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CHAPTER ONE

INTERACTIONS BETWEEN PLANTS AND
ARBUSCULAR MYCORRHIZAL FUNGI

Shingo Hata, Yoshihiro Kobae, and Mari Banba

Contents
1. Introduction 2
2. Studies on Model Legumes 3
2.1. The presymbiotic phase 3
2.2. The endosymbiotic phase 9
3. Studies on Other Plants 14
3.1. Bryophytes 14
3.2. Lessons from Arabidopsis 16
3.3. Crops 18
3.4. Variability of plant responses as to AM colonization 24
3.5. Toward sustainable agriculture 26
4, Concluding Remarks 32
Acknowledgments 33
References 33

Abstract

Arbuscular mycorrhizal (AM) fungi inhabit the root cortical cells of most plants
and obtain photosynthates from the host plants while they transfer mineral
nutrients from the soil to the hosts. In this review, we first summarize recent
progress regarding signal molecules involved in the recognition of each sym-
biont, the signaling pathways in the host plants, and the characteristics of AM-
inducible nutrient transporters, which were elucidated mainly using model
legumes. Then, we summarize studies on the colonization by AM fungi
of lower plants and of the roots of major crops. There are not only “AM-respon-
sive” crops like maize, sorghum, and soybean but also “AM-nonresponsive”
ones like wheat, barley, and rice. Finally, we mention the worldwide problems of
limited and biased agricultural resources and discuss future directions as to how
we can make use of AM symbiosis forimproving crop production and establishing
sustainable agriculture.

Laboratory of Crop Science, Graduate School of Bioagricultural Sciences, Nagoya University, Nagoya, Japan

International Review of Cell and Molecular Biology, Volume 281 © 2010 Elsevier Inc.
ISSN 1937-6448, DOI: 10.1016/S1937-6448(10)81001-9 All rights reserved.
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1. INTRODUCTION

Arbuscular mycorrhizae are symbiotic associations between plants
and fungi, the term arbuscular mycorrhiza (AM) being derived from the
Latin word ““arbusculum” and the Greek words “mycos” and “‘rhiza,”
which mean little tree, fungus, and root, respectively. In fact, the fungi
often form little tree-like structures, arbuscules, in plant root cells. Arbus-
cular mycorrhizal symbiosis has a long history of more than 400 million
years (Redecker et al., 2000; Remy et al., 1994) and is thought to have
contributed greatly to the colonization of the land by plants (Pirozynski
and Malloch, 1975; Simon et al., 1993). Such symbiosis occurs between
70% and 90% of extant land plant species and soil fungi that belong to a
single phylum, the Glomeromycota (Schiilller et al., 2001; Smith and
Read, 2008). The AM fungal hyphae extend into the rhizosphere and
thereby improve the absorption of water and nutrients such as phosphate
and nitrogen, which are two of the three major nutrients, from the soil
through arbuscules (Chalot et al., 2006; Govindarajulu et al., 2005;
Karandashov and Bucher, 2005). Therefore, it is true that “mycorrhizae,
not roots, are the chief organs of nutrient uptake by land plants” (Smith
and Read, 2008). The AM fungi also endow host plants with tolerance to
pathogens and abiotic stress (Liu et al., 2007; Marschner, 1995). During
the long period of coevolution, asexual AM fungi became obligate bio-
trophs that depended on the host plants for their sole carbon supply (Bago
et al., 2000; Smith and Read, 2008; Zhu and Miller, 2003). Thanks to the
application of cell and molecular biological techniques, studies on AM
symbiosis are greatly expanding (Bonfante and Genre, 2008; Bucher et al.,
2009; Harrison, 2005; Parniske, 2008).

The molecular mechanisms of interactions between plants and AM fungi
have mainly been investigated using model legumes, that is, Medicago
truncatula and Lotus japonicus (Harrison, 2005; Parniske, 2008). Here, we
will start by highlighting recent progress regarding signal molecules as to the
symbionts and signaling pathways in plants. Then, we will describe aspects
of the nutrient trading between two symbionts, and turn our attention to
other plants including important crops. We will discuss the potential of AM
symbiosis from the viewpoint of agriculture.



Plant-Fungus Symbiosis 3

2. STUDIES ON MODEL LEGUMES

M. truncatula (barrel medic) and L. japonicus (birdsfoot trefoil) were
postulated to be model legumes in the 1990s (Barker et al., 1990; Cook,
1999; Handberg and Stougaard, 1992). They have small plant bodies, small
diploid genomes (less than 500 Mbp), and a self-fertile nature; exhibit a
rapid generation time and prolific seed production; and are also amenable to
genetic transformation with the aid of Agrobacterium. In addition, genome
sequencing projects on M. truncatula (http://www jcvi.org/cgi-bin/medicago/
index.cgi) and L. japonicus (http://www.kazusa.or jp/lotus/) started rather
early and thus related resources are ample. Both model legumes are very
suitable for the investigation of plant—microbe interactions such as AM
symbiosis and nitrogen-fixing root nodule formation, because Arabidopsis
thaliana, the leading model plant, does not exhibit either symbiosis.

2.1. The presymbiotic phase

2.1.1. Signal molecules

Historically, model legumes contributed earlier to research on nitrogen-
fixing nodule production, another important mode of plant—microbe
symbiosis, than to that on AM symbiosis. Regarding the presymbiotic
stage of nodulation, the mechanism of recognition between leguminous
plants and rhizobial soil bacteria has been well characterized (Spaink, 2000).
Each legume secretes particular inducers, usually flavonoid compounds,
from its roots. A bacterium recognizes the plant inducers through its
NodD proteins (Horvath et al., 1987; Spaink et al., 1987), and then
synthesizes and secretes specific Nod factors, lipochitin oligosaccharides.
The plant genes for Nod factor receptors have also been identified (Madsen
et al., 2003; Radutoiu et al., 2003).

Through analogy to the above mechanism, plant inducers responsible
for activation of AM hyphae were sought. Under suitable conditions, the
spores of AM fungi germinate, and the elongation of the hyphae stops
repeatedly if they do not receive any plant signals (Logi et al., 1998;
Mosse, 1959). In contrast, the respiration of hyphae is activated in the
presence of compound(s) secreted from plant roots (Tamasloukht et al.,
2003). Such diffusible compounds are referred to as ‘“‘branching factors,”
because they cause continuous hyphal growth and hyphal branching of
some AM fungi as well as respiratory activation (Buee et al., 2000). As a
landmark of research on AM symbiosis, Akiyama et al. (2005) identified the
chemical structures of branching factors as those of strigolactones, a group of
sesquiterpene lactones. Fortuitously, for Akiyama et al., L. japonicus is a
model legume that secretes unusually high amounts of branching factors for
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an unknown reason. Strigolactones were already known at that time as
seed-germination stimulants for witchweeds like Striga and Orobanche
(Yoder, 1999). Finally, it turned out that strigolactones are novel plant
hormones that inhibit shoot branching in both monocotyledonous and
dicotyledonous plants (Gomez-Roldan et al., 2008; Umehara et al., 2008).
Therefore, both AM fungi and witchweeds make use of the unstableness of
a kind of plant hormone for the recognition of nearby roots of host
plants (Parniske, 2005).

Now that plant-derived inducers have been identified, the main aim for
natural product chemists would be the identification of diftusible signal
compound(s) from AM fungi, collectively called Myc factor(s), which
correspond to Nod factors in the case of root nodule formation. For
example, a diffusible AM fungal factor activated an early AM-inducible
plant genes encoding MtEnod11 (Chabaud et al., 2002; Kosuta et al., 2003)
and steroid-binding protein 1 (Kuhn et al., 2010), also stimulating lateral
root formation of M. fruncatula (Olah et al., 2005). In addition, with regard
to that the calcium levels in plant cells respond to AM fungi (Kosuta et al.,
2008), a fungal signal molecule was reported to cause transient calcium
elevation in plant cells (Navazio et al., 2007). Recently, another presym-
biotic factor was shown to induce starch accumulation in host roots
(Gugahr et al., 2009b). Unfortunately, the chemical identification of those
factors seems to be far from completion. Whether or not these diffusible
fungal factors are identical is not yet known. It is also unknown whether or
not strigolactones are necessary for the production of these factors.

2.1.2. The prepenetration apparatus

After reaching the epidermis of the host roots, AM fungal extraradical
hyphae form hyphopodia (or appressoria), a special fungal organ from
which hyphae penetrate into the roots. Since the fungi do not form
hyphopodia on nonhost roots, they seem to perform contact recognition
of the cell wall of the hosts (Nagahashi and Douds, 1997). However, the
details of the recognition mechanism are not understood well. Once
hyphopodia are formed, plant cells accept the intraradical hyphae in a very
active manner, as follows. First, the nucleus of an epidermal cell attached to
a hyphopodium migrates close to the hyphopodium and then moves to the
opposite end of the cell. Tracing the nuclear movement exactly, the
membranes of the endoplasmic reticulum, cytoplasmic microtubules, and
microfilaments are deposited and arranged as a tunnel-like structure, the
prepenetration apparatus (PPA). A gene for an expansin-like protein is
induced during PPA formation (Siciliano et al., 2007). A fungal hypha is
only invited into the epidermal cell after formation of the PPA (Genre et al.,
2005). A similar event often occurs in the second plant cell layer before the
tip of a fungal hypha reaches it, guiding the hypha through a region of
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weakened cell walls that lies between the two plant cells. After reaching the
root cortex, a hypha sometimes stays in an apoplast and elongates longitu-
dinally in the root, depending on the host plant species. Then, the fungus
forms arbuscules within the cortical cells. During the arbuscule formation,
an intracellular structure similar to the PPA is observed again (Genre et al.,
2008). The signal for PPA formation is a total mystery at present, but the
similarity between AM symbiosis and nitrogen-fixing root nodule forma-
tion, specifically the PPA and preinfection threads formed in leguminous
roots, was pointed out again (Parniske, 2008). It is noteworthy that arbus-
cules are surrounded by plant plasma membrane-derived periarbuscular
membranes. The thin space between the periarbuscular and fungal plasma
membranes, the periarbuscular space, 1s thought to contain both plant and
fungal cell wall components. The thick intracellular hyphae are surrounded
by plant membranes, too. In the case of root nodules, nitrogen-fixing
bacteria are also surrounded by plant membranes called peribacteroid mem-
branes. Such apparatuses are called symbiosomes. In other words, plant cells
accept AM fungi and rhizobial bacteria into them but exclude the microbes
from their cytoplasm. Overall, it is obvious that the host plants lead in the
infection by symbiotic microbes.

