detected (Genre et al. 2008). Upon arbuscule
development, extensive proliferation of plastids and mitochondria and
formation of network-like organelle structures surrounding the arbuscule were
shown indicating the increased metabolic activity of arbusculated cells (Fester,
Hans et al. 2004, Lohse et al. 2005, 2006). The stimulated metabolism is
necessary to drive the plant cellular rearrangements that are essential for
intracellular  arbuscule development. Moreover, activation of the
apocarotenoid metabolism, that goes along with accumulation of Ci3
cyclohexenone and C;4 mycorradicin apocarotenoids in mycorrhizal roots
(Strack & Fester 2006, Schliemann et al. 2008), appears to be involved in
producing signals affecting the arbuscule life cycle and mycorrhizal
functionality at later stages (Walter et al. 2007). Knock-downs of genes
encoding an element of the non-mevalonate pathway and an carotenoid-
cleavage protein result both in a higher proportion of senescing and dead
arbuscules (Flof et al. 2008a, 2008b). Although arbuscule development is
known to be facilitated by effective nutrient exchange (see below), the
signaling pathways underlying cortex cell infection and arbuscule
development are still less understood.

For several phytohormones a role in AM establishment and functioning
has been suggested or demonstrated, however, data are sometimes
contradictory and complex phytohormone cross-talks can occur as reviewed in
more detail elsewhere (Ludwig-Miller & Giither 2007, Hause &
Schaarschmidt 2009, Ludwig-Miiller 2010, Foo et al. 2013a). For example, in
S. Iycopersicum, abscisic acid (ABA) is involved in specific transcriptional
reprograming and proper arbuscule formation and functioning as demonstrated
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with ABA-deficient mutant plants (Herrera-Medina et al. 2007, Garrido et al.
2010, Martin Rodriguez et al. 2010). ABA is also suggested to regulate
strigolactone biosynthesis (Lopez-Raez et al. 2010a). Moreover, ABA
deficiency in S. lycopersium leads via cross-talking to ethylene accumulation
(Martin Rodriguez et al. 2010), which can reduce root colonization and is
partly involved in mediating the AM phenotype of ABA-deficient mutants (de
Los Santos et al. 2011, Martin-Rodriguez et al. 2011). In wild-type tomato,
ethylene accumulation is reduced upon mycorrhization (Lopez-Raez et al
2010b). In contrast to ethylene, the oxylipin pathway/jasmonic acid (JA)
biosynthesis was found to be induced upon root colonization in different plant
species (Hause & Schaarschmidt 2009, Lopez-Raez et al. 2010b). Suppression
of JA biosynthesis in M. truncatula roots resulted in slower root colonization
and reduced arbuscule functioning, but no obvious morphological changes in
arbuscule structure (Isayenkov et al. 2005). An important function of
gibberellins for arbuscule formation was recently shown by identification of
two DELLA proteins, MtDELLA1 and MtDELLA2, negative regulators of
gibberellic acid (GA) signaling that appear to act independently of the DMI
signaling pathway (Flo et al. 2013). Double mutation of both genes led to
strongly reduced arbuscule formation and reduced NSPI/NSP2 transcript
accumulation indicating a repressing effect of GA on functional AM
formation. This is in line with a study on a gibberellin-deficient pea (Pisum
sativum) mutant that was found to exhibit a higher colonization rate and an
increased arbuscule number (Foo et al. 2013a).

Mycorrhizal roots can also show elevated auxin levels; for M. truncatula
endogenous root auxin concentrations were found to peak prior/during root
infection and at late stages of AM interaction (Ludwig-Miiller & Giither
2007). An auxin rise might force strigolactone signaling as an P. sativum auxin
mutant showed reduced strigolactone exudation (Foo 2013) and the P. hybrida
strigolactone exporter PhnPDR1 was found to be transcriptionally activated by
the auxin analogue 1-naphthaleneacetic acid (NAA) (Kretzschmar et al. 2012).
The ABC transporter PhPDR1 is strongly expressed in and around colonized
cells and mutation resulted in a delayed colonization similar to that found in P.
hybrida strigolactone biosynthesis mutant (Kretzschmar et al. 2012). However,
the intracellular AM fungal structures in these mutant plants were of regular
morphology and no aberrations could be detected, which corresponds to
results on a strigolactone biosynthesis mutant of rice (Gutjahr et al. 2012).
These data and results of application experiments (Foo 2013) suggest that
strigolactones can also stimulate intracellular fungal growth and arbuscule
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formation, but that they are not essential for root colonization and arbuscule
branching.

Recently, two half-size ABC transporters, STR(1) and STR2, were
identified to be crucial for full arbuscule development in M. truncatula and O.
sativa (Zhang et al. 2010, Gutjahr et al. 2012). MtSTR and MtSTR2 can form
a heterodimer that is located in the periarbuscular membrane (Zhang et al.
2010). The STR(1)/STR2 transporter is predicted to export its substrate to the
symbiotic interface surrounding the arbuscule (Zhang et al. 2010); however, so
far their substrate is still unknown, but probably different to strigolactones
(Gutjahr et al. 2012). A putative member of the APETALA 2/ethylene-
responsive element binding protein (AP2-EREBP) transcription factor family,
whose members are involved in hormone, sugar and redox signaling (Dietz et
al. 2010), was found to be specifically expressed in arbusculated cells and
artificial microRNA-mediated gene silencing demonstrated the requirement of
MtErf1 for full arbuscule development (Devers et al. 2013). Overexpression of
the early symbiosis gene enod40, a short open reading frame-containing RNA,
was found to stimulate AM fungal root colonization and arbuscule formation
(Staehelin et al. 2001). Enod40 is involved in cytoplasmic relocalization of
nuclear proteins (Campalans et al. 2004). Moreover, apoplastic subtilisin
proteases, SbtM1 and SbtM3 of L. japonicus, are somehow involved in
arbuscule formation as gene silencing strongly reduced the number of
arbuscules and in addition lowered the number of internal hyphae (Takeda et
al. 2009). The SbtM1 protein appears to localize in the apoplast around
infected cells and particularly in the symbiotic interface around intracellular
fungal hyphae and arbuscules. Additional genes known to be involved in
intracellular AM fungal accommodation and arbuscule development encode
proteins associated with exocytotic vesicle trafficking and symbiotic
phosphate transporters and are described below. To generally enable
intracellular fungal development, formation of the symbiotic interface is
required, representing a key step in regulating root colonization and arbuscule
formation.

2.3.2. Formation of the Symbiotic Interface

The formation of the PPA and the construction of the symbiotic interface
and the perifungal membrane are associated with substantial membrane and
cell wall dynamics, particularly during arbuscule formation (for review see
Balestrini & Bonfante 2014). Such membrane/cell wall dynamics are not only
crucial for functional AM establishment, but also functions during other
biotrophic interactions, such as the ectomycorrhizal symbiosis and LRS as
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well as interactions with plant-parasitic nematodes or with biotrophic
microbial pathogens (for review see Brewin 2004, Balestrini & Bonfante 2014,
Bellincampi et al. 2014, Rodiuc et al. 2014). In the AM symbiosis, synthesis of
the perifungal/periarbuscular membrane in the PPA involves extensive
exocytotic activities, with major participation of the Golgi apparatus often
associated with microtubules and fused into extensive tubular-vesicular trans-
Golgi networks (Genre et al. 2012). Golgi stacks particularly accumulate
ahead of the tips of developing intracellular hyphae and around branches of
developing arbuscules (Pumplin & Harrison 2009, Genre et al. 2012)
accompanied by accumulation of secretory vesicles and of the exocyst
complex near the developing perifungal membrane (Genre et al. 2012).
Proteins associated with vesicle trafficking have recently been identified to
have a key function in AM formation. During exocytosis, the fusion of
vesicles with plasma membranes is mediated by SNARE proteins — in plants
by SNARE proteins of the exocytotic vesicle-associated membrane protein
(VAMP)72 family. In M. truncatula, VAMP721d and VAMP72le are
transcriptionally activated upon mycorrhization and present in secretory
vesicles and the newly formed perifungal/periarbuscular membrane near the
growing hyphal tip, and in case of VAMP721le also on the side of the
penetrating hypha and near fine arbuscular branches (Genre et al. 2012, Ivanov
et al. 2012). Simultaneous knock-down of both genes was found to block
arbuscule formation (Ivanov et al. 2012).

Another protein crucial for AM formation in M. truncatula is Vapyrin, a
novel protein predicted as VAMP-associated protein (VAP) that is absent in 4.
thaliana (Pumplin et al. 2010). In P. hybrida, a Vapyrin homolog is encoded
by RAM1 (Reddy et al. 2007, Feddermann et al. 2010). Vapyrin is essential for
intracellular invasion of AM fungal hyphae into root cells. Gene knock-down
or mutation strongly impaired epidermal penetration after hyphopodium
formation and disabled arbuscule formation (Reddy et al. 2007, Feddermann et
al. 2010, Pumplin et al. 2010). In wild-type M. truncatula and P. hybrida
roots, Vapyrin is transcriptionally activated during the epidermal infection
process and during arbuscule formation; petunia Vapyrin transcripts
particularly accumulate in cells containing finely branched hyphae
(Feddermann et al. 2010, Pumplin et al. 2010). MtVapyrin accumulation
precedes AM fungal invasion and was found below hyphopodia in the
cytoplasmic aggregation that occur during PPA development and in
arbusculated and adjacent cells (Pumplin et al. 2010). In infected cells,
Vapyrin protein accumulates in small mobile puncta, probably vesicles
(Feddermann et al. 2010, Pumplin et al. 2010).
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For M. truncatula, all three proteins associated with exocytotic vesicle
trafficking were also found to be recruited by the LRS and are essential for
rhizobia infection. MtVapyrin and MtVAMP721d/e function in formation of
infection threads and symbiosomes, respectively, both represent processes
connected to membrane biogenesis (Murray et al. 2011, Ivanov et al. 2012). In
addition to the exocytotic activity preceding and accompanying intracellular
AM fungal accommodation, presence of multivesicular bodies in colonized
cells indicate also an involvement of endocytotic processes (Genre et al.
2008). The detected endosomes might function in recycling plasma membrane
proteins back to the membrane or in signaling during interface formation.

