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Mycorrhiza: Creating Good Spaces

for Interactions
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Abstract Soil is a complicate environment, where complex systems of multiple

interactions between the organisms take place. Plant health is majorly determined

by these vital interactions in the soil. The ubiquitous arbuscular mycorrhizal

(AM) fungi and a number of microbes interact synergistically to enhance the fitness

of each other as well as plants they are associated with. Both the interacting partners

are cross facilitators, where AM fungi provide suitable specialized ecological

niches as well as nutrients for bacteria, and in turn bacteria improves the

mycorrhization, provides pool of available P and N, and helps in management of

biotic and abiotic stresses. Given the importance of AM and the interacting

microbes in low-input sustainable agriculture, it is important to understand their

interactions.

4.1 Introduction

Web of interactions between organisms spans all ecosystems and strongly influ-

ences the structure of natural populations and communities. As an example, over

90% of all land plants depend on symbiotic mycorrhizal associations for their

survival. Estimates suggest that 74% of all plant species form arbuscular mycor-

rhiza (AM) with fungi of the Glomeromycota clade (Brundrett 2009; Smith and

Read 2008), 2% of plants form ectomycorrhiza (EM) associations, 9% of plants

form orchid mycorrhizas, and 1% of plants form ericoid mycorrhizas (Brundrett

2009; van der Heijden et al. 2015). Frank, in the year 1885, for the first time, used
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the term “mykorrhiza” to describe the modified root structures of forest trees. The

term has since been extended to cover a range of symbiotic associations between

fungi and plant roots (Smith and Read 2008). About 6000 species in the

Glomeromycotina, Ascomycotina, and Basidiomycotina have been recorded as

mycorrhiza. Arbuscular mycorrhiza is the oldest and most widespread symbiosis

present in all taxa of extant flora, occurring in the roots of most angiosperms and

pteridophytes, along with some gymnosperms and the gametophytes of some lower

plants like mosses and lycopods (Smith and Read 1997). Paleobotanical and

molecular sequence data suggest an arbuscular mycorrhiza originate before the

Devonian period when the first land plants formed associations with Glomalean

fungi from the Glomeromycota about 460 million years ago (Heckman et al. 2001;

Kistner and Parniske 2002; Redecker et al. 2000). This is estimated to be some

300–400 million years before the appearance of root nodule symbioses with

nitrogen-fixing bacteria. Arbuscular mycorrhizal symbioses can be formed with a

very wide range of plant species, as many as 250,000.

The mycobionts (fungal partners) facilitate the phytobionts (plant partners) to

acquire soil resources (nutrients and water), while the photobionts deliver

photoassimilates to the mycobionts (Buscot et al. 2000). Mycorrhizal fungi connect

their plant hosts to the heterogeneously distributed nutrients in soil areas, not

accessible by roots via a vast network of extraradical mycelium. Thus, the plant’s
access to nutrients and water is improved by mycorrhizal fungi. It has been

suggested that this symbiosis was fundamental for the evolution of early land

plant and invade the harsh terrestrial environment, where depletion zones rapidly

develop in the soil after element absorption by roots (Cairney 2000; Corradi and

Bonfante 2012; Jansa et al. 2013; Simon et al. 1993; Taylor and Krings 2005).

Therefore, it seems that the AM association could have evolved as a mutualistic

symbiosis, facilitating the adaptation of plants to the terrestrial environment

(Schüßler 2000).
The extraradical mycelium of mycorrhizal fungi not only increases the nutrient

absorptive surface area of their host plant root systems but also provides a direct

conduit for translocation of photosynthetically derived carbon to microsites in the

soil and a large surface area for interaction with other microorganisms. The bacteria

also occupy certain specific fungal niches, i.e., spores, extraradical hyphae, and

intraradical mycelia. Furthermore, AM spores and hyphae are also a valuable

source of food for many soil microorganisms (i.e., bacteria, other fungi, and

nematodes) (Corradi and Bonfante 2012). Microscopic and molecular analysis

showing bacterial colonization on the surface of AMF hyphae and spores demon-

strates that an intimate relationship between AMF and microbes exists (Agnolucci

et al. 2015; Scheublin et al. 2010; Toljander et al. 2006). Additionally, many of

them harbor endobacteria in their cytoplasm (Bonfante and Anca 2009). These

bacteria can also influence AMF fitness (Frey-Klett et al. 2007) and ecological

function (Cheng et al. 2012; Feng et al. 2003; Hodge et al. 2001; Zhang et al. 2014).

Consequently, microbes are recognized as a third part of the AM symbiosis, not just

soilborne “free riders” (Jansa et al. 2013). The mycorrhizal symbiosis results in

changes in the rhizosphere microbes and beneficial effects are the result of
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synergistic interactions among all rhizosphere microbes and AM (Linderman

1992). Therefore, a better understanding of interactions between AM and microbes

in the rhizosphere is required, owing to their crucial ecological consequences and

implications in sustainable agriculture. This review is an attempt to present a

comprehensive account of AMF–bacterial interactions prevalent in the soil.

