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Foreword

Mycorrhizal symbioses, found in almost all ecosystems, are fundamental to

improve plant fitness and soil quality through key ecological processes. Mycorrhi-

zal fungi have been shown to fulfil a broad spectrum of beneficial functions for their

host plants as well as for their environments like improved nutrient and water

uptake, enhanced tolerance against biotic and abiotic stresses and improved soil

structure to counteract soil erosion. In the last decade, it has been observed that

intensive agricultural practices like the use of large amounts of mineral fertilizers

and pesticides can have severe effects on arbuscular mycorrhizal fungi and other

fungal symbionts in soils and, consequently, can negatively impact plant nutrition

and growth. In fact, the loss of fungal diversity disrupts major ecosystem services

such as ecosystem variability and productivity and might decrease plant biodiver-

sity and, therefore, lead to land degradation.

The book “Mycorrhiza: Nutrient Uptake, Biocontrol, Ecorestoration” comes out

in a period of time of exceptionally rapid growth in research on the role that

mycorrhizal symbiosis has in plants to overcome biotic and abiotic stress and

gives an excellent overview of the current knowledge in this field. It covers
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different studies on plant nutrition by fungal strategies in nutrient-limiting envi-

ronments and for sustainable agriculture. Several chapters describe mechanisms of

mycorrhizal fungi to control different plant pathogens and increase plant health.

Most chapters explain how mycorrhizal fungi inoculation has grown to be a

biotechnological tool that is widely applicable in ecological restoration of degraded

lands, in alleviating drought and heavy metal tolerances and in phytoremediation

processes. The book is mainly focused on arbuscular mycorrhiza but also other

types of interactions including those formed by orchid mycorrhizal fungi and

endophytes and, to a lesser extent, by ectomycorrhizal fungi. I therefore congrat-

ulate the editors who have gathered so many different aspects of basic, biotechno-

logical and applied research in the use of mycorrhizal symbiosis in human practices

to preserve our environment, respecting nature and making a better world.

This third volume of the fourth edition of Mycorrhiza book culminates the work

of compiling the most outstanding advances made on mycorrhizal symbiosis in the

last decade. Many brilliant researchers have contributed with their chapters in the

different editions to give a global and integrative vision of all this knowledge. There

is no doubt that Prof. Ajit Varma has been the engine of bringing us together and

integrating all this mycorrhizal knowledge during the last 25 years. I would like to

take this opportunity to thank him for his huge effort and to the Springer Publishing

House for relying on him and his undeniable tenacity and vision for the future.

It is hoped that this book is welcomed among senior scientists, academicians,

young scientists and students, who should enjoy it for helping to understand, better

and better, the functioning of this smart symbiosis and to stimulate further innova-

tion and progress.

Murcia, Spain Asunción Morte

12 October 2017
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Preface

German pathologist A.B. Frank (1885) coined the term Mycorrhiza which literally

means fungus roots. These fungi support the productivity of plants via the formation

of dynamic associations with nutrient uptake via plant roots. Mycorrhiza is consid-

ered a fundamental part of the root colonization and stabilization of plants on

terrestrial habitats. The symbiotic associations formed are an important subject to

assess numerous opportunities using modern tools of microbial biotechnology. The

possibilities of genetically manipulating these associations have led to the optimi-

zation of plant productivity in ecosystems with minimal risk of environmental

damage.

The fourth edition of the mycorrhiza book gives exemplary insight into the

advancements in mycorrhizal studies. This edition extensively illuminates the

nutrient uptake, biocontrol and eco-restoration of mycorrhizal association. The

ability of mycorrhiza to provide resistance against various abiotic and biotic

stresses has been explored in this edition. The mycorrhizal association is the state

of the large majority of plants under most ecological conditions, and these symbi-

oses are a strategic factor in ecosystem functioning. In established mycorrhizal

associations, bidirectional exchange of nutrients and other benefits that occur

require the formation of symbiotic interfaces resulting from morpho-physiological

alterations in both plants and fungal tissues. Ecological disturbance, whether by

natural or human activity, also influences the diversity of mycorrhizal fungi, and

ecological resilience of these symbionts is essential for sustaining productivity. In

conclusion, the efficient management of mycorrhizal systems has the potential to

favour the sustainable production of quality foods while ensuring environmental

quality for future generations.

It is hoped that this fourth edition will interest readers in the latest outcomes of

mycorrhiza research and also encourage young researchers to prove the challenging

field of these studies. This volume consists of 26 chapters covering the diverse

mycorrhizal associations by 84 eminent academicians and subject specialists.

We are grateful to the many people who helped to bring this volume to light. We

wish to thank Drs. Hanna Hensler-Fritton, Isabel Ullmann and Man-Thi Tran
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Springer Heidelberg, for generous assistance and patience in finalizing the volume.

Finally, special thanks go to our families, immediate and extended, not forgetting

those who have passed away, for their support or their incentives in putting

everything together. Editors in particular are very thankful to Dr. Ashok

K. Chauhan, Founder President of the Ritnand Balved Education Foundation

(an umbrella organization of Amity Institutions), New Delhi, for the kind support

and constant encouragement received. Special thanks are due to my esteemed

faculty colleagues and dear students Ms. Soumya Singh, Jaagriti Tyagi, and Monika

and other technical staff.

Amity University, Uttar Pradesh, Noida, India Ajit Varma

Ram Prasad

Narendra Tuteja
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Chapter 1

The Mechanisms of Nutrient Uptake

by Arbuscular Mycorrhizae

Ibrahim Ortaş and Mazhar Rafique

Abstract Mycorrhizal fungi are one of the commonly occurring living organism in

soil facilitating plants in growth, development, stress tolerance, soil pollutants

remediation, C-sequestration, food security and agricultural sustainability. Mycor-

rhizal fungi assist the plants in nutrient absorption by extending mycorrhizal

hyphae network beyond the rhizosphere. Mycorrhizal inoculation alters the root

architecture and studies showed that nutrient absorption capacity of inoculated root

is much better than non-inoculated. For a long time, it is assumed that roots absorb

nutrients only through direct pathway (DP) only while contribution of AM fungi in

nutrients uptake by mycorrhizal pathway (MP) has been ignored. But now the

development in scientific methods and tools, enabled the researcher to explore

MP mechanism for macro and micro nutrients, moreover suppression of heavy

metal stress to the plants. Besides that, mycorrhizal fungi obtain around 20% of

photosynthesized C from the plant in exchange of nutrients. Moreover, this C

triggers nutrient uptake and their translocation. Plant hormones and root exudates

also influence the infection formation and development, they also point out new

sites for the interaction of mycorrhizal fungi and plant roots. Nutrient mobility by

MP is more secure and economical than DP. Understanding about the nutrient

exploration, mobilization, and uptake in root-mycorrhizal interaction has been

discussed here at molecular level. Contribution of plant and mycorrhizal trans-

porters have been discussed which need further understanding. Also contribution of

mycorrhizal inoculation on nutrient uptake compared with non-inoculated roots

were discussed.

I. Ortaş (*)
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1.1 Introduction

Mycorrhizal fungi is one of the commonly occurring heterogeneous group of

biological organism in soil interacting with broad range of plants (~80–90%)

such as tropical forests, grasslands, alpine and crop lands (Bonfante and Genre

2010; Smith and Read 2008). They are colonized by mycorrhizal fungi and regulate

nutrients uptake along with exchange of carbon. Arbuscular mycorrhizal

(AM) fungi have evolutionized into living fossil in 460 million years by benefiting

the plants confirmed by DNA sequence data recently (Redecker et al. 2000). In

cropland, establishment of mycorrhizal association demonstrated the plant growth

through nutrient uptake and favouring AM fungi in transporting photosynthesized C

(Ortas et al. 2001). According to an estimate, 20% of the carbon fixed by plant is

transferred to fungus (Parniske 2008). The AM fungal hyphae are extended beyond

the accessibility limit of roots to transport immobile nutrients (P, Cu, Zn and partly

NH4) in soil which are not taken up by non-inoculated plants (Marschner 2012;

Ortas 2003). Besides that, AM fungi work in poor soils to uptake and transport

nutrients (macro and micro), although mycorrhizal association role related to

carbon flux is less defined (Kayama and Yamanaka 2014; Selosse and Roy 2009).

The AM fungi are obligate biotrophs and strictly dependent on green plants for

carbohydrates availability because they lack the ability to absorb carbohydrates

from other sources except the plant cells. The hyphal diameter ranges 2–20 μmwith

capacity of absorbing nutrients from area of 25 cm around the roots for transloca-

tion make the AM fungi variable and adaptable to various climatic conditions

(Jansa et al. 2003; Munkvold et al. 2004).

Several studies have been conducted which sowed the functional diversity of

AM fungi with host plant which impart significant impression on plant nutritional

status, morphology, genetic expression and symbiotic efficiency in symbiotic

relation (Jansa et al. 2008; Pellegrino and Bedini 2014; Prasad et al. 2017). The

mycorrhizal functional diversity is an evolutionary process which faced various

competitions inside and outside the host plant (Engelmoer et al. 2014). Specificity

of the mycorrhizal fungi with plant species, always remained a key factor in

garnering the benefits. It is assumed that monoculture inoculation is more advan-

tageous than cocktail of the mycorrhizal fungi (Jansa et al. 2008). However, under

greenhouse conditions indigenous, dual and mix cocktail mycorrhizae significantly

inoculated mycorrhizae dependent citrus plant roots and increased nutrient uptake

(Ortas et al. 2015; Ortas and Ustuner 2014).

Plants grown in artificial non-symbiotic conditions have shown that AM fungi

significantly contribute to the uptake of soil nutrients, increase plant biomass and

confer on the plant improved resistance to stress and pathogens (Smith and Read

2010). AM fungi do not only improve the transport of nutrients into the plant but

can additionally, protect their host plants from toxicity by decreasing uptake of

heavy metals on contaminated soils. This chapter includes the molecular mecha-

nisms involved in uptake nutrients through root-mycorrhizal fungi symbiotic

relation.
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1.2 Mycorrhizal Symbiosis: A Mutualistic Niche

Niche is a central concept of ecology. In the early history of biology, mutually

beneficial cooperation between species was recognized and later on several studies

conducted on mycorrhizal symbiosis endorsed mutualism (De Bary 1879; Smith

and Read 2010; West et al. 2007). With passage of time, technical advancements in

the molecular and genetics knowledge facilitated thorough investigation of mutu-

alistic relationship for enigmatic organisms including bacteria and fungi which

ascertain variety of mutualistic interactions (Horton and Bruns 2001; Márquez et al.