The newly developed symbiotic interface between the AM fungal
membrane and the plant-derived perifungal membrane contains cell wall
polysaccharides and cell wall-associated proteins, such as hydroxyproline-rich
glycoproteins (HRGPs) including arabinogalactan proteins (AGPs) and
expansins, mostly of host origin (see e.g. Bonfante-Fasolo et al. 1990, 1991,
Balestrini et al. 1996, 2005, Schultz & Harrison 2008). In the M. truncatula—R.
irregularis interaction, additionally to an AM-inducible plant AGP gene, AM
fungal derived AGPs were found to be expressed that are suggested to assist
the interface formation through self-assembly and interactions with plant cell
surfaces (Schultz & Harrison 2008). One predicted plant cell wall repetitive
proline-rich protein is encoded by the early nodulin gene MtENODI 1, whose
expression precedes and accompanies PPA formation in epidermal and cortex
cells (Genre et al. 2005, 2008) and arbuscules development (Journet et al.
2001) and which also appear to be closely associated with infection thread
formation in the LRS (Journet et al. 2001).

Expansins, proteins involved in cell wall-loosening during cell wall
extensibility (Cosgrove 2000), are suggested to facilitate cell wall plasticity of
the symbiotic interface. This is particularly necessary in arbusculated cells
since the interface morphology changes along the arbuscule structure and
during the life cycle of the arbuscule (Pumplin & Harrison 2009, Balestrini &
Bonfante 2014). Expansin(-like) genes were found to be induced during early
and later stages of an AM interaction including epidermal cells with
hyphopodium contact and arbusculated cells, respectively (Weidmann et al.
2004, Siciliano et al. 2007, Dermatsev et al. 2010). Knock-down of an AM-
induced expansin-like gene in S. lycopersicum lead to lower AM fungal
infection rates and reduced arbuscule expansion (Dermatsev et al. 2010).
Immuno-analyses revealed that a-expansin proteins accumulate in the
symbiotic interface and in the cell wall of arbusculated cells, which exhibit
increased cell size and cell wall thickness (Balestrini et al. 2005). The interface
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components indicate that the newly formed perifungal membrane maintained
its ability to synthesize and secrete cell wall material. However, compared to
the plasma membrane from which it originates from, the periarbuscular
membrane exhibit a different membrane identity particularly characterized by
a high density of different nutrient transport systems.

2.3.3. Periarbuscular Membrane and Mineral Nutrient Uptake

To provide for the improved delivery of mineral nutrients trough the AM
interaction, plants express specific transporter proteins upon AM interaction
that are particularly localized to the periarbuscular membrane. Among those
are AM-induced phosphate transporters whose expression upon
mycorrhization is usually accompanied with a down-regulation of the non-
symbiotic transport mechanism for inorganic phosphate (Pi) (for review see
Bucher 2007, Javot et al. 2007b, Smith et al. 2011, Yang & Paszkowski 2011).
AM-inducible phosphate transporters are either exclusively expressed in
response to an AM symbiosis or up-regulated upon mycorrhization with basal
levels in non-mycorrhizal roots. The symbiotic phosphate uptake in plants can
comprise two non-orthologous transport systems involving Pi transporters of
the Phtl phosphate transporter subfamilies I and III. Mycorrhiza-specific Phtl
subfamily I transporters were first identified for M. truncatula (the low affinity
Pi transporter MtPT4, Harrison et al. 2002) and O. sativa (the high affinity Pi
transporter OsPT11, Paszkowski et al. 2002). Since then, homologs were
found in several plant species including Solanaceae species (Nagy et al. 2005),
legumes (Maeda et al. 2006, Tamura et al. 2012), and monocots (Glassop et al.
2005, Nagy et al. 2006). AM-inducible members of the Phtl subfamily III
include the high affinity phosphate transporter gene StPT3 from potato
(Solanum tuberosum) that is strongly induced upon mycorrhization and which
was the first identified AM-inducible plant phosphate transporter (Rausch et
al. 2001). So far, homologs have been identified for S. [ycopersicum (Nagy et
al. 2005) and L. japonicus (Maeda et al. 2006); however, the monocot O.
sativa is lacking a corresponding homolog (Paszkowski et al. 2002) suggesting
an evolution of this second symbiotic Pi transport system in dicots only.

Promoter—GUS fusions, in situ hybridizations, and laser microdissection
revealed for several of those AM-inducible phosphate transporters an
expression specific to arbusculated cells (Rausch et al. 2001, Harrison et al.
2002, Glassop et al. 2005, Nagy et al. 2005, Balestrini et al. 2007).
Immunolabeling showed that MtPT4 is localized in the periarbuscular
membrane in the region around the hyphal branches, no protein accumulation
was found around the trunk hypha of arbuscules or in the plasma membrane of
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arbusculated cells (Harrison et al. 2002, Pumplin & Harrison 2009). Moreover,
presence of MtPT4 is determined by the life cycle of the arbuscule and the
protein appears to be degraded upon arbuscule collapse. In S. fuberosum that
exhibit Paris or intermediate AM morphology types, StPT3 is expressed in
cortex cells harboring arbusculate coils or thick-coiled hyphae lacking
arbuscule branches (Karandashov et al. 2004), both are suggested to function
in the phosphate release in Paris type AM (Smith & Smith 1997, van Aarle &
Olsson 2003). Thus, induction of such symbiotic phosphate transporters
appear to be specific to perifungal membranes surrounding those AM fungal
structures that represent the fungal organs active in mineral nutrient exchange.

A crucial role of the symbiotic phosphate transport for successful AM
establishment was demonstrated by gene suppression and mutation of AM-
inducible Pi transporters. MtPT4 (Phtl subfamily I member) and LjPT3 (Phtl
subfamily III member) were both found to be involved in the full development
and/or stability of fungal structures, particularly arbuscules. Strikingly, LjPT3
RNAI knock-down roots not only showed a reduced number of arbuscules, but
here also defense responses seem to be activated upon mycorrhization since
co-inoculation with rhizobia resulted in necrotic nodules whereas a single
rhizobia-inoculation lead to healthy nodule formation (Maeda et al. 2006). In
MtPT4 RNAI plants, arbuscules were characterized by a strongly reduced
number and by higher rate of collapsing and degenerating arbuscules over time
accompanied with septation of intercellular hyphae indicating death in AM
fungi (Javot et al. 2007a). The dependency of AM formation on symbiotic
phosphate transfer was confirmed with an mpt4 mutant, that show a similar
intraradical colonization phenotype. Here, the AM fungus was not able to
develop an extraradical mycelium (Javot et al. 2007a). This clearly indicates
the regulation of the AM symbiosis via its functionality.

The transcriptional activation of AM-responsive Pi transporter genes,
namely StPT3 and StPT4 of S. tuberosum and SIPT4 of S. lycopersicum, was
recently shown to be specifically elicited by the lysophospholipid
lysophosphatidylcholine (LCP) (Drissner et al. 2007). This compound was
found in the phospholipid extract of mycorrhizal roots. Bioactivity was
demonstrated for phospholipid extracts of mycorrhizal roots of different plant
species, whereas extracts of non-mycorrhizal roots as well as of extraradical
AM fungal material were inactive (Drissner et al. 2007). LCP can be produced
by hydrolyzation of the phospholipid phosphatidylcholine, a membrane
component which showed no bioactivity, by phospholipase A, (Drissner et al.
2007). LCP is highly mobile within intact cells and is suggested to act as a
cytoplasmic messenger in arbuscule-/coil-containing cells representing a late
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signal in the AM symbiosis. So far it is unknown if the LCP in the root lipid
fraction of mycorrhizal roots is of host plant or AM fungal origin (Drissner et
al. 2007). Interestingly, LCP-mediated induction of AM-inducible Pi
transporter genes can be suppressed by a high plant P status (Nagy et al. 2009).
This P-dependency might partly explain the repressory effect of LCP on gene
expression of AM-inducible Pi transporters that was detected in P. hybrida
plants 40 days after mycorrhizal inoculation (Tan et al. 2012). However, AM
inducible Pi transporter genes identified in P. hybrida appear to exhibit
different responsiveness to LCP and no expression of the AM-specific PAPT4
gene was found upon LCP treatment in non-mycorrhizal plants (Tan et al
2012). Thus, further experiments will help to elucidate the role of LCP and/or
other phospholipids during the AM interaction in different plant species.

Plant Phtl transporters, comprising the so far identified AM-inducible Pi
transporters, are Pi:H" symporter (Nussaume et al. 2011). Accordingly, next to
the perifungal membrane-located Phtl transporter(s), high abundance of H'-
ATPases was detected in the periarbuscular membrane (Gianinazzi-Pearson et
al. 2000) accompanied by an increased ATPase activity particularly around the
finer arbuscule branches (Marx, Gianinazzi-Pearson et al. 1991). De novo
synthesis of H'-ATPases upon mycorrhization appears to be specific for
arbusculated cells as indicated by transcript analyses (Gianinazzi-Pearson et al.
2000, Krajinski et al. 2002). The high H'-ATPase activity in the periarbuscular
membrane goes along with a highly acid nature of the symbiotic interface
(Guttenberger 2000). The pH was found to be markedly lower than the
vacuolar pH (Guttenberger 2000); measurement with pH-sensitive
fluorochromes indicates a pH value around 4 (Smith et al. 2001). This
corresponds to the pH optimum found for MtPT4 activity in a heterologous
expression system (Harrison et al. 2002). Moreover, an apoplastic pH below
5.5 also increases the activity of cell wall-loosening enzymes showing high
activity at pH values ranging from 3 to 5 with a maximum between 3.5 and 4.5
(McQueen-Mason et al. 1992, Cosgrove 2000).

