
Root Exudates of Legume Plants and Their

Involvement in Interactions with Soil Microbes

Akifumi Sugiyama and Kazufumi Yazaki

Abstract Plants secrete both high- and low-molecular weight compounds from

their roots, and these root exudates function not only as nutrients for soil microbes

but as signal molecules in plant–microbe interactions. Legume plants establish

symbiotic interactions with rhizobia and arbuscular mycorrhizal fungi to obtain

several nutrients such as nitrogen and phosphate. In these interactions, flavonoids

and strigolactones in root exudates serve as signal molecules to establish the

symbiotic interactions. Root exudates from some legume plants also function to

acidify surrounding soils to acquire phosphate. Here, we provide an overview of

the functions of legume root exudates with emphasis on the interaction between

legume plants and soil microbes and also on the acquisition of nutrients from

surrounding soil.

1 Introduction

The legume family (Fabaceae) is composed of more than 700 genera containing

approximately 20,000 species (Doyle and Luckow 2003). It represents the third

largest plant family next to Orchidaceae and Asteraceae. Legume plants have
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a significant agricultural importance because many crop plants such as soybean

(Glycine max), pea (Pisum sativam), and bean (Phaseolus vulgaris) belong to this

family, and legume crops are cultivated on 12–15% of the arable land throughout the

world. Legume species, including soybean and peanut (Arachis hypogeae), provide
more than one third of the processed vegetable oil throughout the world’s market

(Graham and Vance 2003). In addition to these crop legumes, nongrain legumes,

such as licorice (Glycyrrhiza galbra) provide glycyrrhizin, which is a useful

phytotherapeutic and sweating agent, while legume plants such as indigo (Indigofera
tinctoria and I. suffruticosa) and logwood (Haematoxylon campechianum) provide
natural dyes. Forage legumes such as alfalfa (Medicago sativa) and birdsfoot trefoil
(Lotus corniculatus) are widely used for livestock feed, and tree legume such as

various Acacia and Robinia species supply large-scale biomaterials like tannin and

pulp (Dixon and Sumner 2003; Downs et al. 2003; Christie 2007).

A hallmark feature of legume plants is their ability to establish a mutualistic

symbiosis with bacteria belonging to Rhizobiaceae family for the utilization of

atmospheric nitrogen as a nitrogen source. It is estimated that approximately 40–60

million metric tons of atmospheric nitrogen is fixed by cultivated legume plants

annually (Smil 1999), which is important not only for agriculture, but also for the

environment because nitrogen fixation can supplement the use of synthetic nitrogen

fertilizers which require a large amount of energy input during production that can

contribute to environmental pollution. Most of the legume plants also establish

a symbiotic interaction with arbuscular mycorrhizal fungi which help to obtain

mineral nutrients, as well as water.

In addition to these mutualistic interactions, legume plants interact with diverse

soil microbes both positively and negatively. Both culture-dependent and culture-

independent methods were employed to analyze the microbial communities and

unique communities were found depending on the plant species, cultivars, and

ecotypes (Priha et al. 1999; Yang and Crowley 2000; Narasimhan et al. 2003;

Innes et al. 2004; Mazzola et al. 2004; Batten et al. 2006; Kowalchuka et al. 2006;

Mougel et al. 2006; Micallef et al. 2009). It has also been reported that symbiotic

mutants (i.e., hypernodulating mutants, mutants defective in Rhizobium symbiosis,

and mutants defective in both rhizobial and arbuscular mycorrhizal symbiosis) have

different microbial communities contained in the rhizosphere soil as well as the

roots than do wild type plants (Offre et al. 2007; Ikeda et al. 2008). Among the

various methods plants employ to interact with soil microbes, root exudates are

a key factor that influences the microbial communities (Uren 2007; Badri and

Vivanco 2009; Badri et al. 2009).

This chapter provides an overview of the literature on the root exudates of

legume plants with emphasis on the interaction between legume plants and soil

microbes. We first describe the characteristics of legume root exudates and then

discuss the functions of these root exudates in the interaction with soil microbes

such as rhizobia and arbuscular mycorrhizal fungi. Finally, we describe some

features of root exudates in the acquisition of nutrients from soil.
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2 Characteristics of Root Exudates from Legume Plants

Metabolites in legume plants have been intensively studied due to biological

interests such as symbiotic nitrogen fixation, as well as their importance to human

health. Recently, metabolomic analyses have been performed on various legume

species such as M. truncatula, L. japonicus, soybean, and the common bean

(Desbrosses et al. 2005; Farag et al. 2008; Suzuki et al. 2008; Farag et al. 2009;