2007). Despite the presence of antagonistic interaction among various organisms,

mutualism in mycorrhizal association attained common and important recognition

which is present in 80–90% of all extant of species and evolved nearly 500 Mya

(Field et al. 2015; Redecker et al. 2001).

Relatively few studies have been quantified to evaluate the dimension of mutu-

alism niche due to ambiguity of defining niche, although expansion potential of

mutualistic niche is huge. To clarify the ambiguity of niche, a contemporary

framework has been established by Chase and Leibold (2003) in contemporary

niche theory (CNT). According to CNT, niche has two main components such as

requirement niche: minimum environmental conditions necessary for organisms to

maintain their population and impact niche: effect of organisms on respective

minimum environmental conditions. This framework can be used as footstep for

the years old concept of symbiotic niche between plants and AM fungi for resource

allocation, consumption and modification of environments where they occur

(Fig. 1.1).

Impact niche changes by mutualism. For instance, some plants alone can uptake

the organic N-sources such as glycine and amino acids, whereas plants with

mycorrhizal association absorb greater fraction of organic N. Similarly, resource

consumption ratios may also alter by stoichiometric response of plant tissues to the

mycorrhizal colonization (Güsewell 2004).

1.3 Symbiotically Developed Root Modifications

for Nutrient Uptake

Plants adapt their phenotype according to the surrounding environmental changes

due to stress (heat, nutrient, salinity, drought and osmotic stress), nutrient avail-

ability and mutualistic association with mycorrhizal fungi and bacteria (Nath et al.

2016). If we talk about the plant-roots phenotypic modification, they are mainly

influenced by bacterial and mycorrhizal colonization and nutrients availability.

Nutrient availability is a fundamental signal in root architecture. Plant nutrients

in soil such as phosphate and nitrate can be perceived as signals which trigger

molecular mechanism of plant in modifying cell division, and differentiation

process of roots. It alters the root system architecture in general. Internal and

1 The Mechanisms of Nutrient Uptake by Arbuscular Mycorrhizae 3
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external concentration of nutrients affect the sensitivity of root formation and alters

development processes of primary root growth, lateral root formation and root hair

development. Besides that, growth regulators (cytokinin, ethylene and auxin) also

subsidise in the root architecture as the hormone synthesis and transportation

mediate root development (López-Bucio et al. 2003).

The AM colonized roots are apparently having recognizable lateral root

branches, root hairs and root apex as the non-mycorrhizal roots (Berta et al.

1995). Mycorrhiza colonized plants have root hairs like non-mycorrhizal, although

their density and the length are different (Orfanoudakis et al. 2010).

Non-mycorrhizal plants get nutrients by direct pathway (DP) from soil-root inter-

face in comparison to the mycorrhizal pathway (MP). In MP, nutrients are taken up

and translocated rapidly through extraradical mycelium (ERM) to the intraradical

mycelium (IRM). This process can take place up to many centimeters leading to the

plant cell through interfacial appoplast. The orthophosphate (Pi) and NH4
+ trans-

porters are present in perifungal membrane which are expressed in AM fungi

inoculated roots (Bucher 2007; Guether et al. 2009b; Smith and Smith 2011).

Meanwhile, perifungal membrane surrounding the arbuscules and intracellular

coils are energized by H+-ATPase (Rosewarne et al. 2007). The DP absorbs

nutrients from rhizosphere (immediate vicinity of roots) into the root epidermal

and hair cells, whereas, mycorrhizal hyphae extended far away from the rhizo-

sphere can transport nutrients to cortical cells considerably by MP (Fig. 1.2). It is

highly regulated and rapid transit system if delivering nutrients.

Moreover, in stress conditions, AM fungal colonized roots alter their physiolog-

ical and developmental growth to cope up the situation. For instance, in water stress

condition, stress related genes in colonized roots express and form proteins to

alleviate stress. Moreover, AM fungi also produce a large number of external

mycelium to explore the soil for water uptake.

⁄�

Fig. 1.1 (continued) (b) Growth rate for mycorrhizal (red) and nonmycorrhizal (blue) Eucalyptus
seedlings across a phosphorous fertilization gradient. (c) A population model generalizing effect of

phosphorus gradient, now termed resource 1 concentration, on per capita birth and death rates in

the presence (red) and absence (blue) of mycorrhizae. This model can be used to determine the

minimum resource requirements (R*) of a species growing in mycorrhizal symbiosis (R* M, red)
versus those growing alone (R* A, blue). Importantly, the model works for a plant growing with or

without its mycorrhizal fungus or a fungus growing with or without its mycorrhizal host plant. (d)

R* can be quantified for multiple resources and used to predict how mycorrhizal symbiosis

expands the requirement niche. Lines show how mutualism could expand the niche by shifting

from the ZNGIAlone (ZNGIA) to the ZNGIMutualism (ZNGIM), on the basis of the R
* for each of two

essential non-substitutable resources, such as N and P. (e) Resource consumption (impact niche)

may also change as a result of mutualism. Dashed arrows represent consumption vectors showing

the trajectory along which resources will be drawn down for a species alone (ImpactA) or with a

mutualist partner (ImpactM). In this example, mycorrhizal mutualism enables plant consumption

of organic N (red arrow, ImpactM); in contrast, nonmycorrhizal plants can access only mineral N

(blue arrow, ImpactA). The diagonal red ZNGIM line indicates that the two resources are

substitutable for the mycorrhizal plant. Abbreviation: ZNGI zero net growth isocline (Peay 2016)
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1.4 Hormonal Regulation and Mycorrhizal Symbiosis

Knowledge about the contribution of plant hormones in mycorrhizal symbiosis is a

major breakthrough recently where they are believed to regulate colonization.

Phytohormones perform differential functions to develop symbiotic relationship,

some mediate pre-symbiotic signalling while other do morphological adaptations in

root for fungus accommodation, proliferation and functionality. To evaluate the

role of hormones, a study was conducted on pea plant by considering gibberellins

and brassinosteroids. In gibberellin-deficient na-1 mutant, AM fungal colonization

Fig. 1.2 Nutrients transportation by direct (plant) uptake pathway (DP) and mycorrhizal uptake

pathway (MP). Plants can take up nutrients by transporters that are located in epidermis or root

hairs (yellow symbols) or via the MP that comprises the uptake of nutrients by fungal transporters

in the extraradical mycelium (red or green symbols), the transport through the hyphae from the

ERM to the IRM (see mycorrhizal interface), and the uptake from the mycorrhizal interface by

mycorrhiza-inducible plant transporters in the peri-arbuscular membrane (orange symbols). Indi-
cated by the red and green fungal structures is the colonization of one host root by multiple fungal

species that can differ in their efficiency with which they are able to take up nutrients from the soil

and transfer these nutrients to their host (Bücking and Kafle 2015)

6 I. Ortaş and M. Rafique



was comparatively increased against wild-type plants. Besides that, application of

GA3 reversed this process and mutant la cry-s lacking gibberellin signalling

DELLA proteins reduced colonization. Such type of the changes is parallel with

gene expression associated with mycorrhizal colonization. Moreover, mutant of

brassinosteroid-deficient lkb did not alter colonization percentage. DELLA proteins

produced in response of gibberellins production suppress arbuscule formation in

roots of pea which shows the connection of plant hormones and mycorrhizal

colonization in root cells (Foo et al. 2013). In another study, it was concluded

that crosstalk between ABA-gibberellins and ABA-ethylene regulate arbuscule

formation and AM fungi development, respectively (Gutjahr 2014).

Mycorrhizal spores have the capacity to germinate even in absence of host plant

but the growth of hyphae remains restricted with short length. Further growth of the

hyphae is dependent on signalling molecules released from the host plant which

govern recognition in first stage between host and AM fungi. Before appressorium

formation, AM fungi develop extensive branching in vicinity of host roots

(Giovannetti et al. 1994). In a study conducted, strigolactone was isolated from

Lotus japonicus root exudates, which is assumed to be responsible for hyphal

branching. In AM fungus Gigaspora margarita, very low concentration of

strigolactone can do extensive branching of hyphae in germinating spores

(Akiyama et al. 2005). Moreover, influence of shoot and root borne cytokinin on

bidirectional exchange of P and C is explained (Fig. 1.3).

1.5 Mechanism of Nitrogen Uptake by Mycorrhizal

Pathway

For a long time, N transfer from soil to plant by MP remained unimportant on the

premises that plant roots can uptake inorganic N as NO3
– and NH4

+ conveniently

due to their mobility in soil and organic N may not be available to the AM fungi.

Considerable amount of NO3
– and NH4

+ (approximately 20–50 μM) is present in

unfertilized soils but due to high mobility, they are not depleted in rhizosphere

(McDowell et al. 2004). In rhizosphere, N forms NO3
– and NH4

+ selectively taken

up by specific plant species and also possibly some of those plant species are

mycorrhizae dependent. In generally since NH4
+ is absorbed on soil and organic

colloides the concentration in soil is low and less mobile. Possibly mycorrhizae

phyhae absorbe NH4
+ rather than NO3

–. In scavenging and uptake of N by hyphae

or plant roots are expected similar (Marschner and Rimmington 1988). The studies

conducted on leguminous plants showed that, AM fungi inoculated plants increased

total N uptake in comparison to non-inoculated plants (Azcon et al. 1992; Smith and

Read 2008). Some recent developments have been observed in non-leguminous

plants also where AM fungi assisted in N uptake (Johnson 2010). Number of studies

have been conducted by providing access to ERM in compartmented pots with

labelled N (15NO3
– or 15NH4

+). Results showed that AM fungi inoculated plants

1 The Mechanisms of Nutrient Uptake by Arbuscular Mycorrhizae 7



transferred more 15N than non-inoculated (Azcon et al. 1992; Tanaka and Yano

2005). Transportation of N is also dependent on moisture contents, NH4
+ mobility

is found greater than NO3
– in suitable moisture conditions (Tanaka and Yano 2005).

In Cucumber, AM fungi transferred 10% of total (Johansen et al. 1992) while on

other side in tomato, this amount reached up to 42% (Mäder et al. 2000). In

monoxenic culture of AM fungi, ERM take up N and make unit if amino acid in

the form of arginine (Arg) and it is main form of N transported from ERM to IRM

(Govindarajulu et al. 2005). Some studies showed that, N releases form the Arg as

NH4
+ before transferring to the root cells interface (Cruz et al. 2007). The pathway

adapted (Jin et al. 2005), shows N movement from soil to the plant root through MP

(Fig. 1.4).