In addition to phosphate transporters, the periarbuscular membrane is
predicted to contain several other AM-inducible macro- and micronutrient
transporters. Different AM-inducible genes encoding putative ammonium,
potassium, sulfate and micronutrient (zinc, copper, manganese) transporters
were found to be specifically induced in arbusculated cells (Gomez et al. 2009,
Guether et al. 2009a, 2009b, Kobae et al. 2010, Hogekamp et al. 2011, Gaude
et al. 2012, Koegel et al. 2013); for the ammonium transporters GmAMT4.1
from G. max and SbAMT3;1 from Sorghum bicolor a localization in the
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branch domain of periarbuscular membranes has been demonstrated (Kobae et
al. 2010, Koegel et al. 2013).

Next to mineral nutrients, AM fungi can also improve the water supply of
the host. Passive water flux across membranes along an osmotic gradient takes
place via major intrinsic proteins, the aquaporins, which can also contribute to
transport of ammonium, metalloids, glycerol, signaling molecules, and
dissolved gases (Bienert & Chaumont 2014, Li et al. 2014). Expression of
aquaporins can be altered during AM interaction, also depending on the water
and the potassium status of plants (Uehlein et al. 2007, El-Mesbabhi et al. 2012,
Barzana et al. 2014). In different plant species, induced gene expression was
found for plasma membrane intrinsic proteins (PIPs) and/or Nodulin 26-like
intrinsic proteins (NIPs) in mycorrhizal roots (Uehlein et al. 2007, Alguacil et
al. 2009, Gomez et al. 2009, Hogekamp et al. 2011, Giovannetti et al. 2012).
Nodulin 26 is an LRS-specific aquaporin localized exclusively to the
symbiosome membrane of rhizobia-infected cells, where it accounts for
around 15% of the protein, facilitating the transport of ammonia, water, and
glycerol (Wallace et al. 2006). Accordingly, laser microdissection revealed
that NIP1 genes of L. japonicus and M. truncatula are specifically expressed in
arbusculated cells (Gomez et al. 2009, Hogekamp et al. 2011, Giovannetti et
al. 2012), and immunolabeling indicates a de novo accumulation of (plasma
membrane intrinsic) aquaporins in the root cortex of colonized plants (Uehlein
et al. 2007). In heterologous expression systems, the AM-induced MtPIP2;1
and LjNIP1 clearly increased water permeability, whereas MINIP1 was
demonstrated to act as low affinity ammonium transporter (Uehlein et al.
2007, Giovannetti et al. 2012). Thus, the periarbuscular membrane is
suggested to contain an elevated number of aquaporins mediating the
exchange of water and ammonium and potentially also of signaling
compounds like hydrogen peroxide.

The prebranching cytoplasmic aggregations that were found in the inner
cortical PPA to precede hyphal branching are suggested to be of major
importance for targeting the symbiosis-relevant host nutrient transporters to
the periarbuscular membrane (Genre et al. 2008). They are also hypothesized
to play a role in generating the putative membrane-derived lysophospholipid
signal that elicit expression of AM-inducible phosphate transporter genes
(Drissner et al. 2007, Genre et al. 2008).
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3. REGULATION OF THE AM SymBI0SIS BY CARBON AND
BY PLANT APOPLASTIC INVERTASES

The AM fungi are obligate biotrophs that rely in their carbon supply on
the living host. For the plant partner, this interaction can account for a major
carbon-cost that is predicted to amount from 4 to 20 % of the
photosynthetically fixed carbon (for overview see Douds et al. 2000, Graham
2000). Thus makes carbon to a major regulator in the AM symbiosis to limit
the plant's cost, in dependence of its benefits.

3.1. Interconnection of Mineral and Carbon Exchange

Recent analyses of the mineral nutrient fluxes clearly indicate that the
carbon flow from the plant to the fungus is interrelated with the delivery of
mineral nutrients towards the plant — and vice versa (Hammer et al. 2011,
Kiers et al. 2011, Fellbaum et al. 2012, 2014). Previous studies already
showed that light shortage of plants can reduce AM fungal root colonization as
well as phosphate inflow upon mycorrhization (Hayman 1974, Tester). Using
a D. carota root culture co-cultivated with R. irregularis in a two-
compartment system (comprising a mycorrhizal root compartment and a
fungal compartment) and inductively coupled plasma atomic emission
spectroscopy revealed that under low carbon conditions within the root
compartment, phosphorus accumulates in the fungus (Hammer et al. 2011). In
contrast, increased C availability of the host plant can stimulate the AM fungal
uptake of P and N and their translocation to the host as verified with isotope-
labeled compounds in such a two-compartment co-culture (Biicking &
Shachar-Hill 2005, Fellbaum et al. 2012). Thus, carbon is an important trigger
for fungal uptake and transport of mineral nutrients.

In ecosystems, however, plants are usually colonized by several AM fungi
which in return interconnect a considerable number of plants forming
belowground mycorrhizal networks and which provide more or less benefits
with different C cost for the plant (van der Heijden & Horton 2009,
Lendenmann et al. 2011). Here, not only carbon competition between one
plant and one fungus occurs, but resource competitions between multiple fungi
and between multiple plants. On the one hand, when plants were infected with
multiple AM fungal species, carbon was preferentially allocated to the most
cooperative species (Kiers et al. 2011). The authors found Glomus aggregatum
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to be less cooperative than R. irregularis retaining, upon sucrose application to
the root compartment, significantly more P in form of long-chained
polyphosphates that are unavailable for the host (Kiers et al. 2011).
Accordingly, upon infection with both fungi, less carbon was allocated to G.
aggregatum compared to R. irregularis and also upon triple infection the
cooperative species received more carbon. If roots are only infected with G.
aggregatum, no additional carbon was allocated to the fungus upon P
application to the fungal compartment, different to the data achieved for R.
irregularis-infected roots (Kiers et al. 2011) indicating the fine-tuned carbon
delivery according to the benefit sensed by the plant. On the other hand,
usually also multiple plants compete for resources supplied by the fungus.
Using an experimental setup with different combinations of shaded and non-
shaded M. truncatula plants demonstrated that also AM fungi are able to
discriminate between plants with different source strengths (Fellbaum et al.
2014). G. aggregatum as well as the more cooperative R. irregularis
preferentially allocated nutrient resources to non-shaded host plants that were
able to provide more carbon to the fungal partner (Fellbaum et al. 2014). This
indicates that both, plant host and AM fungal microsymbiont, can sense the
benefits provided by different partners and that the interaction is controlled
and stabilized in a bidirectional way by reciprocal rewarding. In plants with an
ineffective symbiotic P uptake pathway, the AM fungal partner is unable to
fully establish within the root as demonstrated by knock-down and/or mutation
of the AM-specific phosphate transporter genes LjPT3 and MtPT4 (Maeda et
al. 2006, Javot et al. 2007a). Here the interaction is blocked by induction of
defense mechanisms and/or C starvation of the fungal partner (see also
subsection 2.3.3.).

3.2. Carbon Cycling in the AM Interaction and the Role of Plant
Sucrose-Degrading Enzymes

During the asymbiotic and presymbiotic phases, AM fungi feed their
growth with carbon reserves stored in their large spores in form of
triacylglycerol (Gaspar et al. 1994). In addition, germinating spores can take
up and metabolize some C compounds as shown for acetate, glucose, fructose,
and glycerol (but not mannitol) (Bago et al. 1999, Lammers et al. 2001,
Biicking et al. 2008), which might contribute to facilitate multiple germination
events discontinued by resting of the spores if no suitable plant partner is
available. Interestingly, the uptake of exogenous (isotope-labeled) organic
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carbon by germinating spores could be stimulated by root exudates (Biicking
et al. 2008). In addition, CO, is suggested to act as a carbon source during
presymbiotic fungal growth (Bécard & Piché 1989). At the presymbiotic
phase, AM fungi showed general ability to synthesize trehalose but they
appear to lack any considerable synthesis of fatty acids and storage lipids
(Bago et al. 1999). To fulfill their lifecycle, the obligate biotrophic AM fungi
have to interact with a plant partner.

During the symbiotic phase, the AM fungi rely on plant-derived carbon.
According to other plant-fungus interactions including interactions with
ectomycorrhizal fungi and biotrophic pathogens (see e.g. Nehls & Hampp
2000, Mendgen & Hahn 2002, Nehls et al. 2010, Talbot 2010), sugars have
been strong candidates for the form in which carbon is transferred from the
host to the fungus. Using isotope-labeled compounds, substantial uptake of
glucose via the AM fungal intraradical mycelium was demonstrated, whereas
fructose uptake was considerably lower and mannitol and succinate were not
found to be taken up (Shachar-Hill et al. 1995, Solaiman & Saito 1997, Pfeffer
et al. 1999). The proposed role of glucose as plant-derived carbon and energy
source to AM fungi was also supported by a relatively high hexokinase
activity detected in intraradical hyphae (Saito 1995). After uptake, glucose
becomes rapidly converted within the intraradical mycelium into trehalose and
glycogen as first carbon pool, probably to buffer intracellular glucose levels
(Shachar-Hill et al. 1995, Pfeffer et al. 1999). This is in line with an up-
regulation of glycogen synthase genes during the symbiotic phase (Bago et al.
2003, Tisserant et al. 2013). The intraradical mycelium is also the site of lipid
synthesis. Carbon is stored and transported within the fungus in form of
triacylglycerol as well as glycogen, both are also exported to the extraradical
mycelium (Bago et al. 2002, 2003) to support hyphal growth in the soil and
formation of new spores that contain a large amount of triacylglycerol as
carbon reserve for germination and presymbiotic growth (Bago et al. 2002).
Different to intraradical structures, the extraradical mycelium appeared to be
unable to take up hexoses (including glucose) (Pfeffer et al. 1999); however,
an uptake of acetate and glycerol could be demonstrated (Lammers et al.
2001). A considerable amount of the carbon received from the host is released
by the extraradical AM fungal structures to the soil (and partially to the
atmosphere), particularly in form of the glycoprotein glomalin (Rillig 2004)
and as CO; (Johnson et al. 2002).