Hernandez et al. 2009; Brechenmacher et al. 2010; Rispail et al. 2010). Many of

these studies are focused, at least in part, on flavonoids and other phenolic

compounds. Profiling of flavonoids in M. truncatula roots and cell suspension

culture showed M. truncatula contains at least 40 flavonoids, most of which are

glycosides (glucoside or glucoside malonate), and that methyl jasmonate induced

the accumulation of the phytoalexin medicarpin and decreased the isoflavone

glucosides, while a yeast elicitor coordinately increased isoflavonoid precursors

and medicarpin (Farag et al. 2008). In L. japonicus, 61 flavonoid compounds

have been identified from leaves, stems, flowers, and seeds. Most of these are

glycosides and about half of them are flower specific (Suzuki et al. 2008). Another

group recently reported that M. loti inoculation induced quantitative rather than

qualitative changes of the phenolic compounds in roots of L. japonicus and

that phytoalexin vestitol and sativan were not found in the inoculated roots (Rispail

et al. 2010).

In contrast to the metabolite profiling in plants, metabolite profiling of root

exudates are limited to the targeted analysis of particular compounds such as

organic acids, flavonoids, and fatty acids (Smit et al. 1992; Lucas Garcia et al.

2001). There are several reports on the metabolome and proteome analyses of

Arabidopsis root exudates identifying various metabolites such as sugars, amino

acids, fatty acids, as well as various classes of proteins (De-la-Pena et al. 2008,

2010; Badri and Vivanco 2009; Badri et al. 2009). Proteome and metabolome

analyses of root exudates in legume species will be of particular interest to target

compounds that function in plant–microbe interactions, such as the recruitment of

rhizobia, arbuscular mycorrhizal fungi, and PGPR (plant growth promoting

rhizobacteria) species that potentially improve crop yields. It was shown that

L. japonicus secreted strigolactone for the establishment of arbuscular symbiosis

and more recently was reported that L. japonicus secretes a phytoalexin vestitol as

a chemical barrier against parasitic weeds (Ueda and Sugimoto 2010). We also

performed metabolite profiling of the root exudates of L. japonicus and found that

methyl jasmonate induced several unknown compounds in the exudates (unpub-

lished results). It would be interesting to characterize the function of these induced

compounds in response to pathogens. The following chapters provide the functions

of legume root exudates in plant–microbe interactions in soils.
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3 Functions of Root Exudates in Symbiosis with Rhizobia

3.1 Signaling Molecules from Legume Plants to Rhizobia

Interaction between legume plants and rhizobia in the soil is of particular impor-

tance in agriculture and ecology and many studies have been performed to charac-

terize the molecular mechanisms on how this species-specific interaction is

established (Werner 2007). In soils, Rhizobium spp. can find its host legume plant

from a distance because of the chemotactic nature of rhizobia. Rhizobia have been

shown to be attracted to the root exudates of legume plants (Currier and Strobel

1976). It was reported that flavonoids present in root exudates are responsible for

the attraction of rhizobia in alfalfa (Parke et al. 1985; Caetano-Anolles et al. 1988;

Dharmatilake and Bauer 1992), and a Rhizobium mutant defective in chemotaxis

was shown to be less competitive in forming the functional nodules (Yost et al.

1998). Because phytochemicals such as flavonoids may not diffuse for long

distances in soils, it is presumed that root volatiles are also involved in the attraction

of rhizobia to host plants. In Medicago–Sinorhizobium interaction, root volatiles of

Medicago, especially dimethylsulfide, were shown to attract nematodes which

bring Sinorhizobium meliloti to the proximity of plant roots (Horiuchi et al.

2005). In a similar way, it may also be possible that other volatile organic

compounds attract rhizobia from a distance.

In the 1980s, many genes and proteins involved in the recognition of plant signal

molecules were identified in rhizobia: such as NodD (a LysR-type regulator which

acts as a transcriptional activator for the nod operon), NodA (N-acetyltransferase),
NodB (de-N-acetylase), and NodC (UDP-Gluc N-acetyltransferase), which together
synthesize the backbone of a lipochitooligosaccharide called Nod factor (Rossen

et al. 1984; Egelhoff et al. 1985; Egelhoff and Long 1985; Mulligan and Long 1985;

Rossen et al. 1985; Fisher and Long 1992). To identify the signaling molecules

from plant roots, a nod promoter–LacZ fusion reporter system was employed. With

this reporter system, signaling molecules from legume plants were identified to be

luteolin from alfalfa (M. sativa), 7,40-dihydroxyflavone and geraldone from white

clover (Trifolium repens), and daidzein and genistein from soybean (G. max)
(Peters et al. 1986; Redmond et al. 1986; Djordjevic et al. 1987; Kosslak et al.