2.1.3. The common symbiosis pathway

In 1996, an epoch-making discovery was reported, that is, that rapid
oscillations in peri- and intranuclear calcium, termed calcium spiking,
were induced on host roots challenged with a specific Nod factor of a
rhizobium (Ehrhardt et al., 1996). Since then, extensive forward genetic
studies involving model legumes have been carried out to dissect the
signaling pathway involving the calcium spiking in nodule and AM sym-
bioses. It was found that some mutants originally isolated as defective as to
the formation of root nodules were also unable to establish AM symbiosis
(Bonfante et al., 2000; Parniske, 2000; Wegel et al., 1998). The infection by
AM fungi of roots of these mutants results in running extraradical hyphae
exhibiting aberrant appressoria, an absence of internal fungal colonization,
ceasing of elongation of intraradical hyphae or incomplete formation of
arbuscules in the inner cortex. These phenotypes show that AM fungal
infection is mainly aborted at the root epidermis (Banba et al., 2008;
Bonfante et al., 2000; Kistner et al., 2005; Wegel et al., 1998). Now, at
least seven genes in L. japonicus are known to be involved in the establish-
ment of both types of symbiosis (Kistner et al., 2005), and most of their
counterparts in M. fruncatula have also been investigated. The signaling
pathway comprising these genes is called the common symbiosis pathway
(CSP; Fig. 1.1). Based on the presence of the CSP and the above-described
similarity between the two types of symbiosis, it is generally accepted that
leguminous plants co-opted the preexisting mechanism of AM symbiosis
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Figure 1.1 Simplified signaling pathways that lead to root nodule formation and AM
synbiosis. The common symbiosis pathway is indicated in boldface.

with rhizobial bacteria when they obtained the ability to form nitrogen-
fixing root nodules (Kistner and Parniske, 2002). Among the CSP genes of L.
Jjaponicus, SYMRK, CASTOR, POLLUX, NUP85, and NUP133 lie
upstream of calcium spiking, whereas CCaMK and CYCLOPS are down-
stream of it (Miwa et al., 2006; Fig. 1.1). Difterences in the frequency and
amplitude of Ca oscillations between AM symbiosis and root nodule forma-
tion have been pointed out (Kosuta et al., 2008). Interestingly, Arabidopsis
lacks orthologs of SYMRK, CASTOR, CCaMK, and CYCLOPS, which
explains the inability of Brassica plants to perform AM symbiosis (Chen et al.,
2009). We will summarize recent progress regarding these genes briefly in the
following paragraphs.

SYMRK of L. japonicus (DMI2 in M. truncatula) encodes a receptor-like
kinase on plasma membranes with an N-terminal leucine-rich repeat
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domain on the apoplastic side, a middle transmembrane domain, and a
C-terminal kinase domain on the cytoplasmic side (Endre et al., 2002;
Stracke et al., 2002). The SYMRK proteins are thought to act at the most
upstream of the CSP, but their ligand has not been identified. The target of
phosphorylation has not been elucidated, either. The SYMRK proteins in a
wide variety of plant species fall into roughly three types that differ in
length, domain structure, and biological function. All of the shortest type
in monocots, the intermediate type in nonleguminous dicots and the
longest type in legumes are enough to establish AM symbiosis, whereas
only the longest type acts in the formation of nitrogen-fixing nodules
(Gherbi et al., 2008; Markmann et al., 2008). Therefore, the molecular
evolution of SYMRK seems to be one of the necessary events for legumes to
obtain the ability to form root nodules.

The twin genes CASTOR and POLLUX (the M. truncatula ortholog of
the latter being DMI1) encode potassium-permeable channels in the nuclear
envelope, the functions of which are essential for calcium spiking (Ané et al.,
2004; Charpentier et al., 2008; Imaizumi-Anraku et al., 2005; Matzke et al.,
2009). A gene of M. truncatula orthologous to CASTOR had long been
missing, but was identified in 2009 at last (Chen etal., 2009). Two L. japonicus
genes for nucleoporins, NUPS85 (Saito et al., 2007) and NUP133 (Kanamori
et al., 2006), were reported to be essential for induction of calcium spiking.
An ortholog of NUP133 in M. truncatula was recently found (Grimsrud et al.,
2010), but that of NUPS8J5 has not yet been identified. NUP85 and NUP133
are thought to be constituents of a specific subcomplex in the nuclear pore,
but whether they function directly or indirectly in the signaling pathway
remains to be elucidated (Parniske, 2008).

CCaMK of L. japonicus and its M. truncatula ortholog DMI3 encode a
plant-specific calcium-calmodulin-dependent protein kinase (CCaMK),
which appears to decode calcium spiking (Lévy et al., 2004; Mitra et al.,
2004). Strikingly, overexpression of a mutant CCaMK protein that lost the
ability of autoinhibition of the enzyme activity induced empty white
nodules, suggesting that activation of CCaMK is the only key that triggers
the entire processes of nodule formation (Gleason et al., 2006; Tirichine
et al.,, 2006). Genre et al. (2009) recently reported that CCaMK/DMI3
exhibits another function, that is, it protects cells from death upon physical
contact, extending its biological importance to outside the CSP.

CYCLOPS of L. japonicus (IPD3 of M. truncatula) encodes a unique
protein with a nuclear localization signal and a coiled-coil domain
(Messinese et al., 2007; Yano et al., 2008). The protein product interacts
physically with CCaMK in plant nuclei, and is also phosphorylated by
CCaMK in vitro (Yano et al., 2008) and in vivo (Grimsrud et al., 2010).
Therefore, at least three proteins, CCaMK, CYCLOPS, and calmodulin,
appear to form a complex within plant nuclei and decipher the signals
hidden behind the calcium spiking.
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Basically, nothing is known about the upstream part of the CSP in AM
symbiosis. Also, much less is known about the downstream events in the
CSP in AM symbiosis, except that lysophosphatidylcholine was postulated
to be involved in the signaling (Bucher et al., 2009; Drissner et al., 2007).
On the other hand, a couple of gene products were reported to be involved
in nodulation (Fig. 1.1). This is mainly because it is much more laborious
and difficult to find AM-impaired (myc ™) mutants than ones unable to form
nodules (nod ™). If a number of mutants that show the myc nod™ pheno-
type, for example, become available in the future, genetic dissection of the
upstream and downstream parts of the CSP for AM symbiosis will progress
significantly. In this regard, the recent isolation of a myc” *nod™ mutant of
M. truncatula may provide a clue for solving this problem (Morandi et al.,
2009). In addition, if the above-described Myc factors are identified and
sufficient amounts become available for our experiments, the initial events
of AM fungal infection will be revealed at the cellular level.

2.1.4. Transcriptome profiling

Although the genes involved in the CSP play indispensable roles in the
establishment of AM symbiosis, their expression is rather constitutive, their
transcript levels not changing so much. Transcriptome profiling may shed
light on the process of AM symbiosis. Analysis with the aid of DNA arrays
has been an especially powerful method for identifying differentially regu-
lated genes in tissues or during biological development. Because AM
colonization is not synchronous, however, application of this method
sometimes needs careful experimental design to analyze the initial stage of
AM fungal infection. Liu et al. (2003) and Deguchi et al. (2007) reported
the first DNA array analyses of AM colonization of M. truncatula
and L. japonicus roots, respectively. Both studies revealed that the genes
encoding the enzymes involved in defense-related secondary metabolism
and the pathogen response were transiently and moderately upregulated at
the initial stage. These results are in accord with former reports on gene
expression (Blee and Anderson, 1996; Bonanomi et al., 2001; Gao et al,,
2004; Harrison and Dixon, 1993, 1994), proteome analysis (Amiour et al.,
2006), and biochemistry (Volpin et al., 1994, 1995). A similar observation
was also made for rhizobial infection at the initial stage of root nodule
formation (Kouchi et al., 2004). Therefore, host plants seem to guard
themselves to some extent against unidentified microbes, and then invite
some after recognizing that they are symbionts. Recently, Guether et al.
(2009a) reported very different results from the above-described ones.
However, the physiological meaning of the differential regulation of the
newly reported genes has not been discussed. Comparison between the
newly reported L. japonicus genes (Guether et al., 2009a) and previously
reported M. truncatula genes, especially the expansin-like B gene, by the same
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group (Genre et al., 2009; Siciliano et al., 2007), seems not enough, either.
It would be natural to expect that the reproducibility of the transcriptional
response of L. japonicus to salt stress, an abiotic stress, would be much more
reproducible than the response to microbe infection, a biotic stress. Since
even the reproducibility in the former case is very low (Sanchez et al.,
2010), it may not be so unusual that the results of transcriptome analyses of
plant—microbe interactions vary from experiment to experiment if the
conditions for plant growth and fungus inoculation are different.
Grunwald et al. (2009) also reported that very few plant genes were reported
to be commonly regulated, depending on the AM fungal species.

2.2. The endosymbiotic phase

2.2.1. Aspects of nutrient trading

After penetration into plant cortical cells, fungal hyphal branches form the
main trunks of arbuscules. Then, the trunks undergo repeated dichotomous
branching to form mature arbuscules in the intracellular apoplast. Morpho-
metric techniques have shown that the growing and mature stages of
arbuscules usually continue for only 2-3 days (Alexander et al., 1989;
Smith and Read, 2008). Then, the arbuscules shrink all of a sudden, the
fungus forming many septa in the collapsing branches (Harrison, 2005; Javot
et al., 2007a). The collapse of arbuscules results in clumps and finally the
clumps disappear. The whole arbuscule cycle was estimated to be 7-8 days
(Alexander et al., 1989; Smith and Read, 2008).