The carbon supply of the AM fungus increases the sink strength of the
root upon mycorrhization. In plants, sucrose is the major form for phloem-
mediated long-distance carbon and energy transport from the photosynthetic
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active source leaves to the heterotrophic sink organs (Lemoine et al. 2013).
The efflux and uptake of sugars across membranes can take place passively via
a concentration gradient or by active transporter proteins, usually H'
symporter or antiporter. Upon mycorrhization of S. lycopersicum, plant
sucrose transporter genes were found to be up-regulated in leaves, probably to
facilitate phloem loading and thus sucrose translocation to the mycorrhizal
roots (Boldt et al. 2011, Doidy et al. 2012). Such sucrose transporter genes
were found to be inducible upon low-P conditions (Doidy et al. 2012). An
increased allocation of C resources to the root under P starvation might
promote and support an AM fungal symbiosis by providing the required
energy and also by sugar-mediated signaling (for overview see Hammond &
White 2008, 2011, Lei & Liu 2011). In addition to sucrose transporters in
leaves, plant sugar transporters can be also locally up-regulated in mycorrhizal
roots, such as the M. truncatula hexose transporter Mtst1 (Harrison 1996) and
sucrose transporters of M. truncatula and S. lycopersicum (Garcia-Rodriguez
et al. 2007, Boldt et al. 2011, Doidy et al. 2012, Gaude et al. 2012, Bitterlich et
al. 2014). Those transporters are suggested to support the root cells with
sufficient carbon. Such a competition with the endosymbiont for C compounds
might explain the increased mycorrhizal colonization and enhanced formation
of fungal storage organs in S. [ycopersicum plants with suppressed root
expression of SUT2, whose gene product is in wild-type roots localized at the
periarbuscular membrane (Bitterlich et al. 2014). Moreover, SISUT2 appears
to be involved in brassinosteroid signaling or biosynthesis.

Because AM fungi appear to lack sucrose-cleaving enzymes (see also
Tisserant et al. 2012, 2013), corresponding plant enzymes are suggested to
have a crucial function in delivering C compounds in form of hexoses that can
be taken up by the intraradical AM fungal structures. In plants, sucrose can be
cleaved by sucrose synthases and invertases. Sucrose synthases, which are
present in the cytosol, reversibly convert sucrose into fructose and UDP-
glucose. Invertases cleave sucrose into glucose and fructose and can be
classified in accordance to their optimal pH value and subcellular localization
into three groups: (i) the soluble alkaline invertases associated with the
cytoplasma, (ii) the soluble acid invertases located in the vacuole, and (iii) the
acid apoplastic invertases that are ionically bound to the plant cell wall (for
overview see Tymowska-Lalanne & Kreis 1998, Sturm & Tang 1999, Roitsch
& Gonzalez 2004, Fotopoulos 2005). Upon AM interaction, members of all
types of plant sucrose-cleaving enzymes were found to exhibit induced
transcriptional activation and/or elevated enzymatic activity in mycorrhizal
roots tissue of different plant species (see Table 1).



Table 1. Induction of plant sucrose-cleaving enzymes upon AM interaction. (The table is continued on the next page.)

Enzyme type / AM fungal Gene Type of induction Weeks after Reference

Plant species species inoculation

Sucrose synthases:

T. repens natural mixture EA in mycorrhizal roots S5to 12 Wright et al. (1998)

G. max Funneliformis EA in mycorrhizal roots ~6 Schubert et al. (2003)
mosseae

Z. mays Rhizophagus Susl TA in mycorrhizal roots ~1.5t0 ~4 Ravnskov et al. (2003)
intraradices,
F. mossea

Z. mays R. intraradices, Shi TA in mycorrhizal roots ~1.5t0~2.5 Ravnskov et al. (2003)
F. mossea

P. vulgaris R. intraradices Rhizobium- | T/ in arbusculated cells 4 Blee & Anderson (2002)

responsive
gene

S. lycopersicum R. intraradices, TOMSSF TA in mycorrhizal roots 4 and 6 Garcia-Rodriguez et al.
F. mossea (2007)

S. lycopersicum Rhizophagus Sus3 TA in mycorrhizal roots ~6 Tejeda-Sartorius)
fasciculatus

M. truncatula F. mossea SucS1 P/ in arbusculated cells, 3.5 Hohnjec et al. (2003)

T in mycorrhizal root tissue

Cytosolic invertases:

T. repens natural mixture EA in mycorrhizal roots Sto 15 Wright et al. (1998)

G. max F. mosseae EA in mycorrhizal roots ~2t06 Schubert et al. (2003)

P. vulgaris R. intraradices Pvsai TA in arbusculated cells 4 Blee & Anderson (2002)




mycorrhizal roots

Enzyme type / AM fungal Gene Type of induction Weeks after Reference
Plant species species inoculation
Vacuolar invertases:
T. repens natural mixture EA in mycorrhizal roots 5t0~9 Wright et al. (1998)
S. lycopersicum R. intraradices, Tivi T in mycorrhizal roots 6 Garcia-Rodriguez et al.
F. mossea (2007)
Apoplastic invertases:
T. repens natural mixture E/ in mycorrhizal roots ~9to 15 Wright et al. (1998)
S. lycopersicum R. irregularis E near arbuscules and 34 Schaarschmidt et al. (2006)
intercellular hyphae
S. lycopersicum R. intraradices, LIN6 T in mycorrhizal roots 6 Garcia-Rodriguez et al.
F. mossea (2007)
S. lycopersicum R. fasciculatus LING6 TA in mycorrhizal roots ~6 Tejeda-Sartorius)
S. lycopersicum R. irregularis LING6 P and T near arbuscules 10, 11 Schaarschmidt et al. (2006)
and intercellular hyphae
Invertases (not further classified):
P. vulgaris Claroideoglomus E in mycorrhizal roots 5 Dehne (1986)
etunicatum
P. vulgaris R. intraradices EA in mycorrhizal roots 4 Blee & Anderson (2002)
Citrus junos F. mosseae EA of acid invertases in ~12 Lietal (2012)

P: promoter activity; T: transcript accumulation; E: enzyme activity; 4: up-regulation compared to non-mycorrhizal tissue.
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The parallel analyses of the activity of individual enzyme types in
mycorrhizal white clover (Trifolium repens) roots revealed differences in their
induction over time. Here, activities of sucrose synthases, cytoplasmic
invertases, and vacuolar invertases of mycorrhizal roots were higher compared
to non-mycorrhizal plants at earlier stages with lower (or missing)
enhancement at late time-points, whereas the cell wall invertase activity
further increased over time exhibiting enhanced activities compared to non-
mycorrhizal plants also at late stages (Wright et al. 1998). An early increase in
the cytosolic invertase activity, starting already with the beginning of AM
fungal root colonization, was also found in G. max roots (Schubert et al.
2003). This indicates a rapid mobilization of cellular carbon pools, probably to
feed the intracellular rearrangements of the host cells, and an increasing sink
strength of the colonized root over time, which might be forced by apoplastic
invertase-mediated phloem unloading (Tymowska-Lalanne & Kreis 1998,
Roitsch et al. 2003). Extracellular invertases are also likely candidates for
providing apoplastic hexoses for AM fungal uptake from the symbiotic
interface.

In mycorrhizal S. lycopersicum roots, an in situ activity staining indeed
revealed, already few weeks after inoculation, locally increased invertase
activities in the root phloem and around arbuscules and intercellular hyphae
(Schaarschmidt et al. 2006). However, analyzing whole root extracts, no
elevated invertase activities could be detected even at later stages (up to 10
weeks after inoculation). This corresponds to a dilution effect if changes occur
only locally causing general detection problems when whole tissues or organs
are analyzed. Increases in apoplastic invertase activity can be caused by
acidification of the apoplastic compartment, which is estimated to be usually
between 5 and 6.5 (Grignon & Sentenac 1991, Felle 1998, Yu et al. 2000, Gao
et al. 2004), since these enzymes have an pH optimum between approximately
4 to 5 (Wright et al. 1998, Roitsch & Gonzalez 2004). The low pH of the
periarbuscular interface that is estimated to be around 4 (Guttenberger 2000)
can contribute to the invertase activity detected near arbuscules
(Schaarschmidt et al. 2006). In addition, de novo synthesis is likely to occur,
including apoplastic invertases in the symbiotic interface. Transcriptional
activation of an apoplastic invertase gene in mycorrhizal roots was first
demonstrated by Schaarschmidt and co-workers) for the S. lycopersicum
apoplastic invertase gene LIN6. LIN6 belongs to a gene family of four
members and has a major role in regulating sink strength in actively growing
sink tissues including seedling roots and in response to several stress-related
external stimuli (Godt & Roitsch 1997, Goetz et al. 2000, Sinha et al. 2002,
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Thoma et al. 2003). Corresponding to the predicted role in phloem unloading
and AM fungal hexose supply, increased promoter activation and transcript
accumulation upon mycorrhization was detected in the root vasculature and
near intra- and intercellular fungal structures, which corresponds to the
detected invertase activity (Schaarschmidt et al. 2006). An enhanced LING6
transcript accumulation in mycorrhizal roots was also shown in later studies
(Garcia-Rodriguez et al. 2007, Tejeda-Sartorius et al. 2008). In addition to the
S. lycopersicum LING gene, elevated transcript levels in mycorrhizal roots
were also found for one vacuolar and one cytoplasmic invertase gene of P.
vulgaris (Blee & Anderson 2002) and S. lycopersicum (Garcia-Rodriguez et al.
2007), respectively and for sucrose synthase genes of M. fruncatula, P.
vulgaris, maize (Zea mays), and S. lycopersicum (Blee & Anderson 2002,
Hohnjec et al. 2003, Ravnskov et al. 2003, Garcia-Rodriguez et al. 2007,
Tejeda-Sartorius et al. 2008).