1987) (Table 1), whereas formononetin and umbelliferone were shown to exhibit

inhibitory effects on the nod gene expression (Djordjevic et al. 1987). Beside these

flavones and isoflavonoids, a chalcone (4,40-dihydroxy-20-methoxychalcone) from

alfalfa (Maxwell et al. 1989), anthocyanidins (petunidin and malvidin) from the

common bean (P. vulgaris) (Hungria et al. 1991), betains (trigonelline and

stachydrine) from alfalfa (Phillips et al. 1992), and aldonic acids (erythronic acid

and tetronic acid) from white lupine (Lupinus albus) (Gagnon and Ibrahim 1998)

were also reported to be nod gene inducers (Table 1). These various data suggest

that a structurally diverse variety of phytochemicals can function as signal

molecules. Signaling molecules from a legume tree species, black locust (Robinia
pseudoacacia), were also identified to be flavonoids (7,40-dihydroxyflavone,
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Table 1 Nod-gene-inducing compounds of root exudates of legume plants

Plant Compound Reference

Alfalfa (Medicago sativa) Luteolin Peters et al. (1986)

7,40-Dihydroxyflavone Maxwell et al. (1989)

7,40-Dihydroxyflavanone
4,40-Dihydroxy-20-

methoxychalcone

Chrysoeriol Hartwig et al. (1990)

Trigonelline Phillips et al. (1992)

Stachydrine

Barrel Medic (Medicago
truncatula)

7,40-Dihydroxyflavone Zhang et al. (2006)

Black Locust (Robinia
pseudoacacia)

7,40-Dihydroxyflavone Scheidemann and Wetzel

(1997)

Apigenin

Naringenin

Chrysoeriol

Isoliquiritigenin

Common bean (Phaseolus
vulgaris)

Eriodictyol Hungria et al. (1991a)

Naringenin

Genistein 7-O-glycoside

Delphinidin Hungria et al. (1991b)

Petunidin

Malvidin

Myricetin

Quercetin

Kaempferol

Common vetch (Vicia sativa) 3,5,7,30-Tetrahydroxy-40-
methoxyflavanone

Zaat et al. (1989)

7,30-Dihydroxy-40-
methoxyflavanone

Cowpea (Vigna unguiculata) Daidzein Dakora et al. (2000)

Genistein

Coumestrol

Miyakogusa (Lotus japonicus) Unknown

Pea (Pisum sativum) Apigenin Firmin et al. (1986)

Eriodictyol

Rostrate sesbania (Sesbania
rostrata)

7,40-Dihydroxyflavanone Messens et al. (1991)

Soybean (Glycine max) Daidzein Kosslak et al (1987)

Genistein

Coumestrol Bassam et al. (1988)

White clover (Trifolium
repens)

7,40-Dihydroxyflavone Redmond et al. (1986)

Geraldone

White lupine (Lupinus albus) Erythronic acid Gagnon and Ibrahim (1998)

Tetronic acid

Root Exudates of Legume Plants and Their Involvement in Interactions with Soil Microbes 31



apigenin, naringenin, chrysoeriol, isoliquiritigenin) (Scheidemann and Wetzel

1997). The synthesis of these signaling molecules was induced under nitrogen

deficiency (Cho and Harper 1991), and the application of signaling molecules to

the legume plants was shown to increase the number of nodules in the roots (Begum

et al. 2001; Novak et al. 2002).

These signaling compounds were secreted from root tissues into the rhizosphere

using an energy-dependent transport system, and therefore diffuse around plant

roots. They bind to the NodD receptor in the rhizobial cell surface and induce the

expression of nod genes leading to the synthesis of Nod factors in a species-specific
manner. These signaling flavonoids were also shown to induce the type III secretion

systems (TTSS) and the excretion of proteins (Viprey et al. 1998; Fauvart and

Michiels 2008). TTSS, which is composed of ca. 20 proteins, is a molecular

machine found in both symbiotic (such as Bradyrhizobium japonicum,
Mesorhizobium loti, Rhizobium fredii) and pathogenic bacteria to deliver effector,

translocator, and regulator proteins to eukaryotic cells. It was reported that a

mutation in TTSS affects symbiosis in a host-specific manner, i.e., the mutation

in TTSS of Rhizobium sp. NGR234 resulted in increased number of nodules in yam

bean (Pachyrhizus tuberosus), less number of nodules in fish bean (Tephrosia
vogelii), and had no effect on nodulation in cowpea (Vigna unguiculata) and

white leadtree (Leucaena leucocephala) (Viprey et al. 1998). It was also shown

that the TTSS mutant of Rhizobium sp. NGR234 formed small and nonnitrogen

fixing nodules that seemed to be devoid of meristematic cells in sunhemp

(Crotalaria juncea) (Marie et al. 2003). The precise function of TTSS and its

secreted proteins (called Nops; nodulation outer proteins) in the nodulation process

is not yet well understood, but three Nops (NopL, NopP, and NopT) are proposed to

be involved in modulating the host signaling pathways such as the down regulation

of host plant defenses, and two other Nops (NopD and NopM) may be involved in

the interference of host protein regulation in the nuclei (Krishnan 2002; Krishnan

et al. 2003; Ausmees et al. 2004; Fauvart and Michiels 2008). It is noteworthy that

TTSS is not common machinery conserved in all Rhizobia, for instance, S. meliloti
does not contain TTSS genes in its genome (Galibert et al. 2001).