The metabolic flux of nutrients in AM symbiosis is well summarized in
the excellent review of Parniske (2008). Briefly, inorganic or organic
nutrients are absorbed by extraradical hyphae from soil through fungal
specific transporters of phosphate (Harrison and van Buuren, 1995;
Maldonado-Mendoza et al., 2001), ammonium (Lopez-Pedrosa et al.,
2006), amino acids (Cappellazzo et al., 2008), and zinc (Gonzalez-
Guerrero et al., 2005). Other micronutrients are also absorbed although
the fungal transporters for them have not yet been characterized. Especially
in the case of phosphate, plant roots often create a phosphate-depleted zone
close to the root surface, because the rate of uptake is much higher than the
rate of diffusion in the soil (Bucher, 2007; Karandashov and Bucher, 2005;
Marschner, 1995). However, it is the great advantage of AM symbiosis that
extraradical hyphae elongate beyond the depleted zone to reach a fresh
phosphate pool. Then, the absorbed phosphate and nitrogen nutrients are
converted to polyphosphate and arginine, respectively, in the extraradical
hyphae (Cox et al., 1980; Govindarajulu et al., 2005; Tani et al., 2009).
Polyphosphate forms granules, which moves to the intraradical hyphae and
arbuscules (Cox et al., 1980; Kuga et al., 2008). Positively charged arginine
and metal ions are thought to be transported with the negatively charged
polyphosphate granules. Within (or around) arbuscules, the polyphosphate
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granules are hydrolyzed to orthophosphate (Funamoto et al., 2007; Javot
et al., 2007a; Solaiman et al., 1999) and arginine is decomposed to ammo-
nium through the urea cycle (Cruz et al., 2007; Govindarajulu et al., 2005;
Jin et al., 2005). Then, phosphate and ammonium are exported into the
periarbuscular space. On the other hand, carbon is not released from AM
fungi (Govindarajulu et al., 2005), probably because it is a precious element
for them.

As mentioned before, AM fungi totally depend on the host plants for
their carbon sources. Sucrose, which is the most common photosynthate
form transported from shoots to AM roots, is hydrolyzed mainly in the
periarbuscular space by either sucrose synthase (Hohnjec et al., 2003) or
invertase (Schaarschmidt et al., 2006, 2007). The resulting hexoses (mainly
glucose) are thought to be imported into AM fungi primarily through
arbuscules, although there has been a report that intraradical hyphae also
play some role (Solaiman and Saito, 1997). Then, the hexoses are converted
to lipid bodies mainly composed of triacylglycerol or polysaccharides such as
glycogen for long-distance translocation and storage (Bago et al., 2002,
2003). The lipids and polysaccharides are digested to supply energy and
the carbon skeletons of organic compounds where needed.

2.2.2. The nutrient transporters around arbuscules

As described above, fungal arbuscules, the periarbuscular space, and plant
periarbuscular membranes are the main sites for nutrient exchange between
AM fungi and host plants. Among the nutrients, phosphate is thought to be
the most important one that affects the growth of the host plants (Smith and
Read, 2008). Phosphate is released from fungal arbuscules, but the fungal
phosphate transporter(s) involved in the process has not yet been identified.
The ammonium transporter(s) that exports ammonium through the fungal
membrane is not known, either. On the other hand, there is a clue as to the
import of carbon into fungi. Geosiphon pyriformis, a member of the phylum
Glomeromycota, establishes symbiosis with photosynthetic cyanobacterium
Nostoc punctiforme and performs nutrient exchange. Since a fungal gene
encoding a unique hexose transporter that probably acts in carbon import
from bacteria was identified (Schiiiler et al., 2006), AM fungi may express
similar hexose transporters on the surface of their arbuscules.

Phosphate transporters that are localized on plant plasma membranes
belong to the Phtl family (Bucher, 2007; Javot et al., 2007b). The Phtl
family belongs further to a major facilitator superfamily, each member of
which has 12 transmembrane domains and functions basically as a monomer
(Guan and Kaback, 2006). In 2002, Harrison et al. identified an AM-
inducible phosphate transporter gene, MtPT4, by examining EST databases
for M. truncatula. Immunolocalization of the protein product demonstrated
that MtPT4 resides exclusively on the intracellular membrane closely
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surrounding the fine branches of mature arbuscules. This important finding
was confirmed later using fluorescent protein fusions (Pumplin and
Harrison, 2009). Since members of the Phtl family are symporters of
phosphate and protons (Bucher, 2007; Smith, 2002), the driving force of
MtPT4 activity would be a proton gradient generated across the periarbus-
cular membrane, for example, by an AM-inducible H"-ATPase (Krajinski
et al., 2002). Therefore, the acidic nature of the periarbuscular space is of
pivotal importance for phosphate transfer and, actually, the pH was reported
to be 4.25-4.8 (Guttenberger, 2000; Smith et al., 2001). Five members of
the Phtl family in M. truncatula have thus far been reported (Liu et al.,
2008), MtPT4 being the only AM-inducible phosphate transporter gene.
Although phosphate transporters are often divided into high- and low-
affinity transporters for convenience (Furihata et al., 1992), it should be
kept in mind that some protein modifications may change the characteristics
of the transporters. The major nitrate transporter of Arabidopsis, for example,
exhibits both high- and low-affinity activities depending on its phosphory-
lation and dephosphorylation states (Ho et al., 2009). Thus, it is called a
“transceptor’ (i.e., transporter and receptor).

As for L. japonicus, Maeda et al. (2006) amplified three genes for Phtl
phosphate transporters by PCR and identified an AM-inducible phosphate
transporter gene, LjPT3, for the first time. Strangely at that time, MtPT4
and LjPT3 were not thought to be orthologous, MtPT4 being a member of
divergent subfamily I of the Phtl family, and LjPT3 belonging to common
subfamily III (Harrison et al., 2002; Javot et al., 2007b; Maeda et al., 20006).
Nonetheless, Maeda et al. (2006) claimed that LjPT3 was likely to be the
major AM-inducible phosphate transporter gene in L. japonicus. Recently,
using a newly prepared OligoChip or improved genomic information on
L. japonicus, Guether et al. (2009a) and Takeda et al. (2009) found another
novel AM-inducible phosphate transporter gene, LjPT4, the protein prod-
uct of which belongs to subfamily I of the Pht1 family. Unfortunately, our
classical cDNA arrays did not contain either LjPT3 or LjPT4 (Deguchi
et al., 2007). Therefore, although somewhat preliminary, we carried out a
confirmatory experiment involving inoculation of Glomus mosseae and
Gigaspora margarita, which were used by Maeda et al. (2006) and Guether
et al. (2009a), respectively, onto L. japonicus roots. As shown in Fig. 1.2,
LjPT3 was AM-inducible, but the extent of its induction in AM roots was
low and varied. The inoculation of G. mosseae, as in the previous study
(Maeda et al., 2006), caused significant upregulation in one plant but not in
others. The reason for this discrepancy is unclear, but small differences in
growth conditions may have resulted in great differences in gene expression.
The extent of LjPT3 induction was also influenced by the AM fungal
species, as Feddermann et al. (2008) pointed out. At 3 weeks after inocula-
tion, G. margarita did not exhibit a significant change, as reported by
Guether et al. (2009a). At 7 weeks after inoculation, however, the gene
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Noninfected G. mosseae  Noninfected G. margarita G. margarita
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LiPT3
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Figure 1.2 Detection of RT-PCR products of LjPT3, LiPT4, and an actin gene
(Ljactin) in AM-colonized roots or uninfected control roots of L. japonicus. The plants
were inoculated with G. mosseae (Idemitsu Kosan Co., Tokyo) or G. margarita (Central
Glass Co., Tokyo) and grown on Kanuma soil, a volcanic ash subsoil, including a half
strength of Hoagland medium containing 200 M phosphate on a growth shelf at 25 °C
for the indicated periods. The colonization of fungi was good enough in AM roots,
while no colonization was detected in noninfected roots. RNA preparations were
extracted from the roots, but it was impossible to recover RNA from 7-week-old
noninfected roots, probably because of the phosphate deficiency. Then, cDNAs were
synthesized with oligo(dT) and reverse transcriptase, and PCR was carried out using
the same primers as for LjPT3 reported (Maeda et al., 2006). After agarose gel
electrophoresis, the bands of expected size (ca. 260, 290, and 90 bp for LjPT3,
LjPT4, and Ljactin, respectively) were visualized with ethidium bromide under UV
light. Each lane represents an individual biological replicate.

seemed to be upregulated (Fig. 1.2). On the other hand, LjPT4 was more
strongly, steadily, and specifically induced (Fig. 1.2), confirming recent
reports (Guether et al., 2009a; Takeda et al., 2009). Obviously, therefore,
the claim of Maeda et al. (2006) must be changed as follows: The major
AM-inducible phosphate transporter in L. japonicus is LiPT4, not LiPT3. In
the previous work, Maeda et al. (2006) designed degenerate primers expect-
ing the exact amino acid sequence that is present in LjPT4, but unfortu-
nately the corresponding cDNA fragment was not amplified on PCR for an
unknown reason. In addition, they were not aware that real-time RT-PCR.
tends to exaggerate differences in expression levels compared to hybridiza-
tion analyses or regular RT-PCR, like in Fig. 1.2 (Guether et al., 2009a; Liu
et al., 2007). S. Hata, an author responsible for that paper, hereby expresses
his regret for any inconvenience to researchers on AM symbiosis. Because
we can now imagine that the result of knockdown or knockout of LjPT4
would be severer than that in the case of LjPT3, like the knockout of
MitPT4 (Javot et al., 2007a), the next question would be why the effect of
knockdown of minor LjPT3 was obvious (Funamoto et al., 2007; Maeda
et al., 2006). The reason is unclear again, but one possible explanation
would be that LjPT3 and LjPT4 have slightly different biological roles.
Regarding this point, apoplastic sucrose synthase and invertase, for example,
function complementarily. Either knockdown of the sucrose synthase gene
(Baier et al., 2010) or inhibition of invertase activity (Schaarschmidt and
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Hause, 2008; Schaarschmidt et al., 2007) resulted in evidently defective AM
symbiosis, although different plant materials were used in these works. Also
notably, both AM symbiosis (Baier et al., 2010) and nodulation (Baier et al.,
2007) were impaired on knockdown of the sucrose synthase gene of
M. truncatula, as reported for LiPT3 of L. japonicus (Maeda et al., 2006).
The relationship between LjPT3 and LjPT4 remains to be studied more.