Fig. 1.3 Proposed model for the cytokinin (CK) regulation of bidirectional exchange of C and P in

AM symbiosis. A normal CK status in shoots and in roots contributes to balance bidirectional flow

of C and P between symbionts. A normal CK status of the shoots combined with reduced CK status

in the roots maintain a strong source of C from the shoots into the roots but may reduce sink

capacity of roots in relation to that of AM fungi, irrespective of P supply, causing an unbalanced C

for P exchange between symbionts. A strongly reduced CK status of shoots negatively regulates

the source of C from shoots by reducing the availability of sugars, which may reduce the AM

pathway for P uptake, irrespective of the root CK status. Arrow thickness illustrates the relative

flow strength of C or P (Cosme et al. 2016)
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1.6 Mechanism of Phosphorus Uptake

Recent research on nutrient uptake models shown that mycorrhizal fungi have

strong potential to be the drivers of nutrient mobilization processes in some

ecosystems. Mycorrhizal fungi are also involved in the mobilization of nitrogen

and phosphorus from natural substrates (Read and Perez-Moreno 2003). Pi concen-

tration in soil solution is usually less than 10 μM due to strong adsorption with Ca,

Fe and Al at high and low pH (Schachtman et al. 1998). This low solubility in soil

solution, also reduces mobility to root epidermis. The P nearby to roots is taken up

and creates depletion zone where alternative P is not available du e to string

bonding (Fig. 1.5). Different plant taxa may have different phosphorus demands.

Plant taxa also have different root systems and some are strongly depend on

mycorrhizae in term of P nutrition (Ortas 2012). If plants are mycorrhizae depen-

dent for P nutrition, they are definitely required mycorrhizae infection. Mycorrhizae

requirement depends on soil fertility and plant nutrient demand. Under greenhouse

conditions P and Zn deficient soil was treated with several P and Zn levels with and

without mycorrhizal inoculation. It has been found that at low level of P fertiliza-

tion mycorrhizae inoculation significantly increased plant growth (Fig. 1.6) and P

Fig. 1.4 Uptake of inorganic N into the ERM by synthesizing Arg which is positively charged

(Arg+), and its movement to the IRM and breakdown require concomitant charge balance.

Complete breakdown of one Arg+ would produce three NH3 and one NH4
+, with the charge of

the latter balanced by whatever anion(s) balanced the original Arg+ throughout its synthesis and

delivery (Jin et al. 2005). Theoretically it would allow transfer of four N per P (molar basis), thus

allowing contribution of approximately 18% of the total plant N, assuming a plant N: P mass ratio

of approximately 10:1
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uptake (Ortas 2012). And with high P fertilizer there were no differences in between

mycorrhizal inoculation in term of plant growth and nutrient uptake. The improved

uptake of P and Zn by mycorrhizal inoculation may be happened due to the

extensive network of external hyphae accessing nutrients beyond the rhizosphere

zone.

Some plant have root epidermis and root hairs could not follow DP to uptake

P. Number of mechanisms including P solubilisation, exploration of soil beyond

rhizosphere limit (Hinsinger 2001) and absorption of P into the mycorrhizal hyphae

have been employed by inoculated plants. As a result, distant P becomes accessible

to the inoculated plants which must diffuse to plant roots. If threshold concentration

Fig. 1.5 The two pathways of P uptake in an AM root involve different regions of the root,

different cell types, and different Pi transporters. In the DP, Pi is absorbed from the rhizosphere by

plant Pi transporters in epidermis and root hairs (green circles) close to the root surface. Uptake is
normally faster than replacement by diffusion from the bulk soil, resulting in reduced Pi concen-

trations close to the roots. In the MP, Pi is taken up into AM fungal hyphae by fungal Pi

transporters (blue circles) several centimetres from the root and translocated to intracellular fungal

structures in root cortical cells. Plant Pi transporters, induced in colonized cells (yellow circle),
transfer Pi from the interfacial apoplast to plant cortical cells (Smith et al. 2011)

Fig. 1.6 Effect of P and Zn application on maize growth with and without mycorrhizal

inoculation
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required for P absorption is decreased, mycorrhizal affinity to P increase then

movement of P can be enhanced in mycorrhizal hyphae (Koide 1991). Since

nitrogen forms have strong influence on rhizosphere pH, and as a result rhizosphere

pH have significant effects on nutrient uptake of mycorrhizal and non-mycorrhizal

inoculated plants (Ortas et al. 1996). Phosphorus solubilizing bacteria and other

microbes produce organic acids to solubilize the bounded P, which is taken up by

mycorrhizal hyphae to transport plant roots (Bolan 1991). Soil surrounding the

mycorrhizal hyphae show slower depletion zone formation (Koide 1991; Li et al.

1991; Silberbush and Barber 1983).

The Pi uptake through MP imitates through delivering to the ERM against

electrochemical potential gradient, energized by H+-ATPase’s (Bucher 2007). As
the Pi taken up, polyphosphate (polyP) buffers cytoplasmic Pi concentration accu-

mulated in the hyphae where it is stored and translocated (Hijikata et al. 2010).

PolyP has variable range of chain length, having soluble to insoluble behaviour. Its

amount is strongly variable depending up on amount of P available and it develops

translocation sites for the uptake in ERM (Viereck et al. 2004). As both Pi and Poly

P are negatively charged, they are electronically balanced by K+ and Mg+2 taken up

from soil, but plants inoculated with mono-culture of AM fungi produce Arg+ with
polyP (Jin et al. 2005; Ryan et al. 2007). Plant Pi and AM fungal Pi transporters are

similar to each other which could involve in efflux of Pi (Preuss et al. 2010).

Initial studies showed that mycorrhizal colonization does not have effect on DP

of P uptake, and MP uptake contributes as an additive offer. Based on this

assumption, P inflow was calculated differently in both uptake (Tinker 1984). MP

was found very responsive for strongly mycorrhizal dependent plants such as leek,

onion and clover. In one of the studies conducted on tomato plant, DP was found

completely inactive while MP delivered 100% of the required P (Smith et al. 2004).

These studies show the functional diversity of mycorrhizal symbioses in P uptake

and delivery via both pathways (Facelli et al. 2010). When P uptake in tomato was

observed via MP, against two different AM fungi inoculation, Rhizophagus
irregularis was found more promising than Gigaspora margarita. Similarly,

Ortas et al. (2013) reported that mycorrhizae species inoculated tomato plant P

uptake was changed in between mycorrhizae species. Here considerable findings

were noted that total concentration of P was same while DP and MP were found

reciprocal (Facelli et al. 2010).

1.7 Mechanism of Potassium, and Sodium Uptake

Fungi has two groups of transporters named as HAK (high affinity K uptake) and

Trk (transporter of K). These transporters are involved in transportation of K+ and

Na+ (Benito et al. 2011; Corratgé-Faillie et al. 2010). Trk is found more frequent in

genetic database of ECM fungi while this family is missing in AM fungus

R. irregularis while HAK transporter was found for K-uptake (Garcia and Zim-

mermann 2014). It is assumed that K exporters in AM fungi are specifically
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expressed, localized and regulated at interface. Two types of ion channels are

supposed to be responsible for this role i.e. TOK (tandem-pore outward K channel)

and SKC (shaker-like K channel) (Garcia and Zimmermann 2014). In

R. irregularis, two putative SKC genes have been identified. Although TOK

channels are not observed in R. irregularis, but they can release K during ECM.

In plants, molecular data about K movement is still lacking but a putative K uptake

(KUP) transporter has been observed showing 44-fold upregulation in mycorrhizal

infected Lotus japonicus plant (Guether et al. 2009a). Lack of data in molecular

mechanism needs further studies about K-uptake and fate. Under field conditions it

has been observed mycorrhiza inoculated sweet corn plant have higher K concen-

tration than that of non-inoculated one (Ortaş and Sari 2003).

1.8 Mechanism of Addressing Micronutrients and Heavy

Metal

Heavy metal ions (Cu2+, Co2+, Fe2+, Mn2+, Ni2+, Zn2+) are essential micronutrients

for plant growth and its metabolism, but excess of these can become extremely

toxic. For instance, plants tightly control Fe homeostasis as deficiency and overload

of Fe2+ is immediately shown in plants due to its high reactivity by Fenton reaction

(Morrissey and Guerinot 2009). Root exudates have diverse chemical composition

from inorganic (phosphates, protons, etc.) to organic (amino acids, carbohydrates,

carboxylate anions, enzymes, phenolic, etc.) which alter the chemical composition

of rhizosphere and micronutrients concentration. As the AM fungi is being evalu-

ated for various stress alleviation, remediation of heavy metal polluted soils by AM

fungi is also a newly establishing approach. Use of mycorrhizal fungi in polluted

soils assist plants in growth promotion and heavy metals translocation to the shoots

(Kamal et al. 2010). Several studies conducted recently which showed that various

AM fungi, for instance G. mosseae, R. irregularis enhanced heavy metal translo-

cation in the shoot with high efficiency (Ali et al. 2015; Zaefarian et al. 2013).

Besides that, AM fungi also reported to regulate heavy metals translocation by

considering plant health and assist the plants in avoiding metal toxicity (Cd, Mn and

Zn) within the plants (Li and Christie 2001, Kamal et al. 2010), although some

increase was also observed (Liao et al. 2003). Micronutrients such as Cu and Zn are

diffusion-limited in soils where they are taken up by plants in assistance with

mycorrhizal hyphae. In a study conducted on coffee plant under heavy Cu and Zn

toxicity, it was concluded that AM fungi protects plant seedling from toxicity

(Andrade et al. 2010).

Heavy metal toxicity can be illustrated in three different molecular mechanisms

on basis of their physical and chemical properties such as: (a) relative oxygen

species (ROS) production by Fenton reaction or autoxidation in transition metals

(Cu2+ and Fe2+), (b) essential functional groups blockage in biomolecules by non-

redox-reactive heavy metals (Cd2+ and Hg2+) and (c) essential metal ions
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displacement form biomolecules. Plants exposure to Cu2+ and Fe2+ develops

oxidative stress by H2O2 accumulation, lipid peroxidation and oxidative burst.