3.2 Signaling Molecules from Rhizobia to Legume Plants

Upon the recognition of plant-derived signal molecules, rhizobia induce the expres-

sion of nod genes, which are responsible for the synthesis of a lipochitooligo-

saccharide, Nod factor. Each Rhizobium species contains both common nod genes

such as nod A, nod B, and nod C, as well as other species-specific nod genes. The

common nod genes are responsible for the synthesis of the backbone structure of

Nod factors, while species-specific nod genes are responsible for the modification

of that structure, especially the side chain of the oligosaccharide. Functions and

properties of species-specific nod genes were summarized previously (Fisher and

Long 1992; Werner and Muller 2002). These species-specific modifications are
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necessary for the divergence of the structures of various Nod factors, which is

indispensable in the specific host–Rhizobium interactions. The secretion of Nod

factors from rhizobia is an energy-dependent process, and several genes involved in

the secretion of the Nod factor have been identified; nodI, nodJ, nodT, nodFGHI
(Rivilla et al. 1995; Spaink et al. 1995; Cardenas et al. 1996; Fernandez-Lopez et al.

1996). The products of these genes comprise a bacterial type ATP-binding cassette

(ABC) transporter which consists of two transmembrane proteins and two nucleo-

tide binding proteins.

Nod factors secreted into the rhizosphere are received by the Nod receptors

located at the plasma membrane of the host legume root cells. Upon the recognition

of Nod factors, plant roots undergo a series of drastic physiological changes: (1)

Nod factors induce the formation of a transient subcellular gradient of chloride,

potassium, and calcium ions as well as pH, followed by sharp oscillations of the

cytoplastic calcium ion concentration, called “calcium spiking” in root hair cells;

(2) Nod factors induce the curling of root hairs, which entrap rhizobia; (3) rhizobia

begin to penetrate plant roots by forming an infection thread; (4) cortical cells of the

roots begin to divide to form the nodule primordia; (5) rhizobia eventually enter the

plant cell via endocytosis, resulting in the formation of symbiosomes in which

rhizobia are surrounded by the plasma-membrane-derived peribacteroid membrane

(Verma and Hong 1996).

It is also noteworthy that the backbone structure of Nod factors is chitin

(chitooligosaccharides), which is a major component of fungal cell walls and

induces various defense responses in plants. Chitooligosaccharides have been

shown to induce various defense responses in plant cells, such as the induction of

defense-related genes, synthesis of phytoalexin, and the production of reactive

oxygen species (Baier et al. 1999; Stergiopoulos and De Wit 2009).

Screening of legume mutants defective in the nodulation identified genes

involved in the recognition of Nod factors. LysM domain-containing receptor-

like kinases (NFR1, NFR5, SYM2) in legumes were shown to be crucial for the

perception of Nod factors in the legume–Rhizobium symbiosis (Limpens et al.

2003; Madsen et al. 2003; Radutoiu et al. 2003). As Nod factors are structurally

similar to chitooligosaccharides, it has been presumed that plants possess a specific

receptor to perceive chitooligosaccharides leading to defense gene induction. In

fact, Arabidopsis LysM type receptor-like kinase, which has an amino acid similar-

ity to Nod factor receptors, was shown to be involved in the recognition of chitin-

oligosaccharides (Miya et al. 2007; Wan et al. 2008). Interestingly, it was very

recently shown that Arabidopsis LysM receptor kinase can transmit signals leading

to the symbiosis in L. japonicus when a part of the kinase domain was modified to

match the sequence of L. japonicus (Nakagawa et al. 2011).
When L. japonicus was inoculated with M. loti, many genes involved in the

defense mechanism, such as those responsible for phenylalanine ammonia-lyases,

4-coumarate, CoA ligase, chalcone reductase, chitinase, b-1,3-glucanase, and per-

oxidase, were induced in the early stage of nodulation and then suppressed to

normal levels (Kouchi et al. 2004). Considering the similarity between the Nod

factor receptor and chitin receptor, this phenomenon indicates that when legume
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plants recognize rhizobia, plants first treat them as “potential pathogens” with the

induction of defense genes and the production of phytoalexins and do not automati-

cally accept the foreign bacteria into root cells until the plant further recognizes

their symbiotic partners with different machineries such as extracellular lipo-

polysaccharides (EPS) and lipo-polysaccharides (LPS), as well as effector proteins

secreted by TTSS.