In plants, animals, fungi, and bacteria, ammonium is transported across
the plasma membrane by members of the Ammonium Transporter/
Methylammonium Permease/Rhesus family. Transporters of this family
have 11 transmembrane domains and form a homotrimer structure in the
membrane (Khademi et al., 2004; Zheng et al., 2004), their carboxyl
termini acting as regulatory domains (Neuhiuser et al., 2007). Whether
ammonium transport proteins are channels or well-coupled transporters is
not yet clear (Mayer et al., 2006). Arabidopsis, for example, has six members
of this family, five belonging to the AMT1 subfamily and one to the AMT?2
subfamily. The AMT1 and AMT?2 subfamilies are rather distantly related to
each other. In 2009, there was a breakthrough as to ammonium transpor-
ters, which function on the periarbuscular membrane. Gomez et al. (2009)
and Guether et al. (2009a) found novel highly upregulated genes in AM
roots of M. truncatula and L. japonicus, respectively. Among them, IMGAG/
1723.m00046 and LjAMT2;2 encode putative AMT2-type ammonium
transporters. Almost specific expression of these genes in arbuscule-contain-
ing cortical cells was also revealed (Gomez et al., 2009; Guether et al.,
2009a). Two technical improvements contributed to the findings. One was
the adoption of genome-wide GeneChips. This enabled the finding of a
number of differentially expressed genes, including Vapyrin gene of M.
truncatula that encode a cytoplasmic protein required for arbuscule forma-
tion and efficient epidermal penetration by AM fungi (Pumplin et al,,
2010). The other was laser microdissection followed by RT-PCR
(Balestrini et al., 2007). This approach allowed very sensitive detection of
differential gene expression in arbuscule-containing cells and surrounding
noninfected ones. Furthermore, Guether et al. (2009b) demonstrated the
functionality of LJAMT?2;2 by complementation of a yeast mutant. Intrigu-
ingly, it was also shown that the transporter binds the ammonium cations in
the periarbuscular space and releases uncharged ammonia into the plant cells
(Guether et al., 2009b). This appears in sharp contrast to members of the
AMT1 subfamily, which catch and release the ammonium cations (Ludewig
et al.,, 2002; Mayer et al., 2006; Neuhiuser et al., 2007). Recently,
AtAMT1;1, a representative member of the Arabidopsis AMT1 subfamily,
was postulated to be a “transceptor,” because its regulatory phosphorylation
at T460 is triggered by the extracellular ammonium level (Lanquar et al.,
2009). LJAMT2;2 seems to have a distinct regulatory mechanism, because
it does not contain a Thr residue at the site corresponding to T460
in AtAMT1;1.
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In short, we are now establishing a whole image of the transfer of
phosphate and ammonium, the major nutrients, from AM fungi to plants.
In the future, our research will extend to the transfer of minor nutrients such
as sulfate, mineral ions, etc.

3. STUDIES ON OTHER PLANTS

3.1. Bryophytes

Clarification of the process of colonization of the land by green plants is a
challenging and romantic work. It is generally accepted that bryophytes,
which lack true roots, were the pioneer green plants that advanced to the
land. Under harsh conditions, bryophyte—fungus symbiosis, if it occurred,
must have been of great advantage for the collection of nutrients, water, etc.

The extant bryophytes comprise three phyla, liverworts, hornworts, and
mosses, and the relationship among them has long been ambiguous
(Nishiyama et al., 2004). Recently, however, it was suggested that horn-
worts and mosses belong to sister clades of primitive vascular plants, liver-
worts being the most ancestral land plants (Dombrovsk and Qiu, 2004;
Groth-Malonek et al., 2005). Actually, the earliest land plant fossils of the
Ordovician (ca. 475 million years ago) look like ancient liverworts
(Wellman et al., 2003). Among the three phyla, liverworts (Bonfante and
Genre, 2008; Carafa et al., 2003; Fonseca et al., 2006; Ligrone et al., 2007;
Read et al., 2000; Russell and Bulman, 2005) and hornworts (Schiiller,
2000) often include AM fungi, whereas mosses including Physcomitrella
patens lack such an association (Read et al., 2000; Smith and Read, 2008).
Because bryophytes do not have roots, mycorrhizoids and mycothalli are
more precise names for fungus-containing bryophyte tissues. Figure 1.3
shows mycorrhizoids and mycothalli of liverworts, Marchantia paleacea, also
called Marchantia foliacea (Campbell, 1965; Ligrone et al., 2007), and Glomus
intraradices formed under sterile conditions. G. intraradices first infects the
rhizoids of Merchantia, extends its hyphae intracellularly, and then forms
arbuscule-like structures in thalli. Therefore, although the first arbuscule
fossils were found in Aglaophyton major, an Early Devonian (ca. 400 million
years ago) primitive vascular plant (Remy et al., 1994; Taylor et al., 1995), it
is likely that the ancestors of AM fungi were associated with liverworts in
former times. However, it was pointed out by Selosse (2005) that the extant
liverworts are usually colonized by Glomus group A fungi, which are
thought to have appeared later than early land plants (Schiiiler et al.,
2001). Now, it is thought that the association of extant liverworts and
Glomus is likely a result of a host shift from vascular plants to liverworts
(Ligrone et al., 2007; Selosse, 2005). It is also noteworthy that gain and loss
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Infection hypha
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Figure 1.3 Colonization of a liverwort with an AM fungus. (A) Photograph of March-
antia paleacea var. diptera (a gift from Prof. H. Takano, Kumamoto University), which had
been inoculated with spores of Glomus intraradices. (B) Trypan blue-staining shows that
fungal hyphae formed an appressorium on the surface of the rhizoids, penetrated into the
cells, and extended to the thallus. (C) Arbuscules developed in the thallus (40 dpi).
(D) AM fungi mainly colonized the central vein of the thallus of M. paleacea and brown to
red pigments were accumulated around the colonized area. (E) In contrast to in panel
(D), coloration was not observed in a noninoculated control. (F) Trypan blue-staining
indicates that arbuscules were densely formed in the central vein (60 dpi). Bar = 50 um
(B and C), 2 mm (D and E), and 0.5 mm (F).

of mycorrhiza-like associations occurred repeatedly during the evolution of
land plants (Smith and Read, 2008).

We believe that it is still very useful to investigate the mycorrhiza-like
associations of liverworts and Glomus group A fungi, even if a host shift has
occurred. Interpretation of fossils regarding the evolution of ancient plant—
microbe associations remains speculative, and so verification is only possible
by means of experiments involving extant bryophytes and AM fungi.
It would be a very interesting research topic as to whether or not the extant
liverworts retain ancient association systems involving fungi, for example,
signaling molecules such as strigolactones, signaling pathways that corre-
spond to the CSP and nutrient transporters. Unfortunately, however, even
classical experiments on nutrient exchange between liverworts and AM
fungi have not been carried out (Smith and Read, 2008). Thus, strictly
speaking, it is unclear if the association of liverworts and Glomus is symbi-
otic, parasitic, or something else.

The authors strongly feel that it is the time for researchers of bryophyte—
fungus associations, including taxonomists, fossilologists, and molecular
biologists, to form an international consortium. This consortium should
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define a model bryophyte, to improve genome projects, to establish a
transformation system, and to exchange other any information, just like in
the cases of Arabidopsis and other model plants. We, plant physiologists not
familiar with bryophytes, hope that we do not cause any misunderstanding.
Incidentally, it is a pity that the most famous variety of Marchantia poly-
morpha, of which the transformation has been established (Ishizaki et al.,
2008) and the genome sequence is being determined (Yamato et al., 2007),
lacks mycorrhizal associations. Since the methodology of DNA sequencing
is progressing fast, determination of the genome sequence of the “model
bryophyte” will not be difficult. Elucidation of the process of colonization
of the land by green plants is not only interesting from the viewpoint of
basic research but also important for maintaining a comfortable terrestrial
environment filled by green plants in the future.

3.2. Lessons from Arabidopsis

Although Arabidopsis does not perform symbiosis with microbes, the molec-
ular mechanism underlying regulation of phosphate homeostasis was
recently clarified using this leading model plant. Here we will describe an
important concept briefly. Doerner (2008) also produced a nice and com-
pact review on phosphate starvation signaling.

In contrast to its extremely slow movement in soil, phosphate moves
smoothly in plant bodies. Normally, shoots accumulate more phosphate,
which is transferred through the xylem, than roots. With a sufficient
phosphate supply in the soil, Arabidopsis suppresses the expression of
Pht1;8 and Pht1;9, the main phosphate transporter genes in roots, so as
to prevent overaccumulation of phosphate to a toxic level. This suppression
occurs through the indirect action of a PHO2/UBC24 ubiquitin-conjugating
enzyme, which degrades unidentified target proteins involved in the
expression of the phosphate transporter genes (Doerner, 2008). Under these
conditions, PHR 1, a MYB transcription factor that positively regulates the
expression of phosphate starvation-induced genes, does not function. IPS/At4,
a nonprotein coding marker gene of phosphate starvation, is not induced,
either. With a limited phosphate supply in the soil, on the other hand,
plants not only remobilize internal phosphate but also try to acquire external
phosphate. Upon phosphate starvation, PHR1 directs the upregulation
of a family of nonprotein coding microRNAs, miR399a—f, in shoots (Aung
et al., 2006; Bari et al., 2006; Chiou et al., 2006; Fujii et al., 2005). miR399
molecules move from shoots to roots through the phloem (Lin et al., 2008;
Pant et al., 2008). Then, around the vascular cylinders of roots, miR399-
charged complexes act on the 5'-untranslated regions of PHO2/UBC24
transcripts that have sequences complementary to miR399, resulting in
degradation of the transcripts and low levels of PHO2/UBC24 proteins
(Aung et al., 2006; Bari et al., 2006). Now, phosphate transporters encoded
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by Pht1;8 and Pht1;9 are accumulated in the roots to increase phosphate
uptake from the soil. At this time, IPS/At4, a noncoding transcript, is also
induced. The IPS/At4 transcript has a sequence partially complementary
to miR 399, so it mimics the PHO2/UBC24 transcript and impedes the
action of miR 399 (Shin et al., 2006). Importantly, IPS/At41is not degraded
by the miR399-charged complex (Franco-Zorrilla et al., 2007). Thus,
IPS/At4 prevents overaction of Pht1;8 and Phtl;9 transporters.
This recently found beautiful regulatory circuit seems to be slightly
complicated. For example, the small sequence variation among
miR399a—f may play a difterential role (Lin and Chiou, 2008). It was also
pointed out that miR399* may assist the long-distance movement of
miR 399 or exhibit a buffering effect on the action of miR399 by forming
an miR399/miR399* duplex (Hsieh et al., 2009). Besides the above
“threesome,” SPX (SYG, Pho81, and XPR 1) domain-containing proteins
are also related to phosphate-starvation signaling. AtSPX1 is rapidly
induced by phosphate starvation and may be involved in transcriptional
activation of phosphate-mobilization genes, while AtSPX3 plays a role in
negative feedback control of gene expression (Duan et al.,, 2008).
In summary, an interaction between both positive and negative regulators
of phosphate accumulation controls balanced phosphate homeostasis
under phosphate-limiting conditions.