Heavy metals, particularly Cd2+ causes oxidative enzymes inhibition, specifically

glutathione reductase. Studies showed that toxicity of Cd2+ may trigger disturbance

in redox control of plant cell, which leads to the series of action culminating to the

plant growth hindrance. Moreover, stimulating secondary metabolism, lignification

and ultimately plant cell death. Studies showed that, plants associated with mycor-

rhizal fungi were found less-sensitive to Cd2+ than non-mycorrhizal plants. Possi-

bly, interaction of AM fungi and plants stimulate phenolic defence which is

observed in Paxillus-pinus. Most of the Cd-induced changes in response of pheno-

lic in root part of the symbiosis are buffered. AM fungi infected roots resist

structural changes which could happen due to Cd2+ toxicity. There can be various

possibilities to cope up mycorrhizal protected root injury due to Cd2+ by metal

chelation, by defence system or limiting Cd2+ access to sensitive intra- or extracel-

lular sites (Schützendübel and Polle 2002).

1.9 Carbon as Trigger for Nutrient Uptake and Transport

in the AM Symbiosis

Carbon is a main element in symbiotic relation between plant and AM fungi,

although transfer of C to AM fungi was established in 1960s, but its detailed

molecular mechanism remained an important question for a long time (Smith and

Read 2010). About 20% of the photosynthesized C is transferred to the AM fungi

(Douds et al. 2000). The results of Kucey and Paul (1982) showed that AM

colonization and Rhizobium inoculated plant roots resulted in doubling of the C

allocation into the nodules and C allocation to roots in the plants colonized by and

AM was greater (12% of recently fixed C) than for plants colonized only with

mycorrhiza (4%).

Host plants transfer the C to AM fungi in the form of sucrose (hexose sugar) after

process by acid sucrose synthase or invertase and taken up by high affinity mono-

saccharide transporter (Helber et al. 2011; Hohnjec et al. 2003; Schaarschmidt et al.

2006). AM fungi induce plant acid invertase expression as sucrose cannot be used

as C source (Schaarschmidt et al. 2006). Exchange of C and P between host and AM

fungi is directly proportional and facilitate each other. Besides that, C also acts as

triggering element for uptake of fungal N and its transportation which is controlled

by specific gene expression in the fungi (Fellbaum et al. 2012a). To exchange C

and P, assistance of fungal monosaccharide transporter (MST2) and mycorrhiza-

inducible plant P transporter (Pt4) are colocalized in AM fungi whose expression is

strongly correlated (Helber et al. 2011). Expression of Pt4 and transfer of phosphate
are preconditions to establish successful symbiotic relationship and arbuscule

formation (Javot et al. 2011). Arbuscules also degrade and re-form in the host,

where N-deprivation can rescue degradation in Pt4mutants. Its shows that N, P and
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C can mutually benefit when regulating intracellular colonization (Fellbaum et al.

2012b). Carbon transferred from plants is consumed in development of AM fungi

biomass, extension of ERM, development of new arbuscules and in energy con-

sumption processes. The IRM directly uptake glucose from the connection points, P

uptake and transfer in AM fungi directly influenced by C supply (Kiers et al. 2011;

Woolhouse 1975). In a study, it was concluded that external application of glucose

to Gigaspora margarita stimulates Pi efflux from IRM (Solaiman and Saito 2001).

Moreover, N uptake is also stimulated and transported in AM fungi due to C supply

which are mediated by triggering fungal gene expression (Dietz et al. 2011). It

influences the N-assimilation by biosynthesising Arg in ERM and exported to IRM

where it induces urease and arginase activity boosting NH+ level in IRM to

facilitate N release into mycorrhizae (Bücking et al. 2012). Similarly, in another

study C availability for R. irregularis on N-uptake and its transport in symbiotic

relation was evaluated. The labelled 15N and 14C-arginine were used to track their

movement AM fungi, their genetic expression and enzymatic activities were also

monitored. Increase in C transport influenced N and Arg uptake with triggering

genetic changes (Fellbaum et al. 2012a).

1.10 Conclusion

When considering mycorrhizal symbioses in global context of food security, sustain-

able agriculture, ecosystem conservation, developing plants for future needs and

environmental change, mycorrhizal fungi is acknowledged as crucial factor in fields

of C-sequestration, P and N uptake and mobilization with cycling of other nutrients

required for plant survival. Capacity of AM fungi to extract nutrient beyond the

rhizosphere is amazing and they release nutrients inside the plant with many expres-

sions of plant transporters activating symbiotic relation. Amount of nutrient alloca-

tion between AM fungi and plants is still needed to explore and the environment

which facilitates this exchange and allocation process should also be addressed. The

plant transporters influenced by AM fungi have been well characterized but their new

functions are being unveiled which should be explore i.e. nutrient sensing and their

evolutionary process. It also influences root architecture, ling plant development with

environmental conditions. Selection and optimization of mycorrhizal fungi according

to the soil conditions is prerequisite for plant growth and sustainable agriculture.
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Ortas I, Kaya Z, Çakmak I (2001) Influence of VA-mycorrhiza inoculation on growth of maize and

green pepper plants in phosphorus and zinc deficient soils. Kluwer Academic, Dordrecht

Ortas I, Sari N, Akpinar C, Yetisir H (2013) Selection of arbuscular mycorrhizal fungi species for

tomato seedling growth, mycorrhizal dependency and nutrient uptake. Eur J Hortic Sci

78:209–218

Ortas I, Akpinar C, Demirbas A (2015) Effect of mycorrhizal species on growth and nutrient

uptake by seedlings of Citrus (Citrus sinensis) under three soil growth conditions. Curr Hortic

3:61–64

Parniske M (2008) Arbuscular mycorrhiza: the mother of plant root endosymbioses. Nat Rev

Microbiol 6:763–775

Peay KG (2016) The mutualistic niche: mycorrhizal symbiosis and community dynamics. Annu

Rev Ecol Evol Systemat 47:143–164

Pellegrino E, Bedini S (2014) Enhancing ecosystem services in sustainable agriculture:

biofertilization and biofortification of chickpea (Cicer arietinum L.) by arbuscular mycorrhizal

fungi. Soil Biol Biochem 68:429–439

Prasad R, Bhola D, Akdi K, Cruz C, Sairam KVSS, Tuteja N, Varma A (2017) Introduction to

mycorrhiza: historical development. In: Varma A, Prasad R, Tuteja N (eds) Mycorrhiza.

Springer, Cham, pp 1–7

Preuss CP, Huang CY, Gilliham M, Tyerman SD (2010) Channel-like characteristics of the

low-affinity barley phosphate transporter PHT1; 6 when expressed in Xenopus oocytes. Plant

Physiol 152:1431–1441

Read DJ, Perez-Moreno J (2003) Mycorrhizas and nutrient cycling in ecosystems—a journey

towards relevance? New Phytol 157:475–492. https://doi.org/10.1046/j.1469-8137.2003.

00704.x

Redecker D, Kodner R, Graham LE (2000) Glomalean fungi from the Ordovician. Science

289:1920–1921. https://doi.org/10.1126/science.289.5486.1920

Redecker D, Szaro TM, Bowman RJ, Bruns TD (2001) Small genets of Lactarius xanthogalactus,

Russula cremoricolor and Amanita francheti in late-stage ectomycorrhizal successions. Mol

Ecol 10:1025–1034

Rosewarne GM, Smith FA, Schachtman DP, Smith SE (2007) Localization of proton-ATPase

genes expressed in arbuscular mycorrhizal tomato plants. Mycorrhiza 17:249–258

Ryan MH, McCully ME, Huang CX (2007) Relative amounts of soluble and insoluble forms of

phosphorus and other elements in intraradical hyphae and arbuscules of arbuscular mycorrhi-

zas. Funct Plant Biol 34:457–464

Schaarschmidt S, Roitsch T, Hause B (2006) Arbuscular mycorrhiza induces gene expression of

the apoplastic invertase LIN6 in tomato (Lycopersicon esculentum) roots. J Exp Bot

57:4015–4023

Schachtman DP, Reid RJ, Ayling SM (1998) Phosphorus uptake by plants: from soil to cell. Plant

Physiol 116:447–453

Schützendübel A, Polle A (2002) Plant responses to abiotic stresses: heavy metal-induced oxida-

tive stress and protection by mycorrhization. J Exp Bot 53:1351–1365

Selosse M-A, Roy M (2009) Green plants that feed on fungi: facts and questions about

mixotrophy. Trends Plant Sci 14:64–70. https://doi.org/10.1016/j.tplants.2008.11.004

Silberbush M, Barber S (1983) Sensitivity of simulated phosphorus uptake to parameters used by a

mechanistic-mathematical model. Plant Soil 74:93–100

Smith S, Read D (2008) Mycorrhizal symbiosis, 3rd edn. Academic, Elsevier, Cambridge

Smith SE, Read DJ (2010) Mycorrhizal symbiosis. Academic, San Diego, CA

Smith SE, Smith FA (2011) Roles of arbuscular mycorrhizas in plant nutrition and growth: new

paradigms from cellular to ecosystem scales. Annu Rev Plant Biol 62:227–250

Smith SE, Smith FA, Jakobsen I (2004) Functional diversity in arbuscular mycorrhizal

(AM) symbioses: the contribution of the mycorrhizal P uptake pathway is not correlated

with mycorrhizal responses in growth or total P uptake. New Phytol 162:511–524
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Chapter 2

Dynamics of Arbuscular Mycorrhizal
Symbiosis and Its Role in Nutrient Acquisition:
An Overview

Purnima Bhandari and Neera Garg

Abstract Arbuscular mycorrhiza constitute a heterogeneous group of diverse

fungal taxa that have been reported to form mutualistic interaction with the roots

of more than 90% of all plant species. Accomplishment of this symbiotic interac-

tion requires a high degree of synchronization between the two partners and is

based on a finely regulated molecular dialogue. Where plant roots exude

strigolactones that stimulate fungal metabolism and branching, fungus releases

signaling molecules—myc factors that trigger symbiotic responses in the host

plant. Among the various benefits bestowed by this symbiotic association, transport

of limiting soil nutrients including phosphorus (P), nitrogen (N), sulphur (S) in

exchange for fixed carbon is considered as the key feature which occurs in

arbuscule containing host cortical cells. In the last few years, novel transporters

involved in this mutualistic interaction have been unravelled. This chapter briefly

summarizes the signaling pathways and nutrient exchange involved in the estab-

lishment of an effective symbiosis between the host plant and fungus that could

provide better insight into the role of mycorrhizal fungi in sustainable agriculture.