4.2 The Interactive Space

The rhizosphere (Hiltner 1904), defined as the narrow zone of soil subject to the

influence of living roots, is characterized by intense bacterial activity as a result of a

leakage or exudation of substances from the root (Curl and Truelove 1986; Pinton

et al. 2001) further redefined rhizosphere as the zone that includes the soil

influenced by the root along with the root tissues colonized by microorganisms

(Morgan et al. 2005; Pinton et al. 2001). The rhizosphere concept was further

expanded to include the ubiquitous mycorrhizal fungal associates of roots

(Rawlings 1958). Arbuscular mycorrhizal fungi are naturally abundant in agricul-

tural soils and may account for some 25% of the soil microbial biomass (Hamel

2007; Hamel et al. 1991; Olsson et al. 1999) and up to 80% of the fungal biomass

(Baath et al. 2004; Kabir et al. 1997). A gram of soil can contain up to 30 m of AM

fungal extraradical hyphae (Smith and Read 1997). The term mycorrhizosphere

(Oswald and Ferchau 1968) refers to the zone of influence of the mycorrhiza

(fungus root) in the soil. In the mycorrhizosphere, two different zones are discern-

ible: first is the rhizosphere, a thin layer of soil that surrounds the root and is under

the joint direct influence of the root, root hairs, and AM hyphae adjacent to the root,

and second is the hyphosphere, a zone of AM hypha–soil interactions, not directly

influenced by the root (Marschner 1995). The hyphosphere may be more or less

densely permeated by the AM soil mycelium (8–20 km hyphae L�1 soil) (Schreiner

et al. 1997).

Mycorrhizosphere soil is influenced by exudates from both the root tissue and

the fungal hyphae. Root exudates play an important role in communication with

rhizosphere-inhabiting microorganisms, and, for this communication, a broad range

of substrates and signaling molecules are produced by plants. Plant roots release

5–21% of their photosynthetically fixed carbon as soluble sugars, amino acids, or

secondary metabolites (Badri et al. 2013; Badri and Vivanco 2009; Chaparro et al.

2013), and these are used by the microbial communities in the rhizosphere. It is

reported that plants produce a diverse range of more than 100000 different

low-molecular mass natural products, known as secondary metabolites (Bais et al.

2004). Root exudates are important in establishment of AM symbiosis (Vierheilig

2004). The establishment of AMF symbiosis and infection structure can occur only

in the presence of signals released by host roots (Czarnota et al. 2003; Smith and

Read 1997). Mycorrhizal establishment is also known to change mineral nutrient

composition, C allocation patterns, and hormonal balance in addition to other

aspects of plant physiology (Barea 2000; Marschner and Timonen 2006) such as
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root exudate composition (Bansal and Mukerji 1994), which further influences the

rhizosphere environment. These factors in turn affect the chemo tactic response of

soil bacteria and composition of bacterial populations in the mycorrhizosphere

(Buee et al. 2000; Soderberg et al. 2002; Sood 2003). Thus, the mycorrhizal

symbiotic status changes the chemical composition of root exudates while the

development of the fungal soil mycelium serves as a carbon source to rhizosphere

microbial communities and introduces physical modifications into the environment

surrounding the roots.

In addition to mycorrhiza-induced changes in the rhizosphere, there are specific

modifications in the microenvironments surrounding the mycorrhizal mycelium

itself (Gryndler et al. 2000). The extraradical mycelium of AM fungi not only

constitutes a large surface area that interacts with the surrounding soil environment

but also represents an important source of C for the soil microflora (George et al.

1995). A number of compounds are exuded into the soil by the AM extraradical

mycelium (Wright et al. 1996; Wright and Upadhyaya 1996) that influence the

chemical composition and pH of the soil environment (Bago and Azcón-Aguillar

1997). The analysis of exudates from a Glomus revealed the presence of low-

molecular-weight sugars and organic acids and also unidentified high-molecular-

weight compounds (Toljander et al. 2007). The release of carbonaceous exudates

by AM hyphae (Toljander et al. 2007) and the rapid (5–6 days) turnover of these

hyphae (Staddon et al. 2003) result in hyphosphere effect. The C compounds

released have different bioactivity on different soil microorganisms of the

hyphosphere, and as a result, mycelial exudates can not only increase microbial

growth and vitality but can also change the composition of the microbial commu-

nity (Duponnois et al. 2008; Toljander et al. 2007). The hyphosphere (Marschner

1995) supports biotic activities distinct from those in soils under joint root and

fungal influence (Linderman 1988). Microbial activity may thus differ in

mycorrhizosphere, hyphosphere, rhizosphere, and bulk soils (Andrade et al. 1997).

4.3 AM: A Specialized Ecological Niche

The interactions between AM fungi and bacteria associated with their extraradical

mycelium as well as the presence of endosymbiotic intracellular bacteria living

inside certain fungal isolates have been reported by a number of studies (Bianciotto

et al. 1996, 2003; Bianciotto and Bonfante 2002; Roesti et al. 2005; Toljander et al.