3.3 Transporters Involved in the Secretion of Root Exudates

The mechanism by which plant roots secrete phytochemicals was thought to be a

passive process mediated by diffusion and channels. However, recent advances sug-

gest that both primary and secondary transporters are involved in the secretion of

phytochemicals into the rhizosphere. In plants, there are twomajor transporter families

which are able to transport organic substrates, the ABC transporter family and

multidrug and toxic compound extrusion (MATE) transporter family, which consist

of 123 and 56 genes in Arabidopsis, respectively (Omote et al. 2006; Verrier et al.

2008;Yazaki et al. 2008). It has been shown that some transporters in these families are

also involved in the secretion of root exudates (Loyola-Vargas et al. 2007; Sugiyama

et al. 2007; Badri et al. 2008; Yazaki et al. 2008, 2009). For example, a MATE

transporter of barley was shown to secrete citrate into the rhizosphere, protecting

plant roots from aluminum toxicity (Furukawa et al. 2007; Wang et al. 2007).

In legume–Rhizobium interaction, an ABC-type transporter was shown to be

involved in the secretion of the isoflavonoid genistein, a signal molecule from

soybean to B. japonicum (Sugiyama et al. 2007) (Fig. 1). The genistein transport

activity of the soybean root plasma membrane was inhibited by sodium

orthovanadate, which is a general inhibitor for ABC transporters and P-type

ATPases, but not by other inhibitors of electrochemical gradients such as nigericin,

valinomycin, or gramicidin D which act as ionophores. It has been known that the

synthesis and secretion of genistein is up-regulated under nitrogen deficiency, but

the genistein transport activity of the soybean root plasma membrane remained

unchanged even under nitrogen deficiency. This suggests that transport activity is

constitutively active while the genistein secretion is regulated by the control of the

biosynthesis level (Sugiyama et al. 2007). Furthermore, a pharmacological

approach using subfamily-specific inhibitors such as verapamil and cyclosporine

A, which are often used as general inhibitors of ABCB (P-glycoprotein)-type ABC

transporters, and glybenclamide, a sulfonylurea derivative that acts as an effective

inhibitor of several ABCC-type members, suggested that these transporter members

are unlikely to be responsible for the genistein secretion in soybean. Bioinformatic

analysis was indicative that a PDR (pleiotropic drug resistance)-type (full-size

ABCG-type) ABC transporter is a primary candidate in the secretion of genistein

(Sugiyama et al. 2008).
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4 Functions of Root Exudates in Symbiosis with Mycorrhiza

4.1 Symbiosis with Arbuscular Mycorrhizal Fungi

Mycorrhizal fungi are major components of the soil microbial community, aiding in

the transfer of nutrients from the soil to the plants. They are divided into two

groups: endomycorrhiza, such as arbuscular, ericoid, and orchid mycorrhiza, and

ectomycorrhiza, which are found especially in temperate forests. These heteroge-

neous fungi colonize the roots of about 240,000 plant species in a wide range of

terrestrial ecosystems. Among the mycorrhiza, the arbuscular mycorrhiza fungi

symbiotically interact with more than 80% of plant species widely distributed

throughout the plant kingdom (Parniske 2008), but some plant families such as

Brassicaceae and Chenopodiaceae are nonhost plants (Smith and Read 1997).

Interestingly, lupins are also a nonhost for arbuscular mycorrhizal fungi, although

they belong to Leguminosae. Symbiosis with plants results in the formation of tree-

shaped subcellular structures, called arbuscules, within the plant cells. These

structures are thought to be the main site of nutrient exchange between the fungi

and plants. Because the arbuscular mycorrhizal hyphal network reaches to more

than 100 m per cubic centimeter of soil and is positioned to efficiently take up

various nutrients and water from the surrounding soil (Miller et al. 1995), plants can

obtain nutrients such as phosphate and various micronutrients, as well as water, by
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Fig. 1 A model of flavonoid secretion from soybean roots and the interrecognition between

soybean and B. japonicum
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utilizing this hyphal network. Fossil records have revealed that the origin of

arbuscular mycorrhizal symbiosis occurred at least 420–460 million years ago,

which coincides with the appearance of the first terrestrial plants, suggesting that

the colonization of land by plants from the water was assisted by ancestral

arbuscular mycorrhizal fungi (Simon et al. 1993; Remy et al. 1994; Redecker

et al. 2000).