2.1 Introduction

In the soil rhizosphere, plant roots interact with a number of beneficial micro-

organisms, among which arbuscular mycorrhizal (AM) fungi are recognized as one

of the most significant group of soil biota in the context of ecosystem sustainability

(Jeffries and Barea 2012, Barea et al. 2013). AM fungi, belonging to the phylum

Glomeromycota have been documented to form symbiosis with more than 90% of

plant species belonging to Angiosperms, Gymnosperms and Pteridophytes (Read

et al. 2000; Shah 2014; Prasad et al. 2017). It is an ancient type of interaction that

have been believed to facilitate colonization of land even more than 460 million

years ago (Redeker et al. 2000; Smith and Read 2008). Due to their widespread
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occurrence, they are considered as ‘ecosystem engineers’ of plant communities

(Cameron 2010; Bücking and Kafle 2015) as they affect the distribution and

movement of nutrients within the soil ecosystem through the activities of the

interlinked and extensive soil extra-radical mycelium (ERM) (Richardson et al.

2009; Barea et al. 2014). The major flux is the transfer of carbon (C) from the host

plant to fungus (and thereby to the soil) and the reciprocal movement of phosphate

and ammonium (NH4
+) from fungus to plant (Barea et al. 2014). This mutualistic

interaction results in the formation of tree-shaped subcellular structures within

cortical cells of plant roots called ‘arbuscules’ (derived from the Latin arbusculum,

meaning bush or little tree), thus establishing main interface for symbiotic nutrient

transfer (Parniske 2008; Gutjahr and Parniske 2013; López-Ráez and Pozo 2013).

However, rather than developing on a leaf, AM interaction occurs beneath the soil

surface, thus strongly hindering chances of understanding most of the early steps of

their development including signal exchange that occurs between plant and the

endophytic fungus (Genre 2012). Following sub sections briefly summarize the

(1) events that lead to the establishment of AM symbiosis in plant rhizosphere and,

(2) recent advancements in nutrient exchange and metabolite fluxes among the two

symbionts.

2.1.1 AM Establishment: An Overview

AM symbiosis, which have been reviewed recently by various authors (Garg and

Chandel 2010; Genre 2012; Aroca et al. 2013; Gutjahr and Parniske 2013; Barea

et al. 2014; Bonfante and Desirò 2015; Mohanta and Bae 2015) is a complex and

very dynamic interaction that requires a high degree of coordination between the

two partners and is based on a finely regulated molecular dialogue (Hause et al.

2007; López-Ráez et al. 2010; Aroca et al. 2013; Barea et al. 2014; Pozo et al. 2015;

López-Ráez 2016). The establishment of AM symbiosis can be divided into three

different growth stages: (1) asymbiotic hyphal growth stage, where spores germi-

nate and develop hyphae autonomously but for a limited period; (2) pre-symbiotic

growth stage, where hyphal growth is stimulated by host signal perception; and

(3) symbiotic stage, in which fungus penetrates plant root and develops both

intraradical mycelium (IRM, to exchange nutrients) as well as extra-radical

(ER) hyphae (to recruit nutrients in the soil and form new spores; Smith and

Read 2008; López-Ráez and Pozo 2013).

Generally, it has been validated that AM fungi colonize plant roots from three

main types of soil-based propagules: spores, fragments of mycorrhizal roots and ER

hyphae, all of them producing more or less a well-developed mycelial network

expanding in the soil (Barea et al. 2014). During the first phase, AM fungal

colonization initiates with the formation of hyphae that arises from soil-borne

propagules i.e. resting spores or mycorrhizal root fragments or from AM plants

growing in the vicinity (Koltai and Kapulnik 2009). Following germination, fungus

uses triacylglyceride (TAG) and glycogen reserves in the spore to support growth of
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such a short mycelium as it is unable to uptake C from the soil organic matter

(Harrison 2005; Leigh et al. 2009). However, in the absence of host (i.e. during

asymbiotic phase), these germinating hyphae can grow only for a few days. Due to

their obligate biotrophic nature and short life span, growth of such asymbiotic

hyphae ceases before the spore reserves are depleted; as a result, in view of new

germination event, mycelium retract their cytoplasm into spore (Genre 2012) and

thus, return to the dormant stage.

Such exploratory hyphal development pattern changes dramatically once the

hyphae reach the vicinity of a host root (pre-symbiotic growth phase) and respond

to their proximity (Balestrini and Lanfranco 2006; Nasim 2013). As a result, the

growth of hyphal germ tube increases substantially and hyphae ramifies intensively

through the soil towards the host root (López-Ráez et al. 2012) which suggests that

they have perceived something exuded from the root (Harrison 2005). Plant roots

release a wide range of compounds, among which strigolactones (SL) have been

recognized as an important ‘rhizospheric plant signals’ involved in stimulating the

pre-symbiotic growth of AM fungi at different stages, i.e. during spore germination

stage and during hyphal growth and branching stage (Fig. 2.1b; Akiyama et al.

2005; Gómez-Roldán et al. 2008; López-Ráez et al. 2012) that enhance the chances

of an encounter with the host (Kumar et al. 2015), thus causing successful root

colonization by AM fungi. Various studies have validated the relevance of SL in the

establishment of AM symbiosis where reduction in the process of mycorrhizal

colonization of mutant plants have been observed due to the impairment in SL

biosynthesis (Gómez-Roldán et al. 2008; Vogel et al. 2010; Kohlen et al. 2012;

López-Ráez and Pozo 2013). SL are present in extremely low concentrations in the

root exudates (Akiyama and Hayashi 2006) and their concentration tends to

increase under the sub-optimal growth conditions such as limited nutrition, etc.,

that favour mycorrhizal colonization (Yoneyama et al. 2007; Koltai and Kapulnik

2009). Yoneyama et al. (2012) revealed that biosynthesis and exudation of SL gets

boosted under phosphate starvation, a condition that promotes AM colonization.

Various studies have authenticated that only the molecules released from the host

plant are perceived by the fungus (through a so far uncharacterized receptor) that

stimulate hyphal branching in AM fungi, indicating that discrimination between

host and non-host occurs at this stage (Harrison 2005; Nasim 2013). These findings

clearly signify that the fungus possesses mechanism to perceive active root mole-

cules and to switch on specific transcriptional pathways which induces morpholog-

ical changes in the fungus and activate its growth (Balestrini and Lanfranco 2006;

Nasim 2013). Thus, extensive hyphal branching of AM fungi, as induced under the

influence of SL maximizes the chance of contact with host root and that of

establishing symbiosis (Akiyama et al. 2005; Aroca et al. 2013; López-Ráez and

Pozo 2013). Conversely, when AM fungus starts to proliferate in the vicinity of the

root, plants perceive diffusible fungal signals, called Myc factors at the plant

plasma membrane, due to lysine-motif (LysM) receptor kinases (Antolın-Llovera

et al. 2012; Oldroyd 2013) that actively prepares the intracellular environment and

induce symbiosis-specific responses in the host root, even in the absence of any

physical contact (Parniske 2008; Genre and Bonfante 2010). The chemical structure
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Fig. 2.1 The scheme illustrates (a) plant colonized with AM fungi and fungal spores (b) Different
steps of AM establishment: Roots of host plant exude strigolactones which induce spore germi-

nation and hyphal branching. In response, fungus releases Myc factors that induce calcium

oscillations in root epidermal cells and activate plant SYM genes, thus leads to the formation of

hyphopodium, consequently arbuscule. (c) Arbuscule formation and (d) Bidirectional transfer of
nutrients (C, P, N) at plant-fungus interface as well as AM fungus-soil interface: At the plant-

fungus interface, carbon (C) is imported from plant via hexose transporters to the fungal mycelium

where it is stored either in the form of trehalose, glycogen and lipids. In return, fungus helps in

acquisition of mineral nutrients including phosphorus (P), nitrogen (N). Different forms of N such
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of these elusive Myc factors was identified as a mixture of sulphated and

non-sulphated lipochito-oligosaccharides (Myc-LCO) that shares structural simi-

larities with rhizobial Nod factors (Maillet et al. 2011). In addition to the

up-regulation of genes involved in signal transduction, Myc factors are also

known to activate a number of plant responses including stimulation of lateral

root development, starch accumulation and repeated calcium oscillation in epider-

mal cells, in analogy with Rhizobium-legume symbiosis (Kosuta et al. 2008;

Gutjahr et al. 2009; Maillet et al. 2011; Gutjahr and Parniske 2013; Bonfante and

Desirò 2015).

Pre-symbiotic phase is trailed by direct plant–fungus contact i.e. symbiotic

phase, which results in the setup of novel developmental and cellular modifications

in both partners. Perception of Myc factor induces nuclear Ca2+-spiking that is

decoded by a nuclear localized calcium-calmodulin kinase (CCaMK) and leads to

phosphorylation of transcription factor—CYCLOPS which in turn cause transcrip-

tional activation of symbiosis-related genes (Genre et al. 2013; Singh et al. 2014;

Gutjahr 2014; Carbonnel and Gutjahr 2014). The hyphae of glomeromycetes

adheres to atrichoblasts of the root epidermis by forming a highly branched,

swollen and flattened characteristic fungal structure called appressorium (also

called hyphopodium) (Fig. 2.1b; Smith and Read 2008; Genre 2012) which marks

the initiation of symbiotic phase of the interaction. Accordingly, root epidermal

cells respond to this appressorium formation by repositioning their nucleus and

re-modelling their cytoplasm, thus preparing themselves for fungal penetration

(Genre et al. 2005). A proline rich protein which is encoded by ENOD11 activates

the epidermal cells before, during the formation of pre-penetration apparatus (PPA)

and at the late stage of mycorrhizal development and even in the arbuscule-

containing cells (Mohanta and Bae 2015). From the appressorium, a penetrating

hypha is formed, which reaches the root cortex by following an intracellular route

across epidermal cells (Barea et al. 2014). Host cell integrity is maintained by the

invagination of its plasma membrane (i.e. peri-arbuscular membrane—PAM)

which proliferates and engulfs the developing hypha, physically separating fungus

from the plant cytoplasm (Bonfante and Desirò 2015), there by guiding intracellular

fungal passage into deeper cortical layers. For this step to be successful, three ion

channel genes of M. truncatula DMI1 (does not make infection 1), DMI2, and

DMI3 are considered essential for the induction of PPA in plants (Siciliano et al.