Pant et al. (2009) showed that miR399 is one of the microRNAs
induced by phosphorus limitation, as expected, and also that miR169 is
induced by nitrogen limitation in Arabidopsis. Regarding miR 169, Combier
et al. (2006) reported that miR 169 in M. truncatula controls the level of a
transcription factor, MtHAP2-1, which plays an important role in nodule
formation. Thus, miR 169 seems to be involved not only in the response to
nitrogen starvation but also in nodulation. That paper was the beginning of
research on microRNAs in this model legume. Since then, miR 166 and
other miRNAs of M. fruncatula have been reported to be involved in root
and root nodule formation (Boualem et al., 2008), and the response to
heavy metal stress (Zhou et al., 2008), respectively. Additional novel mi-
RNAs are also present, suggesting complex posttranscriptional gene regula-
tion in M. truncatula (Jagadeeswaran et al., 2009). Strangely, microRNAs in
L. japonicus have been rarely investigated, except that it has been found that
miR 399, miR 169, miR 166, and other conserved families are present, like
in other plants (Sunkar and Jagadeeswaran, 2008).

The CLE (CLAVATA/ESR -related) peptides originally identified in
Arabidopsis are 12-amino acid peptides that exhibit various physiological
effects as ligands of LRR (leucine-rich repeat) receptor kinases (Cock and
McCormick, 2001; Ito et al., 2006; Kondo et al., 2006; Sharma et al., 2003).
Okamoto et al. (2009) clearly showed that two specific CLE peptides of
L. japonicus are involved in regulation of the nodule number, acting as signal
molecules from roots to shoots. Small peptides are also thought to be
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involved in nodulation by M. truncatula, although they are not CLE peptides
(Combier et al.,, 2008a,b). Since CLE peptide-related hypernodulation
mutants of L. japonicus and other plants are also more heavily colonized by
AM fungi than the wild types (Meixner et al., 2005; Solaiman et al., 2000),
these small peptides may be involved in regulation of the extent of coloni-
zation by AM fungi.

3.3. Crops

Rice, wheat, and maize are the three major cereal crops in the world, the
production of each being around 600 million tons per year (FAO, http:/
www.fao.org/). These are consumed as human food, forage for domestic
animals, etc; rice, wheat, and maize providing about 20%, 19%, and 5% of
the world energy supply for humans, respectively. On the other hand,
soybeans are the most important leguminous crop, about 220 million tons
per year being consumed as oils, forage for domestic animals, and human
food (Clemente and Cahoon, 2009). Because it is out of the scope of this
review to cover many crops, we will discuss mainly about rice and soybeans
in the following sections.

3.3.1. Rice

Rice (Oryza sativa) is not only a major cereal but also a model monocotyl-
edonous plant. The transformation of rice is relatively easy (Hiei et al.,
1994) and the DNA sequence of its rather small genome has been
completely determined (International Rice Genome Project, 2005). In
rice, all seven CSP orthologs are present in the genome (Banba et al.,
2008; Chen et al., 2007, 2008, 2009; Gutjahr et al., 2008), and that is
why rice performs AM symbiosis. AM fungi preferentially colonize large
lateral roots that contain cortical cells (Gutjahr et al., 2009a). The initiation
of the growth of large lateral roots is induced upon colonization by AM
fungi, although the architecture of rice roots is somewhat difterent from that
of dicots (Gutjahr et al., 2009a).

Studies on the presymbiotic phase of rice AM symbiosis have been
basically lacking, except that it has been found that rice produces strigolac-
tones like all other plants (Umehara et al., 2008). On the other hand, the
endosymbiotic phase has been investigated well because of the ample
genome information and c¢cDNA array experiments. Paszkowski et al.
(2002) identified OsPT'11 as the major AM-inducible phosphate transporter
gene among 13 genes for Phtl phosphate transporters. Later, OsPT13 was
also reported to be AM-inducible (Giiimil et al., 2005). Slightly different
expression patterns of the two genes were observed (Glassop et al., 2007).
Although rice AM-inducible ammonium transporters have not yet been
identified, we expect this in the very near future. Research on microRINAs
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of rice has been conducted (Sunkar et al., 2005, 2008), but their functions
are unclear except for that of the rice ortholog of miR 399 (Bari et al., 2006).
Recently, OsSPX1 was reported to act via a negative feedback loop to
optimize rice growth under phosphate-limited conditions (Wang et al.,
2009a), like AtSPX3 in Arabidopsis (Duan et al., 2008).

Compared to the roots of other plants such as legumes, rice roots exhibit
very low autofluorescence. Making use of this characteristic, we succeeded
in real-time observation of pariarbuscular membranes in rice roots as follows
(Kobae and Hata, 2010). Since arbuscules are temporal organs and develop
mainly in the inner cortical cells of roots, they are optically and physically
inaccessible. Therefore, if this difficulty is overcome because fluorescent
marker protein-mediated in planta imaging becomes feasible, it would be an
ideal method for investigating these dynamic organs. We prepared trans-
genic rice (O. sativa) plants that express a fusion, that is, rice AM-inducible
phosphate transporter OsPT11-GFP, and grew them with AM fungi. The
OsPT11-GFP fusion resides exclusively on the periarbuscular membranes
closely surrounding the fine branches of mature arbuscules, this area being
called the ““arbuscule branch domain” (Pumplin and Harrison, 2009). We
also established a simple method for visualizing OsPT11-GFP fluorescence
in the rhizosphere (Fig. 1.4). The T1 seeds of the transgenic rice were
grown in 35 mm petri dishes with 27 mm coverslip windows at the bottom.
As the glass bottom was covered with AM fungi inoculant, roots that
extended and reached the bottom were effectively infected by AM fungi
just above the coverslip window. Consequently, real-time OsPT11-GFP

35mm glass Inverted fluorescence
bottom dish microscope

Figure 1.4 A simple device for real-time in planta imaging of GFP fluorescence.
(A) T1 seeds of transgenic rice that express a fusion protein comprising AM-inducible
phosphate transporter and GFP were grown in 35 mm petri dishes with 27 mm coverslip
windows at the bottom. (B) Because the glass bottom was covered with spores, the
elongated root system spread just above the coverslip window, being effectively
colonized by the AM fungus. (C) The GFP fluorescence was observed using an inverted
fluorescence microscope. The roots were illuminated and observed from the underside.
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fluorescence can be successfully performed around 10 days after seed ger-
mination using an inverted fluorescence microscope. In cortical cells,
arbuscules seem to be functional for only a couple of days, confirming
morphometric studies performed long ago (Alexander et al., 1989; Smith
and Read, 2008). Then, time-lapse imaging enabled pinpointing of the
beginning of arbuscule degeneration by capturing of images for a period of
220 min (Fig. 1.5A). The images revealed a series of early-stage degenera-
tion events, from the early symptom of arbuscules to the disappearance of
OsPT11-GFP. The initial morphological change of collapsing arbuscules
comprised rapid shrinkage of arbuscule branches (Fig. 1.5A). It seems likely
that the arbuscule branches suddenly became plastic or fragile, and then
gradually but rapidly shrank, and, as a result, the periarbuscular membranes
might have become stacked and the OsPT11-GFP signals might have
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Figure 1.5 Localization and dynamics of AM-inducible nutrient transporters.
(A) In planta time-lapse imaging of transgenic rice roots that express an AM-inducible
phosphate transporter-GFP fusion under the control of its natural promoter. The roots
were inoculated with Gigaspora rosea 9 days before the observation. The arbuscules
showed dynamic collapse. The arrowhead indicates the densely accumulated fusion
protein on the periarbuscular membranes. In 220 min, GFP fluorescence almost
completely disappeared. (B) Imaging of transgenic roots inoculated with Glomus mos-
seae 12 days before the observation. Arrowheads indicate: 1, a GFP fluorescence-
accumulating cell; 2, a GFP signal-stable cell; and 3, a GFP fluorescence-decreasing
and collapsing arbuscule-containing cell. (C) Localization of GmAMT4;1-GFP in a
mycorrhizal root transformed with GmAMT4;1 promoter-GmAMT4;1-GFP. Left: GFP
signals were observed specifically in cortical cells containing arbuscules (ab), especially
in arbuscule branch domains but not around the arbusculated coil (ac). Center: differ-
ential interference contrast (DIC) bright-field image of the left panel. Right: merged
image of the left and center panels. A and B, From Kobae and Hata (2010) with
modification.



Plant-Fungus Symbiosis 21

become densely accumulated (Fig. 1.5A). The collapsed state of arbuscules
was visible for approximately 2.5 h, and then the GFP fluorescence became
undetectable. Therefore, it is probable that the constituents of periarbus-
cular membrane proteins were promptly digested or realigned during this
short time period. Notably, the arbuscule shrinkage preceded the degrada-
tion of OsPT11-GFP. It seems likely that withdrawal or autolysis of the
fungus induces the degradation event within the plant cells. The collapse of
arbuscules occurred in the subsequent several days. Another example,
showing that difterentially fluorescent cells were present within a single
colonization unit, is shown in Fig. 1.5B. It is notable that some arbuscules
remained for over 24 h, but others formed and collapsed within 24 h. The
images indicate that the OsPT11-GFP expression and the protein turnover
in the periarbuscular membrane comprise a cell-autonomous process.
In conclusion, the real-time imaging of OsPT11-GFP revealed one of the
dynamic aspects of AM symbiosis, namely a period of nutrient exchange.
This simple method can be applicable not only for observation of AM
symbiosis but also for revealing dynamic aspects of any root proteins of
interest, if fluorescent protein fusions are available.