However, less was known about the actual role of AM-inducible plant
sucrose-cleaving enzymes for the AM symbiosis. Comprehensive studies on
the sucrose synthase gene SucS/ from M. truncatula gave new insights into its
function during AM symbiosis and LRS (Hohnjec et al. 2003, Baier et al.
2007, 2010). MtSucSI antisense knock down lines were characterized by
impaired nodulation and mycorrhization with inefficient nutrient exchange and
by reduced plant growth and development upon interaction with the
endosymbionts (Baier et al. 2007, 2010). These phenotypes might be caused
by deprivation in energy and carbon resources required for cellular
rearrangements in the host. For invertases, locally reduced apoplastic invertase
activity achieved by root-specific expression of an acid invertase inhibitor led
as well to a reduced AM fungal colonization (Figure 5a) (Schaarschmidt et al.
2007a). This is in line with the predicted role of plant cell wall-bound
invertases in hexose delivery to the apoplastic fungal structures. However, in
contrast to that, root-specifically enhanced apoplastic invertase activity was
not sufficient to stimulate root colonization, despite elevated root hexose
levels (Figure 5b) (Schaarschmidt et al. 2007a). Thus, it is supposed that
sucrose-cleaving enzymes, particularly apoplastic invertases, are usually
sufficiently induced upon AM interaction. Moreover, their induction and
activity are usually tightly regulated, including inhibition by products and by
inhibitor proteins (Rausch & Greiner 2004), since apoplastic invertases are
also known to be involved in activation of plant defense responses by
providing hexoses as energy source and as signaling molecules (Roitsch et al.
2003, Proels & Hiickelhoven 2014).
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In the compatible interaction of pepper (Capsicum annuum) with the
bacterial pathogen Xanthomonas campestris, gene expression of a plant
apoplastic invertase gene is suppressed by microbial effectors that are released
by a type three secretion system (T3SS) suppressing host immune responses
(Sonnewald et al. 2012). Infection with a T3SS-deficient strain led to strong
induction of apoplastic invertase followed by PR gene expression and caused
no visible symptoms. Induction of plant apoplastic invertases was also found
e.g. upon pathogenic infection of tobacco (Nicotiana tabacum) leaves with
potato virus Y (PVY) (Herbers et al. 2000) or with the hemibiotrophic
oomycete Phytophthora nicotianae (Essmann et al. 2008), of barley (Hordeum
vulgare) leaves with the biotrophic fungus Blumeria graminis (Swarbrick et al.
20006), of S. lycopersicum leaves with the necrotrophic fungus Botrytis cinerea
or with the biotrophic bacterium Pseudomonas syringae (Berger et al. 2004),
and of D. carota roots with the necrotrophic bacterium Erwinia carotovora
(Sturm & Chrispeels 1990). In all these cases, apoplastic invertase induction
was accompanied or followed by transcript accumulation of pathogenesis-
related (PR) or of phenylalanine ammonium lyase (PAL) gene(s) (for PVY see
also Herbers et al. 1996).

Posttranslational inhibition of apoplastic invertase activity in leaves of A4.
thaliana was shown to increase the susceptibility to P. syringae (Bonfig et al.
2006). RNAi-mediated knock-down of apoplastic invertase in N. tabacum
impaired defense mechanisms lowering PR gene expression, PAL activity, and
hypersensitive cell death upon P. nicotianae infection (Essmann et al. 2008).
Accordingly, overexpression can cause stimulation of plant defense
mechanisms such as accumulation of PR gene transcripts, salicylic acid, and
phenolic compounds and can lower the susceptibility to PVY (Herbers et al.
2000, Baumert et al. 2001). Here, overexpression was achieved by expression
of a chimeric gene encoding an apoplast-located yeast-derived invertase under
the CaMV 35S promoter (von Schaewen et al. 1990). In homozygous plants,
this overexpression results in a strong accumulation of hexoses in the source
leaves which in return down-regulate photosynthetic activity and reduce
translocation of sugars to the sink organs — all resulting in stunted plant growth
(von Schaewen et al. 1990, Sonnewald et al. 1991).

The effect of constitutively elevated apoplastic invertase activity on the
AM symbiosis was analyzed in plants with heterozygous expression of the
yeast-derived apoplast-located invertase (Schaarschmidt et al. 2007b). In
plants characterized by a strong apoplastic invertase activity that particularly
occurred in the shoot, AM fungal root colonization was reduced, probably due
to sugar depletion of the sink roots and activation of defense mechanisms
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(Figure 5a). Astonishing, in plants that were characterized by an only
moderately enhanced apoplastic invertase activity in the shoot, mycorrhization
was stimulated (Figure 5b). Such plants showed only marginal phenotypical
effects and no elevated hexose accumulation in the shoot could be detected.
Corresponding to that, PR gene expression was not induced; instead, the root
had even lower contents of defense-related metabolites, such as chlorogenic
acid and scopolin (Schaarschmidt et al. 2007b) that accumulate upon PVY
infection and in homozygous apoplastic invertase expressing plants (Baumert
et al. 2001). Moreover, the plants with moderate invertase induction had
higher root levels of ABA (Schaarschmidt et al. 2007b) that was previously
shown to positively affect AM formation (Herrera-Medina et al. 2007, Martin
Rodriguez et al. 2010).

An endogenous (developmental independent) rise in shoot apoplastic
invertase activity can be caused in response to different external abiotic and
biotic factors and is often mediated by changes in the phytohormone
homeostasis. For example, wounding of plant tissue led to a rise in jasmonate
levels and both, wounding and application of methyl jasmonate (MeJA), were
found to induce plant apoplastic invertases (Zhang et al. 1996, Godt & Roitsch
1997, Thoma et al. 2003, Schaarschmidt et al. 2006). Repeated but slight leaf
wounding of M. truncatula was accompanied by a stimulation of JA
biosynthesis and by an induction of few invertase genes, including one
predicted apoplastic invertase that was found to be inducible by MeJA, and led
to a reduced above- and belowground growth indicating the higher energy
demand of wounded plants (Landgraf et al. 2012). Similar to N. tabacum
plants with moderately elevated apoplastic invertase activity in the shoot,
mycorrhization in the slightly leaf-wounded M. truncatula plants was
stimulated and was able to partly counteract the negative effects of wounding.
In contrast, such a wounding treatment reduced root colonization by the
biotrophic oomycete Aphanomyces euteiches (Landgraf et al. 2012). The
reduced pathogen infection might be caused by JA-induced defense
mechanism and carbon competition, which, astonishing, did not negatively
affect root colonization by the AM fungus R. irregularis (Landgraf et al.
2012). This indicates specific regulations of mycorrhizal and pathogenic
plant—-microbe interactions, probably by sensing the benefits provided by AM
fungi.
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Figure 5. Regulation of AM fungal colonization by modulated apoplastic invertase
activity in the root or in the shoot. a: Reduced colonization was found in plants with
lowered apoplastic invertase activity in the root that was accompanied by reduced
glucose and fructose levels in the root tissue (Schaarschmidt et al. 2007a). Root-
specific reduction of apoplastic invertase activity was achieved by expression of an
acid invertase inhibitor under the pyk/0 promoter. Also, plants with a strongly
increased apoplastic invertase activity in the shoot showed a lower degree of
mycorrhization (Schaarschmidt et al. 2007b). Here, the expression of a yeast-derived
invertase that is translocated to the apoplast via specific signal peptides (von Schaewen
et al. 1990) strongly increased the shoot apoplastic invertase activity resulting in an
accumulation of glucose and fructose in the source leaves and a suffering of the sink
tissue. In addition, the excessive hexose content resulted in an activation of defense
mechanisms as indicated by transcript accumulation of PR genes in the source leaves
(Schaarschmidt et al. 2007b). b: A stimulated AM interaction and higher root
colonization was found in plants with only slightly increased shoot apoplastic invertase
activity caused by expression of the apoplast-located yeast invertase (Schaarschmidt et
al. 2007b). Here, hexose levels in the shoot were not elevated, but either not altered or
even lowered. These plants were characterized by a down-regulation of defense
mechanisms, including reduced levels of phenolic compounds, and an increased ABA
content in roots (Schaarschmidt et al. 2007b). In contrast, a root-specifically enhanced
apoplastic invertase activity, achieved by local induction of an alcohol-inducible
promoter system (Schaarschmidt et al. 2004) controlling expression of the apoplast-
located yeast-derived invertase, could not stimulate AM fungal root colonization,
although roots exhibited elevated glucose and fructose levels (Schaarschmidt et al.
2007a). INV: apoplastic invertase activity; MYC: AM fungal root colonization.
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3.3. Site of AM Fungal C Uptake and Identification of the First
AM Fungal Monosaccharide Transporter

The general regulation of the AM symbiosis by carbon is also mirrored in
the AM morphology including the extraradical mycelium (Olsson et al. 2014)
and the location of the intraradical fungal structures within the root. To enable
a plant-controlled release of C compounds to the endosymbiont, AM fungi are
not allowed to pass the endodermis and cannot reach the central core. Instead,
arbuscules and coiled hyphae, as main nutrient exchange organs, are formed
predominantly in the inner root cortex cells and thus as close as possible to the
root phloem, suggesting an optimal position for the uptake of sugars (Blee &
Anderson 1998). Hence, these fungal structures are predicted to play also a
key role in the uptake of C compounds within the root. This was further
supported by a correlation between arbuscule and spore formation (Douds
1994). A functioning of arbuscules and coils in both, the uptake of C
compounds and the delivery of minerals might facilitate a coordinated nutrient
exchange between the partners and the reciprocal rewarding of host and
microsymbiont. In addition to the intracellular AM fungal structures, also
intercellular hyphae appear to some extent to be involved in carbon uptake.
Transcript accumulation and elevated activity of apoplastic invertase was not
only found around arbuscules, but also near intercellular hyphae
(Schaarschmidt et al. 2006). A similar expression pattern was found for the
AM-inducible hexose transporter Mtstl of M. truncatula (Harrison 1996). This
transporter is suggested to facilitate the uptake of apoplastic hexoses by cortex
cells in close vicinity to AM fungal structures including intercellular hyphae
indicating carbon competition between the host and the endosymbiont and thus
also an hexose uptake by the intercellular hyphae. Moreover, the fungal
plasma membrane of intercellular hyphae was found to exhibit ATPase
activity (Gianinazzi-Pearson et al. 1991), which is an indicator for active
transport processes.

In contrast to the AM-specific phosphate transporters, the AM fungal
transporters involved in the fungal uptake of C compounds remained
completely unknown for a long time. The first glomeromycotan
monosaccharide transporter, MAST1, was identified in Geosiphon pyriformis,
a member of the Glomeromycota that undergo a symbiotic interaction with the
cyanobacterium Nostoc punctiforme (Schiiller et al. 2006). GpMAST1
functions as an H' co-transporter with highest affinity to glucose; some uptake
was also found for mannose, galactose, fructose and xylose, but not for
sucrose. Recently, the first monosaccharide of an AM fungus was identified
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and characterized (Helber et al. 2011). The monosaccharide gene MST2 of R.
irregularis is almost exclusively expressed in intraradical fungal structures and
transcripts were found in arbuscules as well as intercellular hyphae upon
interaction with a S. tuberosum hairy root culture. The encoded membrane-
bound H' co-transporter shows high affinity to glucose with pH optimum at
pH 5 or lower. AM fungal ATPase genes, including one that is almost
exclusively expressed during the symbiotic phase, were previously identified
(Requena et al. 2003). In the heterologous yeast system, uptake of glucose by
RiIMST?2 could be efficiently outcompeted by plant cell wall components,
namely mannose, galactose, glucuronic acid, galacturonic acid, and xylose
(Helber et al. 2011). Xylose was previously found to be transported by some
fungal monosaccharide transporters including a low rate transport by the
glomeromycotan GpMAST1 (Hamacher et al. 2002, vanKuyk et al. 2004,
Schiiler et al. 2006). The uptake capacity for such cell wall constituents is in
agreement with the composition of the symbiotic containing non-crosslinked
cell wall components (see also subsection 2.3.2.) and indicates alternative
plant-derived carbon sources in addition to glucose.

Interestingly, RiMST2 expression in the extraradical mycelium was
induced by xylose (Helber et al. 2011). However, different to a previous study
(Pfeffer et al. 1999), the extraradical mycelium was found to exhibit uptake
capacity for glucose and xylose even without RiMST2 induction by xylose.
This uptake might occur by another predicted monosaccharide transporter,
encoded by RiMST4, which was constitutively expressed in the extraradical
mycelium (Helber et al. 2011). A third predicted monosaccharide transporter
gene of R. irregularis, RiMST3, show only slight transcript accumulation in
intraradical structures. The expression of RiMST2 in the intraradical fungal
structures was suppressed by phosphate in a similar manner than the AM-
inducible S. tubersoum PT4 gene, supporting the predicted interconnection of
intraradical carbon and phosphate exchange. Using an elegant host-induced
gene silencing (HIGS) approach, Helber and co-workers (2011) were able to
demonstrate the requirement of RiMST2 for successful AM symbiosis
including full development of arbuscules without exhibiting premature
senescence. Upon RiMST?2 silencing, StPT4 expression was almost completely
abolished.

Next to glucose and cell wall constituents, previous labeling experiments
indicate glycerol as additional carbon source for AM fungi. Studies with *C-
labeled glycerol demonstrated that in addition to germinating spores and
extraradical mycelium of AM fungi (Lammers et al. 2001), also intraradical
structures are able to take up and metabolize glycerol (Bago et al. 2002).
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Interestingly, Nodulin 26-like aquaporins, NIPs, are known to be able to
facilitate the transport of glycerol and a few other small molecules across
membranes (see also subsection 2.3.3.). Nodulin 26, an aquaporin of G. max
exclusively found on the symbiosome membrane during LRS and one of the
first aquaglyceroporins documented in plants, has the ability to flux ammonia,
formamide, and uncharged polyols such as glycerol (Rivers et al. 1997, Dean
et al. 1998, Wallace et al. 2006). Interestingly, it shows distinct functional
selectivity for glycerol permeability and only a weak water transport rate
which is substantially lower compared to the archetype of water-selective
aquaporins, the human AQP1 (Rivers et al. 1997, Wallace et al. 2002,
Guenther et al. 2003). In the LRS, next to ammonia transport, Nodulin 26 is
supposed to be involved in osmoprotection of the symbiosomes that are highly
sensitive to osmotic stress (for overview see Wallace et al. 2006). In the AM
interaction, different NIPs and plasma membrane intrinsic PIPs were found to
be induced upon root colonization and to be localized to the periarbuscular
membrane, probably to support the water and nutrient uptake by the plant cell
(Uehlein et al. 2007, Gomez et al. 2009, Hogekamp et al. 2011, Giovannetti et
al. 2012). Glycerol permease activity is less known for PIPs, but was
demonstrated for a Chlamydomonas reinhardtii PIP (Anderca et al. 2004) and
interestingly also for the AM-induced MtPIP2;1 (Uehlein et al. 2007). For
NIPs, glycerol transport appears as a general feature (Weig & Jakob 2000,
Wallace et al. 2002, Cabello-Hurtado & Ramos 2004). NIPs are suggested to
be acquired via horizontal gene transfer from bacteria at the origin of plants
(Zardoya et al. 2002) and were probably recruited to transport glycerol in
plants since absence of (other) aquaglyceroporins. The solute flux across
Nodulin 26 appears to occur by a pathway that is distinct from that for water
(Rivers et al. 1997) and similar results were found for other aquaporins
indicating that (bidirectional) water and solute transfer might also occur in
opposite directions (Meinild et al. 1998, Bienert et al. 2008).

Thus, it is tempting to speculate that in addition to an uptake of water and
ammonia by the plant cell, the AM-induced NIPs (and PIPs) also facilitate a
glycerol flux from the plant towards the AM fungus, similar to that predicted
to occur in the LRS via Nodulin 26. AM fungi were previously shown to be
able to take up and metabolize glycerol (Pfeffer et al. 1999). It would be
interesting to test, whether the identified monosaccharide transporter RiMST?2
is also capable in taking up glycerol. The uptake of carbon compounds other
than glucose (and fructose) might also explain why elevated apoplastic
invertase activity in the root could not stimulate AM fungal root colonization
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despite elevated glucose and fructose levels in the root (Schaarschmidt et al.
2007a).

4. SYSTEMIC FEEDBACK REGULATION OF
THE AM SYMBIOSIS BY AUTOREGULATION

As outlined above, the plant tightly controls its interaction with the AM
fungal symbionts to reduce carbon losses and to maintain the mutualistic
character of the symbiosis. The same is true for the interaction of legumes with
nitrogen-fixing rhizobia that are also heterotrophic organisms. One common
regulatory mechanism that limits the number of successful root infections is
called autoregulation. This mechanism describes a feedback regulation that is
somehow initiated by the common early signaling pathway required for
infections with AM fungi and rhizobia (see subsection 2.2.).

The autoregulation was first identified for the LRS, called autoregulation
of nodulation (AON) (for review see also Ferguson et al. 2010). Here, the
effect of autoregulation is particularly apparent since every successful
infection event results in the formation of a root nodule. A feedback inhibition
of nodulation was already described in the early 1950ies demonstrating that
nodule formation is controlled by the number of mature nodules and root tips
(Nutman 1952). Mutant plants with defective autoregulation were first
described for G. max and were identified by a super-nodulating phenotype
with a strongly elevated number of root nodules over the entire root length and
by a nitrate-tolerant nodulation (Carroll et al. 1985). Later, such mutants were
found to be also characterized by a defective autoregulation of mycorrhization
(AOM) that becomes visible by an enhanced AM fungal root colonization with
higher arbuscule abundance as described for AON mutants of G. max (Shrihari
et al. 2000, Sakamoto & Nohara 2009, Schaarschmidt et al. 2013), L.
Japonicus (Solaiman et al. 2000), M. truncatula and P. sativum (Morandi et al.
2000). These mutants were identified to have a defected CLAVATAI
(CLV1)-like receptor kinase, that is encoded by NARK (Nodule Autoregulation
Receptor Kinase) in G. max (Searle et al. 2003), HARI in L. japonicus
(Krusell et al. 2002, Nishimura et al. 2002), SUNN (formerly named Sym2) in
M. truncatula (Schnabel et al. 2005), and SYM29 in P. sativum (Krusell et al.
2002). Grafting between mutant and wild-type plants demonstrated that this
CLV1-like kinase, hereafter referred to as NARK, acts in the shoot of the plant
during AON (Delves et al. 1986) and AOM (Sakamoto & Nohara 2009),
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revealing the existence of a long-distance signaling pathway in autoregulation
(see also Figure 6). The corresponding systemic limitation of root infections in
the entire root system was additionally proven by split-root experiments
(Caetano-Anolles & Gresshoff 1990, Meixner et al. 2005, Kosslak & Bohlool
1984).

== shoot-derived
== inhibitor (SDI)

- -

s

- ’ 7
P o ]
root # I h
exudates ™ ~ _ -~ ’ —_ 1
S ol U jasmonates
T L ] —_ CLE
b T auxin
% / ~ [NE-vatam s peptides
'
i | i
\ / 15 e i SHoaT
Myc * v v
~ signals Ri(e)? [‘I’Fsl.'"‘ 3 RooT
- I ) a2t B 3
- i LRR cation ___ Ca™ ___ .. =
A\ RK " channels ™ spiking™ " * R ==

~

; TFsi?) _
\“ Nod — Lysm common signakng cascade =~
[Wl]

factor
\
RHIZOSPHERE Y RooT CELL
| v

Figure 6. Model of the autoregulation system in legumes. The autoregulation of
mycorrhization (AOM) and of nodulation (AON) are suggested to be initiated via the
common early signaling cascade. This signaling pathway is required for successful AM
fungal and rhizobial infections and in addition elicits a so-called activated state in the
root resulting in the production of root-derived signal(s). For the AON, these are
predicted to be CLE peptides (Reid et al. 2011). Corresponding signal(s) are also
suggested for the AOM, but have so far not been identified. The root signal(s) are
translocated to the shoot via the xylem. In the shoot, they activate a CLV1-like
receptor kinase called NARK in G. max (Searle et al. 2003). Activation of NARK
leads to the production of a shoot-derived inhibitor (SDI). SDI is predicted to mediate
the NARK-dependent down-regulation of JA biosynthesis in the shoot (Kinkema &
Gresshoft 2008), the reduced shoot-to-root auxin transport (van Noorden et al. 2006),
and the transcriptional suppression of the homologous transcription factors NF-YAla/b
(Schaarschmidt et al. 2013). These NARK-dependent down-regulations are suggested
to somehow negatively regulate element(s) the common early signaling pathway
and/or production and release of specific root signals that can attract the
microsymbionts. Thus finally results in a systemic suppression of subsequent
infections by both endosymbionts.

The split-root system is a helpful tool to also uncover the effect of AOM in
wild-type plants including the monocot H. vulgare (Pearson et al. 1993,
Vierheilig et al. 2000b, Catford et al. 2003). In the AM symbiosis, the
suppression of subsequent infections is less obvious compared to the LRS
since the AM fungi are able to spread within the root without new epidermal
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infections. This ability can also mask the super-mycorrhization phenotype of
nark mutants (see also Meixner et al. 2005, Schaarschmidt et al. 2013). Using
split-root plants, the effect of a previous AM fungal inoculation of one root
part on the subsequent infections of the other root part can be elucidated by the
comparison to plants that lack a previous inoculation. Moreover, using split-
root plants, the interconnection of AON and AOM was demonstrated (Catford
et al. 2003). Using Medicago sativa it was shown that nodulation of one root
part can suppress subsequent AM fungal colonization of the other root part and
vice versa. Interestingly, Nod factor application was sufficient to trigger AON
and AOM (Catford et al. 2003). This clearly indicates that the autoregulation is
initiated by components of the common early signaling cascade. However,
since the mycorrhization and nodulation phenotypes of some nrark mutants
appear to differ (Meixner et al. 2007), the existence of additional, specific
elements in AOM and AON, correspondent to the commons and specifics in
the establishment of both endosymbioses, were suggested.

The NARK-based autoregulation system is predicted to function in a
similar way than the A. thaliana CLV system, which regulates meristem
development by short-distance signaling (for overview see e.g. Clark 2001,
Wang & Fiers 2010). In brief, in the 4. thaliana CLV system CLV1 and CLV2
form a heteromer that biochemically interacts with the ligand CLV3. Ligand
binding drives CLV1 phosphorylation, which promotes interaction with other
molecules including a kinase-associated protein phosphatase (KAPP) that is a
negative regulator of CLV1. The CLV system negatively controls the stem
cell-promoting transcription factor WUSCHEL and by this regulates cell
proliferation and differentiation in the shoot apical meristem. Corresponding to
the A. thaliana system, potential KAPP (kinase-associated protein
phosphatase) orthologs were identified in G. max showing capability to
dephosphorylate NARK in vitro (Miyahara et al. 2008). An AtCLV2 ortholog
was found to be encoded by Sym28 in P. sativum (Krusell et al. 2011) and
sym28 mutants are characterized by super-nodulation (Sagan & Duc 1996) and
super-mycorrhization (Morandi et al. 2000). Also PsSym28 is acting in the
shoot (Sagan & Duc 1996) and is suggested to interact with the GmNARK
ortholog PsSym29 during autoregulation. In L. japonicus, gene expression
analyses of CLV2 and HARI (=GmNARK ortholog) indicate an overlapping
organ expression patterns; however, a CLV2-HARI interaction could yet not
been proven (Krusell et al. 2011). Moreover, a WUSCHEL-related homeobox
transcription factor of M. tuncatula and P. sativum, WOXS, that is
transcriptionally activated during nodule organogenesis appears to be
controlled by NARK (Osipova et al. 2012). This indicates an involvement of
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the WOX-CLV system also in the control of cell proliferation and
differentiation in the root nodule meristem; however, a function in the AM
symbiosis has not been predicted (Osipova et al. 2012). An additional shoot
component of the autoregulation system, at least for the AON, is encoded by
KLAVIER, a predicted LRR receptor-like kinase identified in L. japonicus
(Oka-Kira et al. 2005, Miyazawa et al. 2010). Recently, an involvement of the
ubiquitin-dependent protein degradation pathway was suggested for the AON
by identification of an ubiquitin fusion degradation protein-encoding gene,
UFDla, from G. max, which was in leaves found to be induced by rhizobia
infection in a NARK-dependent manner (Reid et al. 2012).

Upon autoregulation, NARK is activated by root-derived signal(s) that are
transported to the shoot most likely in the xylem sap (Djordjevic et al. 2007).
In accordance to the 4. thaliana CLV system, peptides similar to AtCLV3 are
predicted as root-derived, NARK activating signals. In the last years, several
CLV3/ESR-related (CLE) peptides were identified in legumes including
nodulation- and nitrate-inducible ones (Oeclkers et al. 2008, 2009, Okamoto et
al. 2009, Mortier et al. 2010, Lim et al. 2011, Reid et al. 2011). Root-specific
overexpression of such CLE peptides can suppress nodulation in a NARK-
dependent manner (Okamoto et al. 2009, Lim et al. 2011, Reid et al. 2011,
Osipova et al. 2012). The rhizobia-induced CLEs are supposed to act as root-
derived signals in the AON activating NARK in the shoot, whereas nitrate-
induced CLE peptides require action of NARK in the root (Reid et al. 2011).
CLE peptides are also suggested to activate NARK in the AOM; however,
AM-induced CLE peptides have yet not been described. NARK might be also
activated by other or additional peptides. In M. truncatula, two peptide-
encoding genes, RALFLI and DVLI, were identified by gene expression
analysis of a super-nodulating double mutant after Nod factor treatment
(Combier et al. 2008b). MtRALFLI and MtDVLI are induced upon Nod factor
response and their overexpression resulted in reduced nodule number and
enhanced abortion of infection threads. Thus makes MtRALFL1 and MtDVL1
likely candidates for root-derived signals involved in autoregulation.
Activation of NARK in the shoot results in the production of a shoot-derived
inhibitor (SDI). For the AON, SDI has been biochemically characterized as a
heat-stable, ethanol-soluble, low-molecular weight molecule which is unlikely
a RNA or protein (Kenjo et al. 2010, Lin et al. 2010). A putative receptor of
SDI in the root might be encoded by TOO MUCH LOVE (TML) that was
identified in L. japonicus by analyzing a novel super-nodulating mutant
(Magori et al. 2009). Perception of the SDI somehow results in suppression of
subsequent AM fungal and/or rhizobial infections (see also Figure 6).
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Several studies point to an involvement of phytohormones in the AON,
including auxins (van Noorden et al. 2006, 2007), cytokinins (Caba et al.
2000, Wopereis et al. 2000), and JA (Seo et al. 2007, Kinkema & Gresshoff
2008). Also for the AOM, an involvement of auxin is suggested since the local
AM-induced increase in the root indole-3-acetic acid (IAA) content was lower
in G. max nark mutants compared to the wild type (Meixner et al. 2005, 2007).
However, in non-inoculated M. truncatula sunn mutant plants, a higher shoot-
to-root auxin transport was detected in comparison to the corresponding wild
type (van Noorden et al. 2006, 2007). Concerning JA, nark mutation was
found to stimulate JA biosynthesis in the shoot compared to wild-type plants
(Seo et al. 2007, Kinkema & Gresshoff 2008). (Moderately) elevated shoot JA
levels are suggested to stimulate nodulation (Seo et al. 2007, Kinkema &
Gresshoff 2008) and, as recently indicated by leaf-wounded M. truncatula
plants, also the AM interaction (Landgraf et al. 2012). However, elevated JA
biosynthesis in nark mutants appears to be development-dependent (Seo et al.
2007, Kinkema & Gresshoff 2008). Moreover, some application experiments
with MeJA gave contradictory results indicating reduced calcium spiking
and/or nodule number upon elevated jasmonate levels, even in nark/harl and
tml mutants (Nakagawa & Kawaguchi 2006, Sun, Seo et al. 2007, Magori &
Kawaguchi 2010). Such repressory effects might be (partly) explained by non-
physiological jasmonate concentrations. In contrast, shoot-application of a JA
biosynthesis inhibitor reduced super-nodulation in nark mutant plants, but not
in the wild-type (Kinkema & Gresshoff 2008), which might support a role of
JA during autoregulation (for review see also Hause & Schaarschmidt 2009).
For cytokinins, Caba and co-workers (2000) found higher basal levels in roots
of a G. max nark mutant compared to the wild type. However, studies on the
cytokinin-insensitive crel mutant of M. truncatula do not support a role for
cytokinins in the AM interaction (see Foo et al. 2013 for this information);
instead, cytokinins regulate, in interaction with ethylene, nodule organogenesis
(Plet et al. 2011) and can also alter root growth which is affected in the L.
Japonicus harl mutant (Wopereis et al. 2000).

The systemic feedback inhibition of the AM interaction, that also occurs
in non-leguminous plants (Vierheilig et al. 2000b, 2000c), appears to require a
certain threshold of AM fungal colonization and/or a certain time-span to be
activated (Vierheilig 2004). Different to the nitrate-tolerant nodulation
phenotype of nark mutants (Carroll et al. 1985), the AOM was not found to be
associated with the suppression of AM formation by phosphate (Vierheilig et
al. 2000c, Schaarschmidt et al. 2013). Also C;3 cyclohexenone apocarotenoids
that accumulate upon AM fungal root colonization (Vierheilig et al. 2000a)



Molecular Signaling in the Arbuscular Mycorrhizal Symbiosis 57

were not found to be involved in the AOM in H. vulgare (Vierheilig et al.
2000c). Interestingly, autoregulation was accompanied by changes in the
flavonoid pattern (Catford et al. 2006). Host plants can exude specific
flavonoids to attract AM fungi and rhizobia (see subsection 2.1.1.). Some
flavonoids were also found to inhibit presymbiotic AM fungal growth. In M.
sativa, root part-specific inoculation with an AM fungus or with a rhizobium
or Nod factor application resulted in changes of root exuded flavonoids
(Catford et al. 2006). In all cases, a reduction of formononetin and ononin was
found in the un-treated root part. For the LRS it was shown that application of
formononetin or ononin to the subsequently inoculated root part could partly
restore nodulation (Catford et al. 2006). Moreover, by applying root exudates,
which were collected from different root systems, to cucumber (Cucumis
sativus) plants inoculated with an AM fungus it could be demonstrated that
only root exudates of non-mycorrhizal C. sativus plants, but not of
mycorrhizal C. sativus plants (neither from the mycorrhizal nor from the non-
mycorhrizal root-part) stimulate AM formation (Vierheilig et al. 2003). Root
exudates of non-host plants either reduced AM fungal root colonization in C.
sativus (as found for exudates of Brassicacae species) or had no effect (in case
of L. albus root exudates) (Vierheilig et al. 2003). Upon AM fungal
colonization, not only the pattern of root-exuded flavonoids changes, but also
the exudation of strigolactones is reduced as indicated by the seed germination
activity of parasitic weeds (Lendzemo et al. 2009, Louarn et al. 2012).

Such changes in the root exudates not only influence subsequent
infections with AM fungi, but can also affected interactions with other
organisms including parasites, indicating the role of AM fungi as potential
biocontrol agent. However, different effects were found in different system.
For example, root exudates from mycorrhizal strawberry and tomato plants
reduced the sporulation of Phytophthora fragariae (Norman & Hooker 2000)
and the attraction of Phytophthora parasitica zoospores (Lioussanne et al.
2009), respectively. G. max root exudates of mycorrhizal and/or nodulated
plants suppressed growth of the soybean red crown rot pathogen
Cylindrocladium parasiticum (Gao et al. 2012). Disease severity was further
suppressed by activated defense mechanisms in mycorrhizal and/or nodulated
roots indicated by accumulation of PR gene transcripts. In contrast,
microconidia germination of the tomato pathogen Fusarium oxysporum f. sp.
lycopersici was stimulated by root exudates of mycorrhizal S. lycopersicum
plants (Scheffknecht et al. 2006). Interestingly, also plant growth-promoting
rhizobacteria were more attracted by root exudates of mycorrhizal S.
lycopersicum than of non-mycorrhizal plants (Gupta Sood 2003). Here,
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however, the effect was predicted to be caused by exuded organic acids or
sugars, depending on the rhizobacterial species. In addition, the autoregulation
can also affect infections with root-knot nematodes, since they are predicted to
have recruited elements of the host response to mutualistic endosymbionts,
particularly of the LRS, to elicit formation of giant cells in the host root
(Weerasinghe et al. 2005). L. japonicus harl mutants were found to be hyper-
infected by the root-knot nematode Meloidogyne incognita (Lohar & Bird
2003). Thus, in wild-type plants infected with rhizobia and/or AM fungi root-
knot nematode infections might be suppressed via autoregulation. Further
studies are required to elucidate commons and specifics in the AON and AOM
as well as putative cross-talks with parasitic interactions.

To provide insights into the NARK-dependent transcriptome during
AOM, recently the G. max gene expression of wild-type and nark mutants was
analyzed in different tissues of split-root plants that either were partially
inoculated with R. irregularis or stayed un-inoculated (Schaarschmidt et al.
2013). In previous studies, G. max nark mutant and wild-type plants were
investigated during AON identifying the transcriptional regulation of JA-
responsive and JA biosynthesis genes by NARK during the LRS (Kinkema &
Gresshoff 2008) and the regulation of putative defense-related genes and
predicted gibberellic acid biosynthesis genes (Hayashi et al. 2012). However,
during AOM no obvious overlap was found with the gene expression during
AON (Schaarschmidt et al. 2013). This might be due to different
developmental stages of the plants or due to a specific signaling down-stream
of NARK upon AON and upon AOM. During the AM interaction, only minor
systemic changes were found compared to the local transcriptional
reprogramming in mycorrhizal roots (Schaarschmidt et al. 2013). Among the
genes verified to be regulated in a NARK-dependent manner during AM
symbiosis was a predicted ornithine acetyl transferase gene, the stress-induced
receptor-like kinase gene GmSIK!, and a predicted DEAD box RNA helicase
gene (for more information see Schaarschmidt et al. 2013) — all reflected a
systemic down-regulation of gene expression by NARK in roots and shoots. A
predicted annexin gene, named GmAnnla, was locally up-regulated by AM
(independently of NARK) but was in the shoot suppressed by NARK
(independently of AM). The expression pattern in different tissues indicates
that shoot-specific suppression might particularly occur in the shoot
vasculature (Schaarschmidt et al. 2013). This novel NARK-dependent
expression pattern of an annexin gene indicates a role in long-distance
signaling, next to the predicted function of symbioses-induced annexins in
early intracellular signaling or in formation of the perifungal/symbiosome
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membrane (de Carvalho-Niebel et al. 2002, Manthey et al. 2004, Amiour et al.
2006, Talukdar et al. 2009, Schaarschmidt et al. 2013).

In addition, two predicted CCAAT-binding transcription factor subunit
genes, named GmNF-YAla and GmNF-YAIb, were systemically down-
regulated by NARK in the root parts (Schaarschmidt et al. 2013). RNAi-
mediated gene suppression of GmNF-YAla/b in roots demonstrated a crucial
role for these homologous transcription factors in AM establishment. Different
to previously reported rhizobia-inducible NF-Y genes that might be targeted by
NIN (see for example Combier et al. 2006, 2008a, Asamizu et al. 2008,
Libault et al. 2009, Soyano et al. 2013), the repression of GmNF-YAla/b gene
expression upon AM interaction indicates a novel function of these genes in
AON. It might be possible, that GmNF-YAla/b target an element of the early
signaling pathway or that they are involved in production of specific root-
exuded signals (see also Figure 6). The specific role and targets of GmNF-
YAla/b and whether these transcription factors are also key players in the
AON have to be further elucidated.

Next to gene expression changes upon autoregulation, also post-
transcriptional regulation can occur to suppress or alter the endosymbiont-
elicited transcriptional reprograming of the host that would be required for a
successful root infection.

A transcriptome-wide degradome analysis performed on M. truncatula
roots identified targets of miRNAs that undergo mRNA cleavage upon AM
interaction (Devers et al. 2011). Among these, NSP2 was identified whose
transcripts were found to be cleaved upon interaction with a miRNA of the
miR171 family, called miR171h (Devers et al. 2011). MiR171h expression is
induced in response to Myc-LCOs and upon mycorrhization in the non-
infected elongation zone of the root, which might be the target tissue for
subsequent infections (Lauressergues et al. 2012).

Also CCAAT-binding transcription factors can be targets of miRNA-
mediated gene silencing. In M. truncatula, the NF-YA gene HAP2-1 that is
involved in root nodule formation is negatively regulated by miRNA169
(Combier et al. 2006). And also in mycorrhizal roots, miR169d-triggered
transcript cleavage was detected for one CCAAT-binding transcription factor
gene (Devers et al. 2011). Weather such post-transcriptional regulations are
dependent on NARK and are thus part of the autoregulation system has yet,
however, not been investigated.
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5. LOOKING AHEAD

Since the first descriptions of mycorrhizal interactions starting in the
1840s including the innovative publications of Franciszek Kamienski and
Bernhard Frank in the 1880ies (Kamienski 1881, Frank 1885), numerous
studies has been performed on mycorrhizal symbioses, including the AM
symbiosis, allowing fundamental insights. However, further research is
required to fully understand the complex mechanisms that underlie the
interaction between plants and AM fungi, which forms the most successful and
ancient plant-microbe symbiosis. Most terrestrial plants still rely on this
symbiosis to improve their fitness, although the AM symbiosis represents a
considerable carbon-cost for plants which is guessed to account for up to 20%
of the photosynthetically fixed carbon and an estimate of world-wide 5 billion
tons of carbon annually (Bago et al. 2000). In return, the AM fungi contribute
to improved (agro-)ecosystem productivity and diversity as well as soil quality
and structure by accounting for most of the organic carbon including the
secreted glue-like glycoprotein glomalin (Rillig 2004).

Establishing and maintaining a mutualistic AM symbiosis involves
complex pathways and different mechanisms which are still not fully
understood but which will provide important insights into the functioning of
an AM symbiosis. Knowledge of this ancient and still widely-distributed
plant—microbe interaction will also help to better understand the evolution and
function of other plant-microbe interactions, including symbiotic and
pathogenic ones that can as well have important economic and ecologic
impacts. The recent sequencing of the transcriptome and the genome of the
AM model fungus R. irregularis DAOM 197198 (Tisserant et al. 2012, 2013)
is one key step in this direction. The sequence information will for example
force the elucidation of the biotrophic character of the members of the
Glomeromycota including their carbon uptake systems and the further
identification of AM fungal signals by identifying the involved biosynthesis
genes and analyzing their transcriptional regulation. Knowledge on the fungal
genes and the according biosynthesis pathways can also help to differentiate
between fungus- and host-derived origin of compounds detected in
mycorrhizal roots.

Next to the research on model organisms including members of the
Fabacea family and only few common AM fungal species, research on less
characterized plant and fungal species will strongly contribute in further
increasing our knowledge on AM functioning and putative conservation of
mechanisms across the plant kingdom in both Arum and Paris type
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mycorrhizas. It will also help to elucidate the fungus- and plant-derived signals
defining the AM morphology.
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