4.2 Signal Molecules Between Legume Plants and Arbuscular
Mycorrhizal Fungi

Because arbuscular mycorrhizal fungi are obligate biotrophs and depend on a living

photoautotrophic host to complete their life cycle, a critical developmental step is

hyphal branching which enables them to make contact with the host’s roots and

establish the symbiosis. In a similar way that flavonoids function as a signaling

molecule for rhizobia, the branching factor is hypothesized to be a plant signal

molecule to trigger hyphal branching (Buee et al. 2000), and these authors have

ruled out flavonoids as candidates for the branching factor because root exudates of

maize mutants deficient in chalcone synthase show branching activity similar to

those of the wild type (Buee et al. 2000). It was also reported that root exudates of

plants grown under phosphate deficient conditions have higher activity than those

under sufficient phosphate nutrition (Tawaraya et al. 1995, 1998). Using root

exudates of L. japonicas, the chemical structure of the branching factor was

identified to be a strigolactone (Akiyama et al. 2005). Strigolactones have been

previously isolated from the root exudates of a variety of plants (Bouwmeester et al.

2003) as a seed germination factor for parasitic weeds such as Striga and Orobanche

(see Sect. 4.3).

It was shown that strigolactones were derived from a carotenoid pathway that is

also induced under phosphate deficiency (Lopez-Raez et al. 2008). Strigolactones

are found in the root exudates of tomato, sorghum, and pea, as well as L. japonicus,
but not in carrot, tobacco, or alfalfa (Garcia-Garrido et al. 2009), suggesting the

presence of other compounds in root exudates that activate hyphal branching. It

should also be mentioned that strigolactones were identified in the root exudates of

both Arabidopsis and lupin which are nonhost plants to arbuscular mycorrhizal

fungi (Goldwasser et al. 2008; Yoneyama et al. 2008). There will be divergent

phytochemicals that function as signals to arbuscular mycorrhizal fungi depending

on the plant species, as is the signals to rhizobia. It was recently shown that lupin

secretes pyranoisoflavones which inhibit hyphal development in arbuscular mycor-

rhizal fungi (Akiyama et al. 2010).

There is a large amount of interest in the molecular identification of signaling

molecules from fungi to plants that induce symbiosis-specific responses in the host

root. These hypothetical compounds are called Myc factors, and the existence of

such factors became evident by using an ENOD11-promoter GUS (b-glucuronidase)
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reporter gene fusion in the roots of M. truncatula (Kosuta et al. 2003), because

hyphae from germinating spores produced a diffusible factor that was perceived by

Medicago roots separated by a physical barrier which prevented direct physical

contact. Calcium spiking, which occurs in root hairs within a few minutes after the

Nod factor application, is also observed following the recognition of Myc factors by

plant roots (Navazio et al. 2007). Rapid and transient elevations in cytosolic calcium

ions were observed in response to the culture medium of spores of Gigaspora
margarita, indicating that diffusible molecules released by arbuscular mycorrhizal

fungi are perceived by plant cells. The fungal molecules were found to be heat stable

with a molecular weight of less than 3,000 and partially lipophilic (Navazio et al.

2007). It is still unknown whether the production of Myc factor is induced by

strigolactones or other factors of plants.

4.3 Diverse Functions of Strigolactones

Strigolactones are a group of apocarotenoids and at least nine strigolactones

(strigol, strigyl acetate, 5-deoxystrigol, orobanchol, orobanchyl acetate,

sorgolactone, epi-orobanchol, solanacol, and sorgomol) have been structurally

characterized from the root exudates of various plant species (Rani et al. 2008).

The function of strigolactones in the rhizosphere had been identified to stimulate

seed germination of harmful parasitic weeds such as witchweed (Striga) and

broomrape (Orobanche) before the identification as a hyphal branching factor for

arbuscular mycorrhizal fungi. Parasitic weeds are noxious root parasites on many

crop species and cause devastating losses of crop yield in many parts of the world

including Africa, India, and the Middle East (Rani et al. 2008). The first step in the

life cycle is the germination of the seeds of these parasitic plants, which resemble

the hyphal branching induced by strigolactones, and both parasitic weeds and

arbuscular mycorrhizal fungi are obligate biotrophs. Strigolactones are short-lived

in the rhizosphere because of a labile ether bond which spontaneously hydrolyses in

water. The fragility of these compounds forms a steep concentration gradient from

the plant roots, and this concentration can be a conscientious indicator for the

distance to the plant roots (Parniske 2005), thereby enabling these obligate

biotrophs to find living plant roots. Considering the fact that the origin of arbuscular

mycorrhizal symbiosis occurred far before the appearance of parasitic weeds, it can

be concluded that they have evolved to utilize this ancient signal of living plants to

parasitize their roots (Fig. 2).

Besides being the signal molecule to arbuscular mycorrhizal fungi and parasitic

weeds, strigolactones have been shown to function as an endogenous phytohor-

mone. It was shown that strigolactone levels were reduced in rice mutants that have

enhanced shoot branching and that application of strigolactones inhibited shoot

branching (Umehara et al. 2008). Another group reported that pea mutants which

have reduced levels of strigolactones and altered axial bud growth have root

exudates that were shown to exhibit a significantly reduced amount of activity in
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fungal hyphae branching (Gomez-Roldan et al. 2008). There is no information on

how strigolactone acts as a phytohormone or on the receptor for strigolactone, but

arbuscular mycorrhizal fungi may use the ancestral receptor for strigolactones to

perceive signals of strigolactones in the rhizosphere. Identification of receptors for

strigolactones in plants, as well as in fungi, is an interesting topic for future

research. There also remains an open question on the original physiological role

of strigolactones, i.e., whether strigolactones evolved first as an endogenous phyto-

hormone or as a signal for arbuscular mycorrhizal fungi.

5 Functions of Root Exudates in Mineral Acquisition

5.1 Mineral Requirements for Legume Plants

Plants require 17 essential elements to complete their life cycles, and beside C, H,

and O, they absorb mineral nutrients from the soil through their roots. Legume

plants are unique in that they form symbiotic interaction with rhizobia. Symbiosis

with nitrogen-fixing rhizobia enables legume plants to grow under low nitrogen

conditions; however, legume plants require some micronutrients in greater

quantities to maintain the symbiosis. One of the examples of these micronutrients

is molybdenum (Mo). Mo is a cofactor of a few, but important, enzymes such as

nitrate reductase and sulfite oxidase which are involved in nitrogen assimilation and

sulfur metabolism, respectively (Hansch and Mendel 2009). Aldehyde oxidase and

xanthine dehydrogenase are also Mo-containing enzymes. Legume plants need Mo

not only for these enzymes but also for nitrogenase, the most important rhizobial

Branching

Germination

Parasitic weeds

Arbuscular mycorrhizal fungi

OOO

OO
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Fig. 2 Strigolactone

stimulates both hyphal
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mycorrhizal fungi and
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enzyme for the fixation of nitrogen. Nitrogenase has a heterometal complex

(FeMoCo) in its active site, and transport of Mo to the bacteroid is required for

the proper function of nitrogenase. Application of molybdenum was shown to

increase the yield and nitrogen content in legume crops in both laboratory and

field conditions (Weeraratna 1980; Yanni 1992; Vieira et al. 1998). It is also

reported that a B. japonicum strain deficient in molybdenum transport showed

impaired nitrogen fixation activity when inoculated to soybean roots (Delgado

et al. 2006).

During the reduction of atmospheric N2 by nitrogenase, gaseous H2 is produced.

In order to utilize H2 as an energy source, a limited number of rhizobia have

hydrogenase that oxidizes H2 and generates ATP. This hydrogen recycling was

shown to increase productivity in symbiotic systems such as soybean. Hydrogenase

is a nickel (Ni)-containing enzyme and consists of large and small subunits (HupL

and HupS, respectively). It was reported that the exogenous application of Ni to pea

roots increased the mature Hup proteins and hydrogenase activity in nodules (Brito

et al. 1994), but it is not yet clear how Ni is transported from plant roots into

bacteroids.

Iron (Fe) is an important element in photosynthesis because up to 80% of the

cellular iron is found in the chloroplasts, but in legume plants iron plays an essential

role for leghemoglobin formation, which is the most abundant protein in the

nodules. Leghemoglobin is a hemoprotein that has a high affinity for oxygen

leading to low oxygen content in the bacteroids to protect the oxygen-sensitive

nitrogenase in the nodules (Johnston et al. 2001). Fe is also required for nitrogenase

(Fe–S cluster and FeMoCo active site) and nitrogenase reductase (Fe–S cluster) as

well as cytochromes and other electron donors that have Fe centers. Legume plants,

therefore, need to absorb Fe from soils to meet this high demand, but soluble Fe is

very limited in soils because most of the Fe exists as insoluble Fe3+. In fact, Fe

deficiency causes a drastic effect on nodule development (O’Hara et al. 1988).

Gramineae plants, for instance, secrete phytosiderophores into the rhizosphere for

iron acquisition (Takagi 1976), and in legume nodules, rhizobia produce

siderophores to aid the iron acquisition as well. Recently, it was reported that red

clover promotes the growth of siderophore-producing microbes in the rhizosphere

under iron deficient conditions, where phenolic exudates from the red clover roots

were responsible for this phenomenon (Jin et al. 2010). Rhizobial genes involved in

the biosynthesis of siderophores and related Fe uptake have been reported, but the

functions of these genes were studied only in a free-living state (Johnston et al.

2001). In R. lequminosarum, it was shown that the mutation of genes involved in the

synthesis of siderophores has no influence in the symbiotic nitrogen fixation in pea

in which these genes are actually not expressed in the mature bacteroids (Carter

et al. 2002). In contrast, B. japonicum mutant defective in the uptake of the

siderophore have a drastically divergent phenotype in planta, i.e., soybean nodules

without siderophore do not fix nitrogen (Benson et al. 2005), suggesting that

rhizobial siderophores have functions in Fe uptake at least in the soybean–B.
japonicum interaction, while the functions of siderophores in nodules are still to
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be elucidated. It would be the future target of molecular breeding that genes of

rhizobia are modified so that they produce siderophores to help legume plants to

acquire more Fe from soils.

Contrary to Mo, Ni, and Fe that have symbiosis-specific functions in nodules, the

specific relevance of zinc (Zn) for symbiosis is not known; although legume plants

do contain a higher concentration of Zn. Zn is an important trace element for

humans as well as plants, necessary for DNA replication, protein synthesis, and

oxidative stress reduction. In fact, Zn malnutrition affects more than one third of

world’s population (Hess et al. 2009; Hirschi 2009). To overcome this huge

problem, the legume crop lentil has been used for biofortification to increase Zn

concentration in planta (Thavarajah et al. 2009).

5.2 Root Exudates for Phosphorus Acquisition

Phosphorus (P) is one of the major macronutrients in plants, but its availability is

very limited because most P in soil is in insoluble forms such as organic phosphate

or insoluble mineral phosphate. Organic phosphate, which can account for ca. 80%

of the total phosphorus in soil (Li et al. 1997), has to be mineralized to inorganic

phosphate in order to be absorbed by plant roots. As a strategy to acquire phosphate,

plants secrete phosphohydrolases into the rhizosphere, which convert organic

phosphate into inorganic soluble phosphate, e.g., acid phosphatase is secreted in

response to phosphorus deficiency (Lefebvre et al. 1990; Duff et al. 1994). Another

strategy is that plants also secrete protons to acidify the rhizosphere which increases

the phosphates solubility (Staunton and Leprince 1996).

There are some plant species that can survive on infertile soil containing only

limited amounts of available phosphorus: one example of these species is white

lupin, a legume plant that has been extensively studied. In response to phosphorus

starvation, white lupin develops special bottlebrush-like root clusters, called cluster

roots, and secrete protons and a large amount of carboxylates, such as malate and

citrate, which solubilizes the phosphates (Neumann and Martinoia 2002). Secretion

of organic acids follows a spatial and temporal release pattern in the cluster roots of

white lupin: cluster roots secrete low amounts of organic acids, mainly malate in

early stage, while the roots secrete a larger amount of organic acids, mainly citrate

in the mature stage, which is then accompanied by acidification of the rhizosphere

(Neumann et al. 2000). It was also shown that the cluster roots of white lupin

secrete isoflavonoids such as genistein and hydroxygenistein (Weisskopf et al.

2006b), which may act as antimicrobials by inhibiting the growth of soil microbes

to suppress the biodegradation of citrate. In addition, cluster roots secrete antifungal

enzymes, such as glucanase and chitinase, which is thought to prevent the biodeg-

radation of the carboxylates by fungi (Weisskopf et al. 2006a).
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6 Conclusions

This chapter provides an overview of literatures on the functions of root exudates in

plant–microbe interactions and the acquisition of mineral nutrients from the soil.

We have focused on the mutualistic interactions with rhizobia and arbuscular

mycorrhizal fungi because recent research has identified genes and metabolites

involved in these sophisticated interactions; however, there still remains many

plant–microbe interactions in the soil to be analyzed in detail. For example, how

plants recruit PGPR, how plants protect themselves from pathogens using

phytoalexins, and how plants interfere with quorum sensing using N-acyl
homoserine lactone mimics (Teplitski et al. 2000; Keshavan et al. 2005). There

will also be underground multitrophic interactions, which involve both soluble and

volatile root exudates. In maize, (E)-b-caryophyllene is emitted from insect-dam-

aged roots that recruit entomopathogenic nematodes (Rasmann et al. 2005). It is

possible that legume plants have a tri-interaction system mediated by root exudates

including volatiles. Most studies of plant–microbe interactions so far have been

focused on a particular microbe such as Rhizobium and arbuscular mycorrhizal

fungi; however, in nature, legume plants have interactions with many microbes

in the soil. Therefore, the interaction of legume plants with entire microbial com-

munities is of particular interest for future research as we need to expand our

understanding of the plant microbe interactions to the level that could help develop

sustainable agriculture using the various functions of microbes on the soil. There is

no argument that plants influence the soil microbial communities, but root exudates

are not the only key player to the functions of those interactions. For instance,

border cells and other rhizodeposits are nutrient sources and signals for microbes in

soils as well (Dennis et al. 2010). The nature of root exudation enables plants to

actively regulate the rhizosphere microbial communities, and further research on

legume root exudates could open the door to the possibilities of sustainable

agriculture practices utilizing legume crops that actively secrete metabolites to

recruit beneficial microbes and prevent pathogens.
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