Since AM fungi are basically aerobic microorganisms, they are gener-
ally believed to colonize rice plants only under aerobic conditions, that is,
not on continuous submersion (Vallino et al., 2009). On the contrary,
Secilia and Bagyaraj (1992, 1994) inoculated young rice seedlings with
AM fungi in well-drained nursery boxes, transplanted the colonized seed-
lings to larger pots filled with well-puddled soil and then grew the rice
plants for 145 days until harvest under flooded conditions with 5 cm of
standing water. They reported that the rice roots were colonized, although
the percent of AM colonization of roots was not very high, and that
colonization by AM fungi increases the phosphorus absorption by plant
bodies and the grain yields. Later, Solaiman and Hirata (1997, 1998)
performed similar experiments and confirmed the above results. More-
over, they pointed out that AM colonization increased the absorption of
not only phosphorus but also nitrogen from paddy soil by rice plants. We
tried to infect rice roots with an AM fungus under water. Surprisingly,
infection and colonization occurred even under flooded conditions
(Fig. 1.6A and B). As the aerenchyma is formed through programmed
death of cortical cells and AM fungi only colonize cortical cells (Gutjahr
et al., 2009a), arbuscules were formed in the remaining cortical cells along
with the aerenchyma (Fig. 1.6B). The root aerenchyma is connected to
those in culms and leaves, enabling efficient air passage from the shoots to
the roots. This unique characteristic of rice roots for overcoming the
anaerobic and reduced conditions in paddy soil may make the microaer-
ophillic region around the roots a comfortable area for AM fungi. To our
knowledge, however, investigations as to how commonly AM fungi live
in paddy fields have not yet been performed.
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Figure 1.6 (A) Growth of arice (Oryza sativa cv. Nipponbare) seedling in the presence
of an AM fungus under flooded conditions. A small seedling was transferred to Kanuma
soil, a volcanic ash subsoil, containing a Glomus mosseae inoculant, a medium with low
concentrations of phosphate was immediately poured into the magenta box, and then
the seedling was grown for 4 weeks under fluorescent light. The water surface was kept
3—4 cm above the top of the soil throughout the growth. (B) Trypan blue-staining of the
rice root revealed that an intracellular hypha elongated along with the aerenchyma,
forming arbuscules in cortical cells. (C) Effects of colonization of G. mosseae on the
growth of rice seedlings of 72 varieties under natural light and well-drained conditions.
The shoot dry weight ratios, AM+/AM—, after 4 weeks of inoculation are shown.
N, nonresponsive varieties; R, responsive ones, but the extent is slight; and H, highly
responsive ones. Gray bars, cultivated O. sativa; and black bars, wild rice varieties.

3.3.2. Soybeans
A draft assembly of the soybean (Glycine max) genome was recently released
by the DOE Joint Genome Institute (http://www .jgi.doe.gov/). Thus,
soybeans have become the third model legume (Cannon et al., 2009).
Research on nitrogen-fixing root nodules of soybeans has a long history
(Carroll et al., 1985; Kouchi and Hata, 1993; Tajima and LaRue, 1982). In
contrast, little about the molecular mechanism of soybean AM symbiosis,
neither the presymbiotic phase nor the endosymbiotic phase, is known. We
conducted an in silico examination and found 16 genes encoding ammonium
transporters in the soybean genome (Kobae et al., submitted). Gene-specific
reverse transcription (RT)-PCR indicated that five genes (GmAMT1;4,
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GmAMT3;1, GmAMT4;1, GmAMT4;3, and GmAMT4,;4) were upregu-
lated in AM roots. The detailed transport mechanisms of their protein
products remain to be elucidated. Interestingly, most of these soybean
AM-inducible ammonium transporters, the exception being GmAMT1;4,
do not have the regulatory phosphorylation site, T460, in AtAMT1;1
(Lanquar et al., 2009). Among the transcripts of the five AM-inducible
genes, the major one is GmAMT4;1, an ortholog of LiAMT2;2 (Guether
et al., 2009b), the intron—exon structures being similar to each other. The
transport ability of GmAMT4;1 was confirmed using a yeast mutant that is
defective in the three endogenous AMTs (Marini et al., 1997). Promoter—
reporter analysis indicated that the strongest GmAMT4;1 showed limited
expression only in arbuscule-containing cortical cells. Moreover, specific
localization of a fusion protein of GmAMT4;1 and GFP in the branch
domain of periarbuscular membranes was demonstrated for the first time
(Kobae et al., submitted; Fig. 1.5C). Thus, it was demonstrated that a
specific region of the periarbuscular membrane, called the “‘arbuscule
branch domain” (Pumplin and Harrison, 2009), is the active site of transfer
of both phosphate and ammonium. Soybean microRNAs have been
reported in relation with root nodule formation (Subramanian et al.,
2008; Wang et al., 2009¢), but their functions remain to be elucidated.

3.3.3. Other crops

We cite arbitrarily chosen documents, not complete ones. Research on
maize (Zea mays) AM symbiosis began decades ago. Disturbance of the soil
reduces nutrient absorption by maize AM roots (Evans and Miller, 1988).
Ammonium assimilation in maize via AM fungi was described early on
(Cliquet and Stewart, 1993) and recently (Tanaka and Yano, 2005). A draft
DNA sequence of the 2.3-gigabase genome of maize was published just
before this review was written (Schnable et al., 2009). As for wheat (Triticum
aestivum), inoculation of AM fungi increased phosphorus uptake from rock
phosphate (Kucey, 1987). However, AM fungi often cause growth depres-
sion of wheat (Li et al., 2008). This problem will be discussed in the next
section. Solanaceae crops such as potato (Solanum tuberosum) and tomato
(Solanum  lycopersicum, formerly Lycopersicon esculentum) have been good
materials for AM research. In potato, the first AM-inducible phosphate
transporter gene, StPT3, was identified (Rausch et al., 2001). Subsequently,
stronger AM-inducible genes, StPT4 and StPT5, were found (Nagy et al.,
2005). This process of finding is very similar to that of L. japonicus (see
Section 2.2.2), because StPT3 belongs to common subfamily I1I of the Phtl
family while StPT4 and StPT5 are members of diverged subfamily I. The
function of lysophosphatidylchorine in induction of phosphate transporter
genes was discovered using potato (Drissner et al., 2007). In tomato, LePT3,
LePT4, and LePT5 are orthologs of StPT3, StPT4, and StPT5, respectively,
and all of them are AM-inducible (Nagy et al., 2005; Poulsen et al., 2005).
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AM symbiosis-defective mutant tomato lines have been useful (David-
Schwartz et al., 2001, 2003; Gadkar et al., 2003; Nagy et al., 2009). The
synthesis of strigolactone and apocarotenoids in tomato has also been
investigated in relation to AM symbiosis (Vogel et al., 2009). Very recently,
Gu et al. (2010) reported changes of tomato microRNA expression on AM
symbiosis. To our knowledge, that is the first publication describing possible
correlations between microRINAs and AM symbiosis. Interestingly, among
a number of miRNAs that show variable expression according to phosphate
availability, the authors found that four miRINAs were specifically induced
in shoots of AM plants independently to phosphate levels (Gu et al., 2010).
Leguminous crops such as pea (Pisum sativum) and alfalfa (Medicago sativa)
have also been used (Gianinazzi-Pearson, 1996; Harrison and Dixon, 1993),
but the basic research on them has tended to shift to that on model legumes.

3.4. Variability of plant responses as to AM colonization

The benefits of AM symbiosis regarding growth stimulation and/or phos-
phate absorption in phosphorus-depleted soil are well known or well
advertised. However, there are not only “responsive plants” that show a
positive growth response but also “‘nonresponsive plants” that show a
negligible or even negative growth increase (Smith and Read, 2008). For
example, Fabaceae, such as soybean (G. max) and common bean (Phaseolus
vulgaris), and Liliaceae, such as Allium and Lilium, have neither ample root
hairs nor dense roots. These crops generally depend much on AM fungi for
the absorption of nutrients, resulting in a positive growth response.
In contrast, a single cultivar of tomato shows responsive (Poulsen et al.,
2005) and nonresponsive (Smith et al., 2004) characteristics, probably
depending on small differences in the growth conditions. Cereal crops can
be roughly divided into two groups, maize and sorghum are positively
responsive, while wheat and barley are negatively responsive in general
(Tawaraya, 2003). Rice is thought to be a nonresponsive crop, because
the growth responses of most cultivated varieties are not strong, if any
(Fig. 1.6C). Plant responsiveness varies extensively according to the com-
bination of plants and AM fungi (Klironomos, 2003). Diverse effects of AM
fungal species on the growth and phosphorus nutrition of a single cucumber
(Cucumis sativus) cultivar were reported (Munkvold et al., 2004). Con-
versely, with a single species of AM fungus, positive, neutral, and negative
responses were all observed depending on the wheat cultivar (Hetrick et al.,
1996). The reason for this variation is unclear. We obtained seeds of 72
varieties of rice from the National Institute of Genetics (http:/www.shigen.
nig.ac.jp/rice/oryzabase/wild/coreCollection.jsp) and the National Insti-
tute of Agrobiological Sciences (Kojima et al., 2005), and examined the
effects of colonization by an AM fungus (G. mosseae) on the growth of the
seedlings (Fig. 1.6C). When the shoot dry weight ratios, AM+/AM—, after
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4 weeks of inoculation were compared, great variation, 0.9—4.8-fold, was
found among the varieties (unpublished data). Variation in responsiveness
among cultivars of wheat and barley has also been reported, the relation
with phosphorus utilization efficiency (i.e., dry matter yield per unit of
phosphorus taken up) having been discussed, but the reason is not necessar-
ily clear (Baon et al., 1993; Hetrick et al., 1996; Li et al., 2005; Zhu et al.,
2003).