2006). Bianciotto et al. (1996) investigated interaction between germinated spores

of Gigaspora margarita with strains of either Rhizobium leguminosarum or Pseu-
domonas fluorescens. They observed that these rhizobacteria interacted with spore

and hyphae (from germ tubes) of Gi. Margarita under sterile conditions. They also

suggested that AMF are a vehicle for the colonization of plant roots by soil

rhizobacteria. Thus, AM fungal spores and hyphae provide specific ecological

niches for various populations of bacteria. The fungal partner often selects and

hosts soil microorganisms, which could be of beneficial influence for fungal
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physiology and development (Artursson et al. 2006; Lumini et al. 2006; Xavier and

Germida 2003). The microorganisms may either be derived from the surrounding

soil or could be carried by fungal spores. These interactions are ecologically very

significant (Buzzini et al. 2005). Bacteria such as Paenibacillus brasiliensis and

Pseudomonas fluorescens have been found to be in direct physical association with
extraradical hyphae of Glomus intraradices (Toljander et al. 2006). Bacteria have
also been reported to be associated with AMF spores, and these bacteria colonize

mainly the outer wall layer (Bonfante-Fasolo and Schubert 1987; Filippi et al. 1998;

Maia and Kimbrough 1998; Walley and Germida 1996). Alcaligenes, Bacillus,
Corynebacterium, and Pseudomonas have been reported to be associated with the

spores of Glomus versiforme (Mayo et al. 1986) and spore walls of Glomus clarum
NT4 (Xavier and Germida 2003). Cellvibrio, Chondromyces, Flexibacter,
Lysobacter, and Pseudomonas spp. were found to be associated with spores of

Glomus geosporum and Glomus constrictum (Roesti et al. 2005). Some bacteria

have also been found in the cytoplasm of AMF spores (Bianciotto et al. 2000;

MacDonald and Chandler 1981). A Burkholderia sp. bacterium was found in the

cytoplasm of spores of Gigaspora margarita, which has recently been assigned the

new taxonomical identity Candidatus Glomeribacter gigasporarum (Bianciotto

et al. 1996, 2003).

The mycorrhizal hyphae and spores present a stable microhabitat for the estab-

lishment of bacterial biofilms in soil. A biofilm is a physical structure formed by

aggregation of microorganisms, in which cells adhere to each other and/or to a

surface. Bacterial attachment generally proceeds through two consecutive steps

(Broek and Vanderleyden 1995). In the first step, the bacteria adhere loosely as

single cells, whereas in the second step, the bacteria become more firmly attached to

the plant root, and additional free bacteria are entrapped, resulting in the formation

of large bacterial clusters at the attachment site to form biofilms. In natural

ecosystems, it has been shown that up to 99% of all bacterial activities are

associated with biofilms attached to solid surfaces (Costerton et al. 1987; Potera

1996). Biofilm represents a dominant organization of bacteria in nature, in which

population of bacteria are embedded in an exopolysaccharide matrix secreted on a

surface (Fujishige et al. 2006). This organization has several advantages for bacte-

ria because it promotes higher resistance to environmental and biological stresses

than planktonic cells (Burmolle et al. 2007). At the same time, a biofilm can

facilitate hyphal penetration through the soil, and when hyphae colonize plant

tissues, the bacteria can continue their functions. The bacteria located in hyphae

can be released to the intercellular spaces of roots after hyphae are digested by

endogenous enzymes (Fig. 4.1). In the intercellular spaces, these bacteria can

interact with other endophytic microorganisms. Bacteria able to form biofilms on

the surface of AMF mycelia might play an important role in some of the functions

associated with AMF such as nutrient mobilization and protection against patho-

gens. Also, bacteria may have physical effects through biofilm formation, as well as

chemical effects through the release of compounds in the exudates (Cruz and Ishii

2012).
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When associated with plant roots, mycorrhizal fungi receive up to 30% of the

total carbon fixed and frequently transform it into trehalose, a disaccharide that has

been proposed to behave as a carbon sink (Lopez et al. 2007; Wiemken 2007).

Several studies have highlighted the possible role of trehalose in the interactions

between bacteria and mycorrhizal fungi. It has been hypothesized that trehalose,

secreted from fungal cells, can facilitate the colonization of the hyphae and the

formation of biofilms on them. Trehalose was reported to be responsible for the

selection of specific bacterial communities in the mycorrhizospheres of tree roots in

forest nurseries and plantations (Frey et al. 1997; Izumi et al. 2006; Uroz et al.

2007).

The rhizobacteria with biocontrol abilities, P. fluorescens CHAO, formed sparse

spots while two mucoid mutants of this strain (with increased production of acidic

extracellular polysaccharides (EPS), essential for biofilm formation) formed a large

number of clusters on non-mycorrhizal carrot roots, roots colonized with Gi.
margarita, and extraradical hyphae of this AM fungus, demonstrating that EPS

are involved in the in vitro association of P. fluorescens CHAO to these biological

surfaces (Bianciotto et al. 2001a). Moreover, mutants of Azospirillum brasilense
and Rhizobium leguminosarum affected in EPS production were strongly impaired

in the capacity to attach to mycorrhizal root, AM, and inert structures (Bianciotto

et al. 2001b). Various strains of Burkholderia inoculated on the germinating spores