2007; Genre and Bonfante 2010; Mohanta and Bae 2015). In the inner cortical cells,

fungal hyphae ramify repeatedly in order to differentiate into arbuscules—the small

characteristic tree like structures (Fig. 2.1c) which represents symbiotic interface

⁄�

Fig. 2.1 (continued) as inorganic as well as organic forms (NH4
+, NO3

�) are taken up by

specialized transporters located on the fungal membrane in the extraradical mycelium (ERM)

where they imported from the symbiotic interface to the host plant cells via selective transporters.
Pi is taken into fungal ERM through Pi transporters and is converted into polyP which is

transported from ERM to IRM where polyp hydrolysis occur, thus releases Pi in the IRM. From

IRM, plant take up Pi via Pi transporter present at mycorrhizal plasma membrane
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where nutrient exchange between fungus and plant is thought to occur (Smith and

Read 2008). The proteins encoded by common symbiosis (SYM) genes (CCaMK

and CYCLOPS) are also involved in the intracellular fungal accommodation:

mutants for SYM genes are not only defective in the signalling pathway

(as testified by the lack of nuclear calcium spiking), but also in the assembly of

the PPA, thus subsequent fungal colonization (Bonfante and Genre 2010; Genre

2012). In addition, VAPYRIN is another gene, which has been reported to be

potentially involved in the structural reorganization of infected cells (Gutjahr and

Parniske 2013). In case of vapyrin mutants of Medicago and Petunia, rhizodermal

penetration is frequently aborted and in rare cases, where cortical colonization is

achieved, no arbuscules or only small hyphal protrusions into cortical cells have

been observed (Reddy et al. 2007; Pumplin et al. 2010; Gutjahr and Parniske 2013).

Appearance of arbuscule inside the lumen of inner cortical cells hallmarks the

establishment of symbiosis between the two partners (Genre 2012). On the basis of

morphological attributes, two types of AM associations have been reported which

include Arum type colonization and Paris type colonization (Garg and Chandel

2010). In the Arum type, which is particularly common in legumes, and in general

in those plants whose root anatomy presents extensive apoplastic channels (Genre

2012), AM fungi form extensive intercellular hyphae in well-developed air spaces

between cortical cells and invaginate cells as short side branches to form arbuscules

(Shah 2014). Contrastingly, in the Paris type, colonization spreads directly from

cell to cell in the root and is characterized by the absence of intercellular hyphae

and the development of intracellular hyphal coils that frequently have intercalary

arbuscules (Shah 2014). In addition to arbuscules, some fungi also form lipid

containing storage structures known as vesicles in the root apoplast (Walker

1995; Rouphael et al. 2015).

As IRM grows, a dense net of ERM is formed simultaneously in the soil

(Malbreil et al. 2014) which helps in the acquisition of mineral nutrients from

the strata, particularly those nutrients whose ionic forms have poor mobility or

are present in low concentration in the soil solution, such as phosphate and

ammonia (Barea et al. 2005, 2014). In addition, ERM interacts with other soil

micro-organisms and colonizes the root of adjacent plants belonging to the same

or different species. Thus, plants and their AM fungi are interconnected through

a web of roots and hyphae (Read 1998; Giovannetti et al. 2004) where exchange

of water, nutrients as well as signals (Song et al. 2010) occur (Rouphael et al.

2015). Finally, ERM forms new chlamydospores and helps in the propagation of

fungus, thus completing the lifecycle. Therefore, establishment of a functional

AM symbiosis involves a high degree of coordination between plant and fungus,

as characterized by progressive increase in the closeness of the interaction, from

the exchange of long-range chemical signals in the rhizosphere to intimate

intracellular association, where plant and fungus share a single cell volume

(Genre 2012).
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2.1.2 AM Fungi Improve Nutrient Dynamics
in the Rhizosphere

Nutrient exchange is a key function that takes place at the symbiotic interface,

formed in association between the roots of AM fungi and their host plants (Jakobsen

and Hammer 2015) and is bidirectional in nature (Fig 2.1d). However, for many of

these fungi, the specific mechanisms and gene products involved in nutrient transfer

remain to be elucidated (Behie and Bidochka 2014). AM fungi are obligate

biotrophs and are unable to absorb carbohydrates; as a result, they depend totally

on their green host for organic C metabolism (Bonfante and Desirò 2015). In return,

by acting as an extension of root system, thus increasing the plant surface area for

absorption, ERM of the fungus provides host plant with access to nutrient resources

such as phosphorus (P), nitrogen (N), sulphur (S) and various trace elements beyond

the root depletion zone through the agency of IRM, where nutrients are exchanged

at the fungus-plant interface for the fixed C (Fig. 2.1d; Marschner and Dell 1994;

Smith et al. 2009; Fellbaum et al. 2014; Jakobsen and Hammer 2015). Studies have

estimated that host plant transfers up to 20% of its photosynthetically fixed C to the

AM fungus (Wright et al. 1998; Valentine et al. 2013; Fellbaum et al. 2014;

Bücking and Kafle 2015) which is used to maintain and extend its hyphal network

in the soil. However, maintenance of such cooperation has posed a paradox for

evolutionary theory as it is hard to explain such kind of interaction where selfish

individuals can exploit mutualisms, reaping benefits while paying no costs (Leigh

2010; Fellbaum et al. 2014). Recent studies have revealed that the flow of C to the

fungus can be downregulated under sufficient nutrient regimes and that the fungus

is also able to control transfer of nutrients to less than beneficial host (Kiers et al.

2011; Maillet et al. 2011; Valentine et al. 2013). Thus, it has been suggested that C

to nutrient exchange in mycorrhizal symbiosis is controlled by biological market

dynamics and that reciprocal reward mechanisms ensure a ‘fair trade’ between both
the partners involved in AM symbiosis (Kiers et al. 2011; Bücking and Kafle 2015).
AM fungi are able to absorb different macro-as well as -micronutrients; however,

the likeliness for P uptake is higher when compared with the uptake of other

nutrients which could be credited to the production of some enzymes such as

phosphatase by the fungi, that enhances the solubility of insoluble P and hence

it’s absorption by plant (Smith and Read 2008). However, when the concentration

of nutrients is higher in the rhizosphere, symbiotic efficiency usually decreases

which is due to the presence of nutrient receptors in plant cellular membrane that

gets adversely affected (Miransari 2013). Thus, under low and medium nutrient

concentrations, the dependency of the host on glomeromycotan fungi increases

(Smith and Read 1997; Valentine et al. 2013).

2.1.2.1 Phosphorus Metabolism

P is an important macronutrient that is required for energy pathways and production

in plant as well as for the structure of proteins and production of cellular membranes
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(Miransari 2013, Bakshi et al. 2017). It is preferentially taken up as orthophosphate

(Pi) by plants, but unfortunately, this form occurs at low concentrations in soils,

around 10 mM (Bieleski 1973) due to its low solubility and low mobility, leading to

a rapid depletion zone around the roots (Malbreil et al. 2014). Improved uptake of P

is the main benefit that plants obtain by associating with AM fungi which has been

validated through the use of 32P/33P-based isotope dilution approaches (Barea

2010) and has led to the conclusion that the majority of P taken up by plants

comes via the fungal partner (Smith et al. 2009; Smith and Smith 2011, 2012; Barea

et al. 2014). In general, plant uses two different pathways to absorb P from the soil:

the direct uptake by plant roots (i.e. plant uptake pathway, PP) and the indirect

uptake by glomeromycotan fungi (i.e. mycorrhizal pathway, MP). Two different

phosphate transporters (PTs) are activated during the uptake of P including the ones

which are located in the epidermis and root hairs (i.e. PP) and the fungal hyphal

transporters, which are localized with a few centimeters in distance from the plant

roots (i.e. MP) (Bücking et al. 2012; Miransari 2013). Due to much smaller

diameter than roots, the individual fungal hyphae allow access to narrower soil

pores and hence enhance the soil volume explored (Drew et al. 2003; Smith and

Read 2008; Smith et al. 2011). The active Pi are taken up into the ERM against a

large electrochemical potential gradient, high-affinity PTs and energized by H+-

ATPases (Harrison and van Buuren 1995; Ferrol et al. 2000; Bucher 2007; Javot

et al. 2007ab; Smith and Read 2008; Smith and Smith 2011). P, thus absorbed by

the fungal hyphae, is then translocated as polyphosphate (polyp, Fig. 2.1d) to the

specialized AM fungal-plant interfaces i.e. arbuscules and hyphal coils (Smith et al.

2011) where it gets hydrolysed to free Pi that gets delivered in the apoplast, from

where a specialized host plant transporter takes care of importation (Malbreil et al.

2014). Different studies have revealed that mycorrhizal pathway can deliver up to

100% of plant P uptake (Ravnskov and Jakobsen 1995; Smith et al. 2003) thus

indicating that the uptake at the root epidermis is very low either due to down-

regulation of direct plant PTs (Javot et al. 2007b; Yang et al. 2009; Grønlund et al.

2013) or due to the reduced Pi concentration in the rhizosphere soil solution

(Jakobsen and Hammer 2015).

A major breakthrough in mycorrhizal symbiosis was achieved when PT gene

was characterized from the ER hyphae of Glomus versiforme (GvPT), involved in

Pi uptake from soil (Harrison and van Buuren 1995; Smith and Smith 2011;

Mohanta and Bae 2015). This Pi gene was induced at the transcriptional level in

the presence of lower amount of Pi. Later on, another PT homolog (GmosPT)

showing a similar role in Pi transport was reported from Funneliformis mosseae
(formerly Glomus mosseae; Benedetto et al. 2005). Interestingly, a relatively high

expression level of the transcript, independent of external Pi concentrations was

observed in IR fungal structures (Benedetto et al. 2005) suggesting that the fungus

may exert control over the amount of phosphate delivered to the plant inside the

root cell (Balestrini and Lanfranco 2006). In addition to PTs, genes encoding

alkaline phosphatases have been expressed in R. irregularis (formerly Glomus
intraradices) and G. margarita (Tisserant et al. 1993; Aono et al. 2004). In such

cases, levels of the corresponding transcripts were found to be higher in
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mycorrhizal roots than in germinating spores and external hyphae, thus advocating

their role in nutrient exchange with host plants (Aono et al. 2004; Mohanta and Bae

2015). Conversely, on the plant side, PTs operating at the root–soil interface have

been reported to be downregulated. As a result, host plant largely depends on the

phosphate delivered by the fungal symbiont (Smith et al. 2003). Various studies

have highlighted the presence of PTs which are exclusively expressed during

symbiosis (Harrison et al. 2002; Paszkowski et al. 2002; Karandashov and Bucher

2005; Balestrini and Lanfranco 2006). In case of M. truncatula, plant PT—MtPT4

was found to be located at PAM, where it likely plays an essential role in phosphate

transport into the cell (Harrison et al. 2002). However, loss of MtPT4 function led to

the premature death of arbuscules in M. truncatula plant and fungus was unable to

proliferate within the host root and consequently, resulted in the termination of

symbiosis (Javot et al. 2007a; Mohanta and Bae 2015). Thus, it could be established

that in addition to increase in plant Pi acquisition, mycorrhizal-induced PTs play an

important role in maintaining symbiosis by regulating arbuscule morphogenesis

(Javot et al. 2011; Yang et al. 2012; Xie et al., 2013; Berruti et al. 2016). At present,

accumulating evidence confirms that AM symbiosis specifically induces the expres-

sion of plant PTs (Harrison et al. 2002; Paszkowski et al. 2002; Nagy et al. 2005;

Xie et al. 2013; Walder et al. 2015; Berruti et al. 2016). These genes include

OsPT11 (Orzya sativa phosphate transporter11), LePT4 (Lycopersicon esculentum
PT4), PtPT8 (Populus trichocarpa PT8), PtPT10 (P. trichocarpa PT10), StPT4

(Solanum tuberosum PT4), StPT5 (S. tuberosum PT5), LePT4 (L. esculentum PT4),

PhPT4 (Petunia hybrid PT4), PhPT5 (P. hybrid PT5), LjPT3 (Lotus japonicus
PT3), GmPT7 (G. max PT7), GmPT11 (G. max PT11), GmPT10 (G. max PT10),

ZmPT6 (Zea mays PT6) (as reviewed by Berruti et al. 2016). Recently, Volpe et al.
(2016) studied the expression of AM-induced Pi transporters in M. truncatula
(MtPT4) and L. japonicus (LjPT4) and found their expression in the root tips of

even non-colonized plants, thereby postulating PT4 genes as novel component of

Pi-sensing machinery in the root tips. However, it has been observed that the

amount and availability of P in the soil greatly affects its uptake. Under higher P

availability, AM fungi may not be able to efficiently colonize host plant roots (due

to decreasing arbuscule development), because under such conditions, host plant

may not be willing to spend energy for the development of symbiotic association

(Miransari 2013). Conversely, under P deficit conditions, fungus is able to colonize

the roots of host plant efficiently, thus significantly enhances P uptake by the host

plant (Smith and Read 2008).

2.1.2.2 Nitrogen Metabolism

In addition to P, fungal partner also improves the performance of plant partner by

providing N nutrient from both inorganic and organic N sources (Hodge et al. 2001;

Leigh et al. 2009; Hodge and Fitter 2010; Matsumura et al. 2013; Kranabetter 2014;

Corrêa et al. 2015; Mohanta and Bae 2015). In almost all ecosystems, availability of

N limits primary productivity (Behie and Bidochka 2014). N bounded in the
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organic matter is typically present in the form of peptides, proteins and free amino

acids (FAA). AM fungi release peptidases and proteases into the soil that cleave

organically bound N and subsequently absorb nitrogenous monomers (Nygren et al.

2007; Behie and Bidochka 2014). According to McFarland et al. (2010), mycor-

rhizal fungi are able to cater 50% of plant N requirement. When compared with P, N

is a more mobile nutrient, hence its uptake by mycorrhizal plant may be of less

importance, as N can be supplied to the host plant through mechanisms such as

diffusion and mass flow (Miransari 2013). The ability of mycorrhizal fungi to

utilize mineral N from organic matter and amino acids has been indicated through

different studies (St. John et al. 1983; Hodge et al. 2001; Hamel 2004). However,

various factors such as volume of fungal network, amount of decomposing (hydro-

lytic) enzymes such as xyloglucanase, pectinase, interaction with other soil

microbes may affect the ability of fungus to mineralize higher amounts of organic

N (Miransari 2013). In addition, by providing P, mycorrhizal fungi also improve

N2-fixation, thus representing a considerable contribution to N inputs in legume

species (Azcón and Barea 2010; Barea et al. 2014).

AM fungi have been reported to directly take up and transfer N to their host

plants (Bago et al. 1996; Johansen et al. 1993; He et al. 2003), thereby enhancing

the utilization of different forms of N such as nitrate (NO3
‾), ammonia (NH4

+) and

urea to plants (Hodge et al. 2001). They easily translocate such different forms of N

from ERM (incorporated into amino acids) to the IRM mainly as arginine via

respective transporter molecule, where arginine (transported in association with

polyP) would be broken down through urease cycle into NH4
+ and thus, N is

transferred to the plant without any C skeleton (Balestrini and Lanfranco 2006;

Pérez-Tienda et al. 2011; Malbreil et al. 2014; Mohanta and Bae 2015). This

hypothetical pathway was validated by the work of Tian et al. (2010) who demon-

strated that during fungal association, arginine in roots of host plant increased

threefold and was found to be the most abundant FAA owing to the presence of

fungus inside the root. However, the molecular form in which N is transferred, as

well as the involved mechanism is still under debate (Mohanta and Bae 2015). NO3
‾

is the dominant form of N that is available to plants and fungi in most of the

agricultural soils, while NH4
+ predominates in many undisturbed or very acidic

soils, where NO3
‾ can be almost entirely absent (Bücking and Kafle 2015). The

ERM of AM fungi can take up NH4
+ (Frey and Schüepp, 1993) and NO3

‾ (Hawkins

et al. 2000), but NH4
+ is generally preferred, because it is energetically more

efficient than NO3
‾. Moreover, NH4

+ seems to be the preferred molecule (Guether

et al. 2009) as upon root colonization with G. margarita, the transcript of LjAMT2

(NH4
+ transporter) was found to be up-regulated in transcriptome analysis of

L. japonicus. Moreover, this transcript was found to be extensively expressed in

mycorrhizal root, but not in the nodule (Guether et al. 2009). Recently, various

transcriptome studies have revealed the expression of several fungal NH4
+ and NO3

– transporters in spores, ERM and IRM (Tisserant et al. 2012). Two high-affinity N

transporters have been partially characterized in R. irregulariswhere the expression
of GintAMT1, an NH4

+ transporter was induced by low additions of NH4
+ to the

medium but was found to be suppressed under high NH4
+ supply, thus suggesting
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that the expression of this transporter is substrate inducible and is regulated by NH4
+

supply as well as by fungal NH4
+ status (López-Pedrosa et al., 2006; Bücking and

Kafle 2015). However, under N limiting conditions, NH4
+ transporter GintAMT2

was found to be constitutively expressed in the ERM (Pérez-Tienda et al. 2011).

Thus, such differential localization of high transcript levels of these transporters in

colonized roots suggest that both transporters may differ in their role for N uptake

and transport (Bücking and Kafle 2015). High expression levels of GintAMT1 in

the ERM suggest that this transporter could be primarily involved in NH4
+acquisi-

tion of fungal hyphae from the soil, while, higher expression of GintAMT2 in the

IRM signifies the role of this transporter in the re-uptake of NH4
+ by the fungus

from the symbiotic interface (Pérez-Tienda et al. 2011). The ability to transfer N

has also been explored in other Glomus species, such as in F. mosseae, where AMT

(GmAMT4.1) was identified during arbuscule development inside roots of G. max
(López-Pedrosa et al. 2006; Behie and Bidochka 2014). Similarly, in case of

Medicago mutants, it was demonstrated that in addition to PT, AMT symbiotic

transporters (i.e., PT4 and AMT2; 3) did had an influence on the arbuscule lifespan

(Javot et al. 2007b; Breuillin-Sessoms et al. 2015), thus speculating that the

transport of Pi or NH4
+ through these transporters not only deliver nutrients to the

host root cells but also trigger signalling that enable the conditions for arbuscule

maintenance (Breuillin-Sessoms et al. 2015; Berruti et al. 2016). To be further

assimilated via glutamine synthetase/glutamate synthase (GS/GOGAT) cycle

(Marzluf 1996), NO3
‾ has to be converted into NH4

+ by the sequential action of

enzymes—nitrate reductase (NR) and nitrite reductase (NiR). One transcript for NR

and two for NiR were identified in R. irregularis, all of which got expressed in ERM
(Malbreil et al. 2014). Furthermore, transcripts coding for proteins that are involved

in further steps to synthesize arginine were identified and were found to be highly

expressed in germinating spores, ERM and IRM, thus confirming intense N cycling

in this fungus (Tian et al. 2010; Tisserant et al. 2012).

In addition, plants that accommodate fungal translocation of N were found to

upregulate N transporters. Plant NH4
+ transporters were found to be upregulated in

arbuscule-containing cells in case of sorghum (S. bicolor), where expression of

plant NH4
+ transporters—SbAMT3; 1 and SbAMT4 was induced only in arbuscule-

containing cells (Koegel et al. 2013). Similarly, in case of M. truncatula, NO3
‾

transporters were expressed in arbusculated cells (Gaude et al. 2012; Behie and

Bidochka 2014). Such coordinated and specific expression of both plant and fungal

NH4
+and NO3

‾ transporters in mycorrhizal-colonized cortical cells intimate the

crucial importance of fungal N transfer in plants (Behie and Bidochka 2014).

2.1.2.3 Sugar Metabolism

Carbon flux is mainly mediated from plant to the fungus as mycorrhizal fungi are

incapable of breaking down complex organic compounds (Behie and Bidochka

2014) and thus, depends upon the host plant for C. Mycorrhizal fungi require C for

extension of ERM, for active uptake or other energy consuming processes and for
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the development of new infection units (Bücking et al. 2012). Moreover, it has been

validated that supply of C by the host plant stimulates P uptake and its transfer by

AM fungi (Kiers et al. 2011; Hammer et al. 2011; Bücking et al. 2012). Earlier, it

was shown that C is mainly delivered by the host plant in the form of hexoses,

preferentially as glucose (Shachar-Hill et al. 1995; Solaiman and Saito 1997;

Pfeffer et al. 1999; Malbreil et al. 2014) or in the form of sucrose into the apoplast,

where it is converted into hexoses by acid invertase, secreted by host plant

(Schaarschmidt et al. 2006) as fungus lacks the ability to secrete this enzyme

(Tisserant et al. 2013). Hexoses are then transferred to the mycorrhizal fungi via
fungal transporters that function at several symbiotic root locations (Schüβler et al.
2006; Helber et al. 2011; Mohanta and Bae 2015). In Glomus species, a high-

affinity monosaccharide transporter (MST)—MST2 has been characterized by

Bücking and Shachar-Hill (2005) whose expression pattern correlates with that of

the mycorrhizal PT–PT4. Various studies have revealed that when expression of

PT4 is reduced, symbiosis gets strongly impaired, resulting in malformed

arbuscules, however, when incorporated, hexoses are then converted into trehalose,

glycogen and lipids (Shachar-Hill et al. 1995; Pfeffer et al. 1999; Bago et al. 2000),

thus signifying the fact that the amount of C received by the fungal symbiont is

directly interrelated to the phosphate transfer efficiency. Moreover, many MST

have been isolated and identified from different fungal species such as one MST

from G. pyriformis (Schüβler et al. 2006), 3 MSTs as well as a sucrose transporter

from R. irregularis (Helber et al. 2011). Triacylglycerol (TAG) is the main form of

C stored by the mycobiont at all stages of its life cycle (Bago et al. 2003) which is

mostly or exclusively made in IRM and gets transferred to ERM (Pfeffer et al.

1999). In vivo microscopic observations suggests that the rate of export is sufficient

to account for the high levels of stored lipid in ERM (Bago et al. 2002, 2003) where

glyoxylate cycle operates (Lammers et al. 2001) and converts exported TAG to

carbohydrate. Trehalose and glycogen synthases were found to be present in the

transcript collection of R. irregularis by the authors (Tisserant et al. 2012, 2013). C,
thus formed in ERM, is finally used for the production of the chitinous cell wall

(Lanfranco et al. 1999), for storing lipids and glycogen in the developing spores

(Bonfante et al. 1994) and for long-lasting proteins like glomalin (Purin and Rillig

2007).

During the symbiotic phase, C metabolism of both the symbiotic partners get

reformed at the level of gene expression (Balestrini and Lanfranco 2006). In

AM-colonized roots, sucrose synthase gene was found to be up-regulated by

Ravnskov et al. (2003) suggesting that the enzyme sucrose synthase plays a

major role in generating sink strength (Mohanta and Bae 2015). In addition,

mycorrhizal colonization has been reported to elevate the expression levels of

plant sugar transporters. For instance, in the symbiotic interaction between

M. truncatula and R. irregularis, increased expression of MtSucS1, a plant sucrose

synthase gene, has been recorded in the surrounding internal hyphae and arbuscules

(Behie et al. 2012). Besides, the expression of a family of M. truncatula sucrose

transporters—MtSUTs increased in mycorrhizal-colonized roots. Currently, it is

not possible to unravel which partner takes the first step to establish the mutualistic
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C–P exchange (Smith and Smith 2012; Jakobsen and Hammer 2015). However, it

has been proposed that fungus might be able to use plant cell wall sugars (Helber

et al. 2011), while P reserves in spore of AM fungi could serve as signals during

early colonization (Hammer et al. 2011).

2.1.2.4 Sulphur Metabolism

Sulphur (S) is an essential macronutrient required for plant growth, development and

response to various abiotic and biotic stresses as it plays as key role in the biosyn-

thesis of many S-containing compounds. Sulphate represent a very small portion of

soil S pull and is the only form that plant roots can uptake and mobilize through H+-

dependent co-transport processes, thereby implying the role of sulphate transporters

(Casieri et al. 2012; Miransari 2013). In contrast to the other organically bound

forms of S, sulphate is commonly leached from soils due to its solubility in water,

thus reducing its availability to plants (Eriksen and Askegaard 2000; Casieri et al.

2012). During mycorrhizal interactions, by altering the expression of plant sulphate

transporters (Casieri et al. 2012; Giovannetti et al. 2014), fungal symbiont plays an

important role in the uptake of S, thereby improving S nutritional status of the host

plant (Allen and Shachar-Hill 2009; Casieri et al. 2012; Sieh et al. 2013; Berruti

et al. 2016). In order to understand the beneficial role of mycorrhizal interaction on

M. truncatula plants colonized with R. irregularis at different sulphate concentra-
tions, Casieri et al. (2012) analyzed the expression of genes encoding putative

Medicago sulphate transporters (MtSULTRs) and revealed that mycorrhizal sym-

biosis substantially increased the rate of plant S absorption. Moreover, in silico

analyses they identified and recognized eight MtSULTRs, some of which were

expressed in plant leaf and root at different S concentrations, thus demonstrated the

role of AM fungi on S uptake by the host plant. Recently, a sulphate transporter

(A group 1 sulfate transporter, LjSultr1; 2) specifically involved in the uptake of S

from arbuscules has been identified in L. japonicus (Giovannetti et al. 2014).

However, in contrast to PTs, a single gene LjSultr1; 2, seems to mediate both direct

and symbiotic pathways of S uptake in L. japonicus. On the contrary, the efficiency
of S uptake in plant roots was directly correlated with phosphate availability, as

transfer of S increased only when the phosphate content of the soil was low (Sieh

et al. 2013; Behie and Bidochka 2014). In addition, the effects of mycorrhizal

colonization on the S uptake by the host plant could also be explained on the basis

of higher production of root exudates, increased activity of other soil microbes such

as Thiobacillus, formation of extensive hyphal network and production of different

enzymes, which may acidify the rhizosphere and hence increase the availability of

S to the host plant (Miransari 2013).

2.1.2.5 Other Macro-as Well as Micro-nutrient Metabolism

Apart from P, N and S, mycorrhizal fungi are able to increase the uptake of different

macro-as well as-micro nutrients including potassium (K), magnesium (Mg),
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calcium (Ca), zinc (Zn), copper (Cu) and iron (Fe) under various environmental

conditions. AM fungi develop an extensive network of hyphae that reaches into the

even finest soil pores producing different enzymes such as phosphatases, which

enhances the solubility of nutrients and hence their subsequent uptake by the host

plant (Miransari 2013). In addition, enhanced uptake of water and plant growth,

with a larger root medium, as observed under mycorrhization substantially

increases the rate of nutrient uptake (Smith and Read 2008). In a split-plot exper-

iment performed under field conditions, mycorrhizal fungi R. irregularis improved

the uptake of different nutrients including K, Mg and Ca in tomato (L. esculentum;
Cimen et al. 2010; Miransari 2013). Furthermore, several authors have reported

up-regulation of a plant K+ transporter in mycorrhizal roots of L. japonicus
(Guether et al. 2009; Berruti et al. 2016).

In case of micronutrients, AM fungi help plant in two ways: (1) they help in the

uptake of these elements which are considered to be relatively immobile, and

(2) take up these elements and store them so as to prevent their concentrations to

reach toxic levels (Goltapeh et al. 2008). AM fungi mobilize such micronutrients

either by producing different enzymes or by interacting positively with the other

soil microbes or by modifying plant rhizosphere or by affecting the morphology

(i.e. root growth) and physiology of the host plant, thus affecting the production of

root exudates (Miransari 2013). In one of the studies, Zaefarian et al. (2011)

demonstrated the beneficial effects of different fungal species including

F. mosseae, G. etunicatum and R. irregularis (as single treatments) and the com-

bined treatment of F. mosseae, Gigaspora hartiga and G. fasciculatum on the

uptake of N, P, K, Fe, Zn and Cu. In addition, two meta-analysis studies have

been published recently, focusing on the contribution of mycorrhizal symbiosis to

different micro-nutrient concentrations in crops (Lehmann et al. 2014; Lehmann

and Rillig 2015; as reviewed by Berruti et al. 2016). According to Lehmann et al.

(2014), factors such as soil texture, pH and soil nutrient concentration (i.e., Zn and

Pi deficiency) influence AM-mediated Zn content in different plant tissues.

2.1.2.6 Lipid Metabolism

Glomeromycetes can be certified as ‘oleogenic’ fungi as approximately 25% of

their dry weight consists of lipids (Bago et al. 2002; Malbreil et al. 2014). Several

experiments have revealed that lipid metabolism has an unexpected and specific

regulation mechanism: C is obtained from plants as hexose but mainly stored as

TAG (a compact form of C storage, allowing long-distance translocation) in hyphae

and more particularly in spores (Malbreil et al. 2014) and is needed when required.

Various labelling experiments have disclosed that synthesis of palmitic acid (the

first produced in fatty acid synthesis and precursor to longer ones) takes place in

only in IRM and is used in IRM, ERM or germinating spores (Pfeffer et al. 1999;

Trépanier et al. 2005). Moreover, through their study, Tisserant et al. (2012)

revealed that all the genes involved in the synthesis of fatty acids are present in

R. irregularis and the fungus did not rely on the host plant to obtain them. However,
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it is not probable and might imply regulation at post-transcriptional level. Several

genes related to fatty acid metabolism such as desaturase and lipase were found to

be upregulated (five- and fourfold changes, respectively), out which, only 7% that

belongs to lipid transport and metabolism were found to be upregulated in planta
(Tisserant et al. 2013; Malbreil et al. 2014).

2.2 Conclusion and Future Prospects

From the above facts, it could be concluded that AM fungi are able to form effective

symbiosis with host and act as an active bridge between the soil and the plant,

thereby improving nutrient dynamics in the soil ecosystem. However, there is a

paucity of information regarding the mechanisms that regulate the production of

signal molecules under different environmental conditions. Moreover, the data

regarding exchange of resources between the two symbionts, summarized in this

chapter is largely based on trials with root organ cultures or with single plants that

have been colonized by single AM species. Thus, in order to have a better insight

about the dynamics of AM signalling as well as nutrient exchange between the

symbionts, further research needs to be conducted under natural field conditions

where multiple trading partners operate simultaneously. The information, thus

generated could probably be used in developing new green technologies that

might play an important role in sustainable agriculture.
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(2013) Arbuscular mycorrhizal symbiosis influences strigolactone production under salinity

and alleviates salt stress in lettuce plants. J Plant Physiol 170:47–55

Azcón R, Barea JM (2010) Mycorrhizosphere interactions for legume improvement. In: Khan MS,

Zaidi A, Musarrat J (eds) Microbes for legume improvement. Springer, Vienna, pp 237–271

2 Dynamics of Arbuscular Mycorrhizal Symbiosis and Its Role in Nutrient. . . 35
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Gómez-Roldán V, Fermas S, Brewer PB, Puech-Pages V, Dun EA, Pillot J-P, Letisse F,

Matusova R, Danoun S, Portais J-C, Bouwmeester H, Becard G, Beveridge CA, Rameau C,