The plant growth response to AM fungi has been explained mainly in
terms of phosphate transfer from soil to plants. This is probably because
there have been many more studies on phosphorus in connection with AM
symbiosis than on nitrogen and other nutrients, and because the former
older. Anyhow, it is reasonable to dissect phosphate absorption to plants
into the following two pathways: the AM fungal pathway, which is
described above in detail, and the direct pathway via root hairs and epider-
mis. Of course, nonmycorrhizal roots have only the latter one. In AM roots,
the fungal and direct pathways have generally been thought to be additive.
The traditional explanation for the nonresponsiveness of some host plants is
the balance between costs and benefits. When AM fungi supply little or no
phosphate to their hosts, the fungal demand for carbon from plants would
surpass the benefit of plants caused by phosphorus transfer via AM fungi
(Fitter, 1991; Stribley et al., 1980). It turns out, however, that a simple cost—
benefit explanation is not applicable (Graham and Abbott, 2000). This is
because a significant amount (occasionally 100%) of phosphate is trans-
ported via the AM fungal pathway even when there is a negative growth
response by the host plants (Li et al., 2006; Smith et al., 2004). Using barley
as the plant material and two differently colonizing Glomus fungi, Grace
et al. (2009) showed that (1) the total phosphorus content and total dry
weight of barley are nearly proportional, (2) both a highly colonizing AM
fungus and a minimally colonizing one cause similar growth depression and
similar inhibition of phosphorus absorption, (3) phosphate is absorbed
through the AM fungus pathway according to the difterent colonization by
the two fungi, and (4) the upregulation of a barley gene for an AM-inducible
phosphate transporter (Glassop et al., 2005) is roughly proportional to the
fungal colonization. From these findings, the authors concluded that (1) AM
colonization results in severe growth depression irrespective of the extent of
colonization, (2) the AM fungus pathway works well according to the
colonization but was not quantitatively related to growth depression, and
(3) the contribution of the direct phosphate uptake pathway is markedly
reduced by either a highly colonizing or a minimally colonizing AM fungus.
According to the last conclusion, Grace et al. (2009) claimed that the genes
encoding phosphate transporters involved in the direct pathway are consti-
tutively expressed, despite the apparent shut down of phosphate uptake.
Nagy et al. (2005) obtained similar results to those of Grace et al. (2009)
using tomato. On the contrary, however, another paper reported
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downregulation of these barley genes on AM colonization (Glassop et al.,
2005). In any case, a small extent of AM fungal infection appears to shut down
the direct phosphate uptake pathway. The molecular mechanism underlying
the reduction of the direct pathway must be a clue for converting nonre-
sponding crops to responding ones and will be the subject of intensive
investigation in the future (Smith et al., 2009).

3.5. Toward sustainable agriculture

3.5.1. Agricultural resource crisis

The distribution of resources in the world such as fresh water and phospho-
rus is highly biased. Areas with enough water for agricultural irrigation are
limited, highly water-stressed areas being much greater (Oki and Kanae,
2006). AM symbiosis is generally thought to help crops to be drought
resistant (Evelin et al., 2009; Smith and Read, 2008). Although a review
questioned the dramatic effects of AM fungi (Augé, 2001), another one
seemed more optimistic (Ruiz-Lozano, 2003). Since water problems, the
competition as to industrial and agricultural use for example, are out of the
scope of this review, we would like to discuss them elsewhere. As for
phosphorus, the global production per year is estimated to be 40—50 million
metric tons of P,Os5, which is derived from 167 million tons of phosphate
rock. Notably, two-thirds of the phosphate rock in the world is mined in
only three countries, China, the United States, and Morocco (U.S. Geo-
logical Survey (USGS), 2009, http://minerals.usgs.gov/minerals/pubs/
commodity/phosphate_rock/mcs-2009-phosp.pdf). Thus, most countries
must import phosphorus, because there are no substitutes for this essential
element for agriculture. Most crops, cereals, for example, concentrate
phosphorus in their seeds as phytate, a very stable compound. On germina-
tion, the phytate is hydrolyzed by a special enzyme, phytase, into phosphate.
When ruminants eat the seeds, they can make use of phosphate derived
from phytate, because bacteria in their rumens degrade a portion of
the phytate. However, nonruminants including swine, poultry, fish, and
man just excrete phytate, contributing to water pollution. According to
Steen (1998, http://www.nhm.ac.uk/research-curation/research/projects/
phosphate-recovery/p&k217/steen.htm), phosphate rock of high quality
will be exhausted around the end of this century. In addition, the price of
phosphate rock in 2008 increased to 4.1-fold of that in 2004 (USGS, 2009).
To cope with these crises, several trials have been made (Abelson, 1999;
Raboy, 2001). For example, phytase was added to fodder both to feed
nonruminants and to prevent water pollution. Mutant cereals that accumu-
late significant amounts of inorganic phosphate instead of phytate in the
endosperm have been found as fodder. Technology to recycle phosphate
from sewerage has also been developed. However, none of these means is an
effective one for saving phosphate resources.
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AM fungi are generally expected to be useful for establishing environment-
friendly agriculture with a low input of fertilizers or chemicals. At present,
however, we have to admit that we cannot apply the results of pot experiments
directly to crop production in the field. One reason for this is that indigenous
AM fungi are already present in the field in most cases. Therefore, unlike pot
experiments, it is impossible to prepare controls without AM fungi. Besides
indigenous AM fungi, there are many kinds of pathogens that affect the growth
of crops in the field. As described above, the growth response of a host plant
depends on the plant and AM fungus combination. Thus, it would be natural to
try to inoculate a crop of interest with an appropriate AM fungus. In some
fortuitous cases, inoculation of foreign AM fungi resulted in a positive growth
response for alfalfa and onion (Owusu-Bennoah and Mosse, 1979), and apple
(Plenchette et al., 1981), noninoculated plants being less colonized by indige-
nous AM fungi. In most cases, however, the indigenous fungi win the compe-
tition with the introduced fungi (Abbott etal., 1983). Therefore, making use of
indigenous AM fungi would be a valid alternative to inoculation with foreign
fungi. Even when indigenous AM fungi colonize crops in the field, the AM
pathway instead of the direct one will play the central role in absorption of
nutrients. Regarding this assumption, it is interesting that tomato fruit grown
with AM fungi contained more phosphorus and zinc than nonmycorrizal
controls (Cavagnaro et al., 2006). AM fungi contributed clearly to an increase
in the quality of tomato, although the yield was not affected in that case. The
hyphal network of AM fungi also protects soil from erosion. Disturbance of the
network by tillage reduces nutrient absorption through the AM pathway
(Evans and Miller, 1988), depending on the species of AM fungi
(McGonigle et al., 2003). Incidentally, it is another problem that we do not
have easy methods for classifying indigenous AM fungi and assessing their
activity. It is hard to classify AM fungi just on observation of their spores.
Additionally, the viability of spores varies greatly, and so counting of them in
the soil does not necessarily predict their infectivity and the final effect of AM
fungi on the growth of crops.

3.5.2. Tolerance to abiotic and biotic stresses

There is a hope that AM symbiosis will alleviate pollution caused by toxic
heavy metals. In Southeast Asia, subterranean water is used not only for
drinking but also for irrigation, especially in the dry season, but it is often
contaminated by arsenic, a toxic and carcinogenic element. As a result,
arsenate (As(V)) and arsenite (As(IIl)) accumulating in fields are absorbed by
crops and accumulated in their grain (Meharg, 2004). Arsenate is a homolog
of orthophosphate and actually absorbed through phosphate transporters. It is
incorporated into ATP for example, and thereby inhibits energy metabolism.
On the other hand, arsenite is absorbed via aquaporins, and then reacts with
sulthydryl groups of proteins and deactivates them (Meharg, 2004). Tens of
millions people suffer from arsenic poisoning. Recently, Christophersen et al.
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(2009) showed that AM colonization of barley roots reduces arsenate uptake
via downregulation of the direct phosphate uptake pathway. The AM fungal
pathway seems to work well, transferring a significant amount of phosphate
but little or no arsenate. The details of the mechanism of this “filter effect” is
not yet known. Unfortunately, because arsenite (As(IIl)) is the major form
under reducing conditions in paddy fields, the eftect of AM fungi coloniza-
tion on lowland rice plants may not be so great as that on barley under aerobic
conditions (Christophersen et al., 2009). Thus, more breakthroughs are
needed to overcome a disaster in Southeast Asia (Ma et al., 2008; Norton
et al., 2008). A mechanism of unloading arsenic into rice grain was recently
reported (Carey et al., 2010). Zhang et al. (2005) found that AM colonization
of upland rice plants conferred resistance to heavy metals in soil. The trans-
location of Cu, Zn, Pb, and Cd from roots to shoots was reduced in AM rice
compared to in nonmycorrizal controls, but the mechanism was not known
at that time. Later, Zhang et al. (2009) reported that AM colonization
increases the Cu-binding capacity of the root cell wall and reduces uptake
across the plasma membrane into the root cells. The authors showed a
difference in Cu-binding between the cell walls of AM and nonmycorrhizal
roots, speculating that their chemical compositions differ from each other.
The same group also reported that the adverse effects of a fungicide on the
growth of upland rice were alleviated (Zhang et al., 2000).

It is not known whether or not the direct uptake of nitrogen into roots is
reduced by AM fungus colonization, like that of phosphate. If this is the
case, AM symbiosis may prevent the accumulation of nitrate in pastures.
The soil in stock farms is generally rich in nitrate because of the cattle
excrement. Too much absorption of nitrate via the direct pathway in
pastures results ultimately in the death or nitrate poisoning of the cattle.
If AM fungi shut down direct absorption, they will contribute to the health
of the cattle, because Tanaka and Yano (2005) reported that AM fungi
transfer ammonium but not nitrate to host plants.

AM symbiosis has been reported to confer resistance against pathogenic
fungi (Cordier et al., 1998; Pozo et al., 2002) and nematodes (Akkopru and
Demir, 2005; Berta et al., 2005; Li et al., 2006). Liu et al. (2007) revealed for
the first time that a systemic change in gene expression pattern occurs on
AM colonization, stress- or defense-related genes being induced in shoots.
They also showed that an AM fungus actually makes the shoots resistant to a
bacterial pathogen (Liu et al., 2007). That work could be the first step for
clarifying the molecular mechanism underlying the action of AM fungi as to
tolerance of crops to biotic stress.

3.5.3. Toward higher yields of crops under normal conditions

Commercial AM fungal inoculants are rather costly at the moment, and so it
is hard to use them directly in large fields. Transplantation after establish-
ment of AM colonization of seedlings (Plenchette et al., 1981) is a means of
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avoiding this problem, although additional labor is needed. In Asia, nearly
100% of rice plants are transplanted from a nursery to the fields. This system
may provide an opportunity to make use of commercial AM fungal inocu-
lants in practice. Nevertheless, indigenous AM fungi that are often more
competitive than introduced fungi are already present, as described above.
To remove the indigenous AM fungi, fumigation, steam sterilization, and/
or application of fungicides to the fields are possible. However, such treat-
ments destroy the microbial balance in the soil, sometimes resulting in
tremendous increases in pathogens. Therefore, management of indigenous
AM fungi would be almost the only realistic way. R egarding this point, the
following is an interesting example. Flavonoids present in root exudates
were once believed to activate fungal hyphae and their entry into host roots
(Gianinazzi-Pearson et al., 1989). A synthetic isoflavone was applied to
asparagus fields, resulting in avoidance of root disease caused by Fusalium
and an increase in stalks per plant (Elmer, 2002). What we want to empha-
size with this example is that a clue for solving the above problems will
emerge if the mechanism is elucidated. Plant and fungal receptors of
strigolactones must be intensively investigated now. If their structures are
elucidated, we will be able to design some stable compounds that are
recognized only by fungal receptors. Then, we would repeat the above
trial (Elmer, 2002) with these new compounds.