Fig. 4.1 Association between the AM and interacting bacteria
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of Gi. decipiens were able to colonize the interior of the spores, demonstrating that

AM colonization does not occur on AM surfaces only through biofilm formation

(Levy et al. 2003; Lioussanne 2010). Further, Toljander et al. (2006) examined the

attachment of five different strains of gfp-tagged soil bacteria [Paenibacillus
brasilensis PB177 (pnf8), Bacillus cereus VA1 (pnf8), Pseudomonas fluorescens
SBW25::gfp/lux, Arthrobacter chlorophenolicus A6G, and Paenibacillus peoriae
BD62 (pnf8)] to vital and nonvital extraradical hyphae of the arbuscular mycorrhi-

zal fungi Glomus sp. MUCL 43205 and Glomus intraradices MUCL 43194. The

study revealed that Arthrobacter chlorophenolicus did not attach to hyphae,

whereas the other bacterial strains did to a varying degree, indicating that that

soil bacteria differed in their ability to colonize vital and nonvital hyphae and that

this can also be influenced by the arbuscular mycorrhizal fungal species involved.

Different bacterial populations may establish themselves under the influence of

different AM plant–fungus combinations. The size and composition of bacterial

populations in the rhizosphere has been shown to depend on the nature and quantity

of root exudates that are controlled by AM fungi (Azaizeh et al. 1995). The

subsequent competition between bacteria and AM fungi for this C source

(Christensen and Jakobsen 1993) may determine the size and composition of

bacterial populations in the rhizosphere.

It has been hypothesized that AM fungi stimulate the growth of rhizobacteria by

serving of nutritional source through the liberation of exudates. Growth of Pseu-
domonas chlororaphis was shown to be stimulated in presence of crude extracts

(containing not only AM exudates but also mycelial compounds) from the

extraradical network of in vitro grown G. intraradices (Filion et al. Filion et al.

1999). Roesti et al. (2005) have suggested bacterial saprophytic activity in

G. geosporum spores by scanning electron microscopy observations. The direct

consumption of AM fungi was evidenced by the erosion of the spore’s outer layer
and its covering by mucilaginous products. AMF exudates were also shown to

influence the vitality of soil bacteria. Toljander et al. (2007) investigated the effects

of exudates produced by AM extraradical mycelia on the growth and development

of an extracted soil bacterial community in vitro. The bacterial community

extracted from soil was shown to be significantly affected after 48 h when inocu-

lated with exudates produced by AM mycelia in comparison to a control composed

of culture medium. Their study demonstrated the direct effects of mycelial exudates

on a soil bacterial community. Sood (2003) investigated the chemotactic responses

of the plant-growth-promoting rhizobacteria Azotobacter chroococcum and Pseu-
domonas fluorescens to roots of arbuscular mycorrhizal (Glomus fasciculatum)
tomato plants. They reported a stronger attraction of Azotobacter chrococcum and

P. fluorescens by exudates collected from tomato roots colonized by

G. fasciculatum than by exudates collected from non-colonized roots. Scheublin

et al. (2010) found specificity in bacterial attachment to AM hyphae and suggested

that hyphal exudates shape hyphosphere bacterial communities through specific

signaling that makes AM hyphae attractive to certain types of bacteria and not to

others.
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Molecular and morphological analyses demonstrate that some microbes select

mycorrhizal fungi as a special niche for accomplishing their life cycle. AM fungi, as

biotrophic and obligate plant symbionts, themselves host additional endosymbionts

in their cytoplasm, biotrophic endobacteria (Bianciotto et al. 2003; Naumann et al.

2010; Torres-Cortes et al. 2015). AM fungi host intracellular structures very similar

to bacteria, called bacteria-like organisms (BLOs) and first described in 1970s on

the basis of electron microscope observations (Mosse 1970; Scannerini and

Bonfante 1991). These bacteria have been found in several members of the

Gigasporaceae (Bianciotto et al. 1996, 2000; Jargeat et al. 2004). Ultrastructural

observations revealed rod-shaped BLOs in the vacuoles of germinating spores,

often associated with large protein bodies (Bonfante and Balestrini 1994). Ampli-

fication of bacterial 16S RNA gene from total spore DNA followed by direct

sequencing indicated that these bacteria are closely related to the genus

Burkholderia, a group belonging to the β subdivision of the Proteobacteria and

that they are present throughout the fungal life cycle (Bianciotto et al. 1996). On the

basis of 16S ribosomal DNA (rDNA) sequence analysis, these bacteria had been

initially assigned to the genus Burkholderia (Bianciotto et al. 1996) but were

recently reassigned to a new taxon named “Candidatus Glomeribacter

gigasporarum” (Bianciotto et al. 2003). They have been detected in all fungal

compartments (spores, germ tube, and extra- and intraradical hyphae) except

arbuscules (Bianciotto et al. 1996). Microbes, such as the endosymbiont

Burkholderia, possess genes which may have an impact on bacterial, fungal, and

plant metabolisms (Minerdi et al. 2002). Two types of endosymbionts are known in

AMF: (1) a rod-shaped, Gram-negative beta-proteobacterium, related to

Burkholderia (Bonfante and Balestrini 1994), Candidatus Glomeribacter

gigasporarum (CaGg), common in several species of the family Gigasporaceae

(Bianciotto et al. 2003; Desiro et al. 2014; Mondo et al. 2012), and (2) a much more

widespread type, coccoid bacterium, displaying a homogeneous Gram-positive-like

wall structure (Desiro et al. 2014; Scannerini and Bonfante 1991), which represents

a currently undescribed taxon of Mollicutes related endobacteria (MRE) with a

wide distribution across Glomeromycota (Naumann et al. 2010). The CaGg genome

sequence (Ghignone et al. 2012) revealed that Glomeribacter endobacteria are

nutritionally dependent on the fungal host and have a possible role in providing

the fungus with essential factors like vitamin B12 (Ghignone et al. 2012). Pheno-

typic consequences of CaGg removal from the host include important morpholog-

ical changes as well as reduced proliferation of host presymbiotic hyphae. Yet, the

host is not obligately dependent on the bacteria (Lumini et al. 2007; Mondo et al.

2012). These features suggest that Glomeribacter endobacteria are mutualistic

associates of AMF (Lumini et al. 2007). Comparisons of host and symbiont

phylogenies indicate that while CaGg is a heritable endosymbiont (Bianciotto

et al. 2004), it also engages in recombination and host switching, which play an

important role in stabilizing this 400-million-year-old association (Mondo et al.

2012). MRE are associated with all major phylogenetic lineages of AMF studied so

far and, thus, indirectly also with more than 80% of all land plants. They are

coccoid, located in the cytoplasm without a surrounding host–membrane, and
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appear to possess a Gram-positive cell wall (Naumann et al. 2010). MRE were

frequently detected in the intraradical and extraradical mycelium and in spores of

AMF; however, they could never be detected free living (Naumann et al. 2010;

Torres-Cortes et al. 2015). MRE have recently been demonstrated to also occur in

several non-AMF species from the genus Endogone (Mucoromycotina), where

some members are also plant symbionts (Desiro et al. 2015). Based on the 16S

rRNA gene sequences, this novel lineage is sister to a clade encompassing the

Mycoplasmatales and Entomoplasmatales (Naumann et al. 2010). During their

long-lasting co-evolution, MRE have formed distinct, monophyletic evolutionary

lineages within their fungal hosts, with a 16S rRNA gene (16S) sequence diver-

gence of up to 20% (Desiro et al. 2014). The MRE have been detected in 17 out of

28 investigated AMF samples from culture collections, including members of

Archaeosporales, Diversisporales, Glomerales (Naumann et al. 2010), as well as

in mycorrhizal thalli of liverworts (Desiro et al. 2013). In most of the AMF hosts

and irrespectively of the AMF identity, these endobacteria displayed a conspicuous

variability in their 16S rRNA gene sequence. Torres-Cortes et al. (2015) have

hypothesized that MRE play an important biological role in AM, consistent with

the observation that they have been maintained as ancient endosymbionts in major

evolutionary AMF lineages that separated hundreds of million years ago. The

occurrence of these bacteria in AM fungi is intriguing, and their physiological

role in fungal fitness as well as their potential role in mycorrhizal symbiosis are

completely unknown. Collectively, these observations indicate that CaGg is a stable

associate of Gigasporaceae, whereas the lifestyle of the MRE and the nature of their

association with Glomeromycota are uncertain. Furthermore, Desiro et al. (2013)

investigated the patterns of distribution and coexistence of the two endosymbionts,

CaGg and MRE, in spore samples of several strains of Gigaspora margarita. They
found that a single AM host can harbor both types of endobacteria, with MRE

population being more abundant, variable, and prone to recombination than the

CaGg one. Both endosymbionts seem to retain their genetic and lifestyle peculiar-

ities regardless of whether they colonize the host alone or together. These findings

showed for the first time that fungi support an intracellular bacterial microbiome, in

which distinct types of endobacteria coexist in a single cell.

Salvioli et al. (2016) used next-generation sequencing to analyze the transcrip-

tional profile of Gigaspora margarita in the presence and in the absence of its

endobacterium in order to understand the effect of bacteria on fungal fitness.

Transcriptome analysis revealed that the endobacterium had a stronger effect on

the pre-symbiotic phase of the fungus in terms of increased fungal sporulation

success, elevation of the fungal bioenergetic capacity, increased ATP production,

and elicitation of mechanisms to detoxify reactive oxygen species. They showed

that the bacteria seemed to enhance the fungal responsiveness to strigolactones.

According to them, although the endobacterium exacts a nutritional cost on the

AMF, endobacterial symbiosis improves the fungal ecological fitness by priming

mitochondrial metabolic pathways and giving the AMF more tools to face envi-

ronmental stresses. Thus, they hypothesized that as described for the human

microbiota, endobacteria may increase AMF innate immunity.
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4.4 The Functional Aspects of Interactions

4.4.1 Cross Facilitation

Mycorrhiza and bacteria act as cross facilitators, where each of them increases the

fitness of the other interactive partner. Specific bacterial populations that colonize

the spores and external mycelia of mycorrhizal fungi may actively influence the

spore germination, growth of external fungal mycelia, and mycorrhizal root colo-

nization. Mycorrhization helper bacteria (MHB) (Garbaye 1994) are known to

stimulate the growth of mycelia and enhance the formation of mycorrhizas

(Barea et al. 2002; Garbaye 1994; Gryndler et al. 2000). Mosse (1962) showed

that some MHB as well as their culture filtrates were able to stimulate the spore

germination of G. mosseae. Mayo et al. (1986) observed that the germination of

G. versiforme spores was greatly reduced by surface sterilization as compared to the

spores with naturally associated microbial communities. Further, the addition of

bacteria (including Pseudomonas and Corynebacterium strains) isolated from

nonsurface-disinfected spores also increased spore germination compared to

disinfected spores. Tylka et al. (1991) proposed that volatile compounds secreted

by streptomycetes positively impacted AM fungal germination.

Xavier and Germida (2003) reported that direct contact between the spores and

bacteria was necessary for the induction of spore germination in Glomus clarum,
indicating a ligand–receptor interaction between the two microbes. Root exudates

stimulate the growth of the biopolymer-degrading populations that would in turn

accelerate the decay of the outer spore walls. The presence of active biopolymer-

degrading bacterial populations on the spore surface could support spore germina-

tion by releasing nutrients or degrading toxic compounds that inhibit germination.

Thus, the process of maturation and eventual germination of AMF spores might

benefit from the activity of the surface microorganisms degrading the outer hyaline

layer (Roesti et al. 2005). Bacteria can stimulate the mycorrhizal spore germination

by mechanisms such as erosion of spore walls (Filippi et al. 1998; Maia and

Kimbrough 1998), production of stimulatory compounds such as CO2 and other

volatiles (Carpenter-Boggs et al. 1995), or by influencing AMF phosphorus acqui-

sition (Ruiz-Lozano and Bonfante 2000).

Hildebrandt et al. (2002), while working with the Paenibacillus validus–Glomus
intraradices interactions, showed that the otherwise obligately symbiotic

G. intraradices could grow and sporulate in fungus–bacterium cocultures. During

the initiation of mycorrhizal symbiosis, signal molecules such as phytohormones,

enzymes, polysaccharides, phenolic compounds, adhesins, and volatiles are pro-

duced by the plants (Akiyama et al. 2005). MHB can influence through the

synthesis of many of these chemicals. MHB may also detoxify metabolites pro-

duced by the fungus that inhibit mycelia growth (Duponnois and Garbaye 1990).

Examples of MHB strains are predominantly Bacillus and Pseudomonas, but

examples have also been found in the genera Bradyrhizobium, Burkholderia,
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Paenibacillus, Rhodococcus, and Streptomyces. Lumini et al. (2007) proved that

the presence of endosymbiotic bacteria, CandidatusGlomeribacter gigasporarum in

Gigaspora margarita, strongly improves the presymbiotic growth of the fungus, as

shown by increased hyphal elongation and branching following treatment with root

exudates. Soil bacteria may stimulate the root exudation by production of certain

compounds. This further stimulates the growth of mycorrhizal fungal mycelia in the

rhizosphere or facilitates root penetration by the fungus (Barea 2000; Marulanda

et al. 2006). The arbuscular mycorrhizal colonization of roots with Glomus
fistulosum and the growth rate of the hyphae in the soil substrate were significantly

higher when the fungus was co-inoculated with Pseudomonas putida or with the

low-molecular-weight fraction of the bacterial culture supernatant (Vósatka and

Gryndler 1999), indicating that the effective substances were in this fraction. Two

isolates of Paenibacillus validus (DSM ID617 and ID618) were shown to stimulate

growth of the arbuscular mycorrhizal fungus Glomus intraradices Sy167 up to the

formation of fertile spores by Hildebrandt et al. (2006). They reported that a specific

carbon source, raffinose, was present in bacterial cultures and mycelial growth was

supported by this sugar. Salvioli et al. (2016) observed that the endobacterial

symbiosis improved the fungal ecological fitness by priming mitochondrial meta-

bolic pathways and giving the AMF more tools to face environmental stresses. The

presence of the endobacterium tunes a huge number of metabolic pathways,

including spore production, fungal wall remodeling, and mineral nutrient uptake

and transport, also leading to a positive impact on the phosphate content of plant

roots and shoots. Thus, although the endobacterium has a nutritional cost on the

AMF, the symbiosis has proven beneficial to the AMF, from an evolutionary point

of view.

In addition to providing suitable niches as well as nutrition for bacteria, the

fungal partner also might influence coinhabiting species via the secretion of chem-

ical substances. The nature of fungal exudates may decide the type of interaction

with the bacteria. Mycorrhiza selects the prokaryotes with which it wants to

cooperate. The exudation of antibiotics is an important fungal contribution to the

mutualism. Therefore, the mycorrhiza specifically favors the growth of symbiosis-

promoting bacteria and prevents infection with antagonistic ones. Andrade et al.

(1998) showed that root and fungal components of mycorrhiza affect soil bacteria

indirectly by influencing water–stable soil aggregates and providing a favorable,

protective environment for the organisms. The endocellular mode of living may be

advantageous for many bacteria as it provides physical protection of these bacteria

from competition of space and nutrition, as well as grazing by the predators in

the soil.

4.4.2 Nutrition

It has been previously reported that AM fungi have no known saprotrophic capa-

bility, which makes them incapable of breaking down the organic nutrients
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(Gryndler 2003; Joner et al. 2000; Leigh et al. 2009; Tisserant et al. 2013).

However, microbes play important and varied roles in elemental [e.g., C, nitrogen

(N) and phosphorus (P)] biogeochemical cycles (Nannipieri et al. 2003; Torsvik

and Øvreas 2002). Since microbes are able to release various enzymes to decom-

pose organic matter, it has been hypothesized that in doing so, they provide the

AMF hyphae with inorganic nutrients (Hodge 2014; Zhang et al. 2014, 2016).

Mycorrhizal hyphae exude labile C and thus increase local nutrient availability in

the hyphosphere, which in turn results in stimulation of surrounding soil microbes

(Cheng et al. 2012; Jansa et al. 2013). The microbes utilize AM-released C and pay

back the benefits in terms of released mineral nutrients. The transcriptome of

Glomus intraradices (DAOM 197198) has revealed that this AM fungus may

have a low capability of utilizing phytate because it lacks phytase protein (Tisserant

et al. 2012). Also, although arbuscular mycorrhizal fungi have crucial role in the

phosphorus cycle that is fundamental to sustainable crop plant productivity, they

lack the ability to secrete phosphatases (Tisserant et al. 2013). Therefore, the AM

fungi are unable to utilize organic P from the soil and then provide to the plant.

However, >40% of culturable bacteria are able to mineralize organic P (the

so-called phosphate-solubilizing bacteria (PSB) by releasing numerous phospha-

tases into the surrounding soil (Jorquera et al. 2008). Phosphate solubilizing

bacteria are free-living soil microorganisms that are present in most soils

(Rodriguez and Fraga 1999) and have the capacity to solubilize organic P, improv-

ing its ability for uptake. PSB solubilize organic and inorganic P, through the action

of synthesized phosphatases, by lowering the pH of the soil and/or chelating P from

Al3+, Fe3+, Fe2+, and Ca2+ with the help of organic acids (Browne et al. 2009;

Rodriguez and Fraga 1999). Ordonez et al. (2016) reported that P solubilizing-

capable Pseudomonas bacteria and AMF can have positive effects on each other’s
growth that could potentially lead to synergism between some combinations.

Studies by Zhang et al. (2016) revealed that beneficial interactions between an

AMF and a PSB occur, with each providing a key resource for the other. PSB were

shown to be responsible for organic P hydrolysis by releasing phosphatases, while

AMF could acquire the inorganic P subsequently released, and AMF hyphal growth

was enhanced. AMF release C compounds into the hyphosphere which the PSB

were demonstrated to utilize.

Studies by Wang et al. (2016) provide evidence that a PSB strain colonizing the

hyphosphere assimilates photosynthates of the host plant from hyphal exudates of

an AM fungus. In addition, the hyphal exudates prime the activity of the PSB,

which further accelerates phytate-P turnover in the hyphosphere. Their results

provide the first in situ demonstration of the pathway underlying the carbon flux

from plants to the AM mycelium-associated PSB, and the PSB assimilated the

photosynthates exuded by the fungus and promoted mineralization and turnover of

organic P in the soil. Further, Minerdi et al. (2001) demonstrated in germinating

spores of G. margarita, the expression of nifHDK (for nitrogen fixation) genes

could indicate that the Burkholderia endobacteria supply the fungus with nitrogen

during its pre-infection growth.
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4.4.3 Biotic and Abiotic Stress Management

The bacteria associated with the mycorrhiza perform important functions such as

protection against plant pathogens. The possible role of AM fungi in reduction of

the deleterious effects of soilborne pathogens has been previously highlighted

(Gerdemann 1974; Whipps 2004). The potential of AMF to control various plant

pathogenic fungi has been clearly demonstrated (Boyetchko and Tewari 1996;

Kapoor et al. 1998; Kasiamdari et al. 2002; Krishna and Bagyaraj 1983). Meyer

and Linderman (1986) found a lower number of sporangia and zoospores formed by

cultures of Phytophthora cinnamomi in leachates of rhizosphere soil from AM

plants than from non-AM plants, suggesting that sporangium-inducing microorgan-

isms had declined or sporangium-inhibitors had increased. Secilia and Bagyaraj

(1987) found that there were more pathogen-antagonistic actinomycetes in the

rhizosphere of mycorrhizal plants than in that of non-mycorrhizal controls. It has

been suggested that higher level interactions between the host plants, AMF, and

AMF-associated microbes may also be responsible for some of the reported

bioprotection effects conferred to the AMF as well as to the associated plants by

the AMF. Inhibition of different plant fungal pathogens, such as Rhizoctonia solani
by a Paenibacillus strain isolated from surface-sterilized Glomus mosseae spores

was reported (Budi et al. 1999). The occurrence of antagonistic isolates depended

on AM fungal species, but not plant host, and originated from G. intraradices
spores. Out of 18 cultivable isolates from surface-disinfected spores of G. mosseae,
14 (especially isolates identified as Bacillus simplex but also as B. niacini,
B. drententis, Paenibacillus spp., and Methylobacterium spp.) showed antagonism

against various soilborne pathogens (P. nicotianae particularly, but also F. solani
and three stains of F. oxysporum) (Lioussanne 2007). Bharadwaj et al. (2008) also
studied the effect of AM fungal spore-associated bacteria on plant pathogens and

evaluated the formation of siderophores. They found that found that species assem-

blages of cultivable bacteria from surface-disinfected spores of G. mosseae and

G. intraradices were influenced both by fungal and plant species, with spore-type

being the most prominent factor. This specificity of interaction AM species depen-

dent was hypothesized to be related to spore size and surface roughness. Their study

revealed that a high number of bacteria inhibit the growth of the plant pathogen

Rhizoctonia solani, although the active compounds have not been identified in this

study. In addition, it was shown that 16 of 57 antagonistic isolates (fluorescent

pseudomonads) produce siderophores (Bharadwaj et al. 2008). Prokaryotes such as

fluorescent pseudomonads and actinomycetes, capable of producing a broad range

of antibiotics and chitinolytic enzymes, have been found to be closely associated

with the AMF. This is likely one of the mechanisms of suppression of certain

saprophytic or parasitic soil fungi by the AMF (Harrier and Watson 2004; Pozo

et al. 2002; Toussaint et al. 2008), which may be beneficial for both the AMF

(suppression of mycoparasitic Trichoderma) and for the mycorrhizal plants (bio-

control of Fusarium and other pathogens) (Barea et al. 2005; Jaderlund et al. 2008;

Toussaint et al. 2008).
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Citernesi et al. (1994) studied the influence of the biocontrol compound iturin

A2, secreted by Bacillus subtilis strain M51, on AM fungi. The saprophytic growth

of the fungusG. mosseaewas inhibited by iturin A2, and no retardation in growth or
establishment of symbiosis was noticed in the presence of the tomato host plant

(Lycopersicon esculentum), whereas infection with competing species was hin-

dered. The ability of AM fungi to specifically harbor and then to stimulate

rhizobacteria with biocontrol properties suggests that these bacteria would directly

reduce pathogen development within the mycorrhizosphere and would conse-

quently strongly contribute to the biocontrol mediated by AM fungi on soilborne

diseases.

Marulanda et al. (2006) investigated the interactions between Bacillus
thuringiensis, a drought-adapted bacterium, and two isolates of Glomus
intraradices on Retama sphaerocarpa, a drought-adapted legume. Increased root

growth and relative water uptake was observed by co-inoculation of

B. thuringiensis and the G. intraradices. G. intraradices-colonized roots showed

the highest intensity and arbuscule richness when associated with B. thuringiensis.
Co-inoculation of autochthonous microorganisms reduced by 42% the water

required to produce 1 mg of shoot biomass. Thus, their study provided evidence

of the effectiveness of rhizosphere bacterium, singly or associated with AM fungus,

in increasing plant water uptake, which represents a positive microbial effect on

plants grown under drought environments. Vivas et al. (2003) studied the effects of

bacterial inoculation (Bacillus sp.) on symbiosis between lettuce and the Glomus
mosseae and Glomus intraradices. They reported that the effects of each fungus on
plant physiology were modulated by the bacterium. Bacillus sp. inoculation

improved all plant and fungal parameters under stress. The highest amount of live

and active AM mycelium for both fungi was obtained after co-inoculation with

Bacillus sp. suggesting that selected free-living bacteria and AM fungi can be

co-inoculated to optimize the formation and functioning of the AM symbiosis in

both normal and adverse environments. Sarand et al. (1998) suggested that mycor-

rhizal hyphae were able to support microbial biofilms of catabolic plasmid (Tolþ)-

harboring bacteria which could be active in bioremediation of petroleum-

contaminated soil. In further experiments, these authors (Sarand et al. 2000)

demonstrated that the number of Tolþ bacteria was higher in mycorrhizospheric

soil compared with bulk soil and inoculation with bacteria had a positive effect on

plant and fungal development. The presence of easily available plant-derived

carbon sources did not impede the degradation of the m-toluate by the bacteria

(Sarand et al. 1999).

Mycorrhizal symbioses are ubiquitous in terrestrial ecosystems and therefore

have important roles in improving the fitness of plants as well as other interacting

microbes. Given the importance of mycorrhizal fungi and the associated microbes,

it is vital to understand their interactions. Analysis of the interacting microbes will

not only highlight their respective ecological roles but also will point toward the

evolutionary significance of these interactions. Further research should focus on the

functional mechanisms of such cross-facilitative interactions and identification of

specific efficient microbes that can interact positively with the mycorrhizal fungi.
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The results from such investigations can be used for designing specialized mixed

inocula for specific plants present in specific environments so as to benefit

low-input sustainable cropping systems.
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