How can we increase the yields of nonresponsive crops such as wheat
and barley? Ryan et al. (2005) proposed that reduced colonization of
autumn-sown wheat by rotation including break crops, such as weakly
colonized lupin and nonmycorrhizal canola, will bring about yield enhance-
ment, because AM fungi are “‘parasitic”’ for wheat. On the other hand,
Smith et al. (2009) claimed that the growth depression during vegetative
stages can often be reversed, because, depending on the amount of phos-
phate fertilizer supplied, the growth depression of wheat seedlings by an
AM fungus was overcome on grain development (Li et al., 2005). In the
latter case, colonization by indigenous AM fungi may even be beneficial for
wheat growth since probably less water has to be used than in the absence of
the fungi. In any case, repeated long-term field experiments are necessary to
resolve this issue. Establishment of entire image of nonresponsiveness is also
important. Regarding this point, we have a small concern if barley phos-
phate transporter, HvPTS, and its wheat counterpart (Glassop et al., 2005;
Grace et al., 2009) are the major AM-inducible ones. They are not really
orthologous to rice OsPT11, medic MtPT4, etc., forming an independent
sister group to that of the major ones (Javot et al., 2007b; Maeda et al.,
2006). Not to repeat our previous mistake on LjPT3 (see Section 2.2.2),
progress of the genome projects in barley and wheat is awaited.

Targeted breeding could be the greatest outcome. As already men-
tioned, variations in responsiveness were observed among varieties of
wheat and barley (Baon et al., 1993; Hetrick et al., 1996; Li et al., 2005;
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Zhu et al., 2003), and rice (Fig. 1.6C). One thing we have to keep in mind
is that our aim is not to study the inability of the varieties of interest to grow
in the absence of AM colonization (Janos, 2007; Sawers et al., 2008, 2010).
Investigations on the posttranscriptional or posttranslational mechanisms
that shut down the direct phosphate absorption pathway relating to
miR 399, for example, must also be promoted. We would like to emphasize
again that, if the mechanism is elucidated, a clue for solving the above
problems will emerge.

3.5.4. How can we reuse the fertilizer phosphate already
applied to fields?

Only 10-20% of the fertilizer phosphate applied to soil is absorbed and
utilized by crops (Holford, 1997). Most of the rest becomes immobilized in
the inorganic and organic fractions of the soil, which are hardly available to
crop roots. The other small portion flows to rivers, ponds, lakes, etc.,
causing their pollution. In other words, people have paradoxically or
ironically stored up great amounts of fertilizer phosphorus in their fields.
Inorganic phosphate forms insoluble salts with counter cations such as Fe” ™,
AI’" and Ca®". As a result, the available phosphate concentration is seldom
higher than 10 uM (Bieleski, 1973). On the other hand, the dominant form
of organic phosphorus is phytate (here we use this term for a group of
compounds; also called phytin or inositol hexakisphosphate) (Dalal, 1977),
which is principally derived from plants. In plants, phytate is a stock
compound of phosphorus with a highly negative charge density. Unlike
other organic phosphates like nucleic acids, sugar phosphate, and phospho-
lipids, it is chemically very stable, and forms insoluble salts with Fe’ ', AI’T,
and Ca®", or is adsorbed into soil colloids (Shang et al., 1992; Turner et al.,
2002). Then, soil microorganisms cannot gain access to the insoluble
phytate, while other organic phosphates are easily decomposed by them.
That is why phytate occupies 20-80% of total phosphate in the surface layer
of the soil. If we could efficiently make use of these ““buried” inorganic and
organic resources, we might be able to grow crops for several decades
without any additional phosphate fertilizers.

In order to overcome this phosphorus deficiency, plants exhibit numer-
ous adaptive responses that presumably facilitate acquisition of this essential
nutrient (Raghothama, 1999). These responses include secretion of organic
acids, such as citrate, malate, and succinate, into the apoplast (Hoftland et al.,
1989). The organic acids act as chelators that dissolve precipitated phos-
phate, increasing the concentration of available phosphate for plants. The
other responses include biochemical processes that limit metabolic require-
ments for phosphate, and the synthesis and secretion of enzymes, such as
acid phosphatases and phytases, that enable access to phosphorus contained
in organic phosphorus compounds in the soil. Phosphorus limitation also
causes morphological responses including attenuated primary root growth,
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and increased lateral root development, root/shoot mass ratios, lateral root
number and length (Lopez-Bucio et al., 2003), and root hair production
(Raghothama, 1999). Phosphate deficiency also induces the expression of
genes that facilitate phosphate uptake into roots and distribution in plant
bodies (Raghothama, 1999).

Both AM roots and nonmycorrizal roots absorb labile fractions of
phosphorus preferentially in the soil (Smith and Read, 2008). Nevertheless,
plants in a symbiotic relationship with AM fungi apparently utilize precipi-
tated inorganic phosphate, such as Fe—phosphate, more efficiently than
nonmycorrhizal ones. This is probably due to spatial exploitation of the
soil by the fine hyphae of AM fungi, not to active solubilization of the
precipitated phosphate (Bolan and Robson, 1987; Smith and Read, 2008).

As for phytate, most people believe that the dephosphorylation of this
organic molecule is indispensable for its utilization by plant roots. Conversely,
this suggests that plants generally lack a system to absorb phytate through
epidermis or root hair. Findenegg and Nalemans (1993) found that, when
phytate was added to a nutrient solution in quartz sand as the sole phosphorus
source, it was hydrolyzed by exogenous phytase and the resulting phosphate
was efficiently taken up by maize plants. However, the exogenous phytase did
not work well when the plants were grown in soil with the same phytate-
containing nutrient solution. They also reported that maize plants assimilated
phosphate from phytate when the organic compound was added at higher
concentrations, even in the absence of exogenous phytase (Findenegg and
Nalemans, 1993). In the latter case, endogenous phytase might have been
secreted and acted, since plants secrete phytase from their roots under phos-
phorus-deficient conditions (Li et al., 1997). However, the possibility that
microorganisms in the sand hydrolyzed the phytate cannot be ruled out
(Greaves and Webley, 1969). Later, transgenic plants that highly secrete
phytases of fungal, bacterial, and plant origin or a synthetic gene-encoded
phytase were prepared (Lung et al., 2005; Richardson et al., 2001; Xiao et al.,
2005; Zimmermann et al., 2003). As a result, the transgenic plants hydrolyzed
phytate in hydroponic or agar media and showed improved growth. In soil,
however, they could not utilize phytate in most cases (Lung et al., 2005;
Richardson et al., 2001; Xiao et al.,, 2005) or deformed plants resulted
(Zimmermann et al., 2003). This is because not only the substrate phytate
but also the secreted phytase enzyme were adsorbed onto the soil solid phase
(George et al., 2005, 2007), confirming the early observation of Findenegg
and Nalemans (1993). Therefore, our idea is that phytases secreted by plants
can only act on the surface of roots. Recently, Wang et al. (2009b) reported
that transgenic soybean plants that secrete acid phosphatase derived from
Arabidopsis utilize phytate in sand cultures. Nevertheless, we think that
confirmatory experiments involving soil instead of sand are necessary regard-
ing previous observations (Adams and Pate, 1992; Findenegg and Nalemans,
1993; George et al., 2005, 2007).
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Investigations as to whether or not AM roots make use of phytate should
be promoted. In a classical paper, Mosse and Phillips (1971) showed that
sterile clover seedlings placed on an agar medium that contained calcium
phytate as the sole phosphorus source were colonized well by AM fungi,
and that the plants grew well. Later, Koide and Kabir (2000) used a mono-
xenic (two-membered, i.e., carrot roots and AM fungi) culture system,
and claimed that the hyphae of AM fungi transferred phytate-derived
phosphorus-secreting phosphatase-like enzymes from the hyphae and that
the carrot roots actually grew using the resulting phosphate. Importantly,
both works were carried out without contaminating microorganisms, thus
we can exclude their effects from consideration. We think that the follow-
ing two possibilities remain regarding the latter work, because the hydrolysis
of phytate outside the hyphae was not demonstrated. (1) The AM fungi
might have absorbed phytate and passed it directly to host plants through
arbuscules. As described above, the nature of the periarbuscular membrane
is different from that of the plasma membrane of epidermal cells. Once
phytate gets into plant bodies, it will be hydrolyzed by endogenous phytase.
(2) The AM fungi might have hydrolyzed phytate in their hyphae and
passed on the resulting phosphate to the plants. In any case, phytate forms
insoluble complexes in soil so that it cannot be absorbed or hydrolyzed as
easily as in agar media. Nevertheless, like in the case of inorganic phosphate
complexes, AM fungi may facilitate the use of buried phytate through
extensive exploration by their extraradical hyphae. This possibility remains
to be examined. Also, to our knowledge, there is no example of the
combination of AM symbiosis and transgenic plants that secrete phytases.

4. CONCLUDING REMARKS

In the past decade, significant progress in cell and molecular biology of
AM symbiosis was made by an increasing number of excellent investigators
(Bucher et al., 2009; Harrison, 2005; Parniske, 2008; Smith and Read, 2008).
The compounds signaling between host plants and AM fungi are being
revealed. The aspects of nutrient exchange are being clarified at the molecular
level. In addition, our research is being extended from model plants to crops as
plant materials. In fact, the progress of genome projects on crops is remarkable
(Paterson et al., 2009; Schnable et al., 2009). Although we have to say that we
are at the stage of collecting basic knowledge on symbiosis, this does not mean
that the wide application of AM symbiosis to practical agriculture is impossi-
ble. We need additional breakthroughs, but we believe that we are on the right
track for making use of this beautiful system.
The CSP genes of bryophytes have recently been reported (Wang et al.,
2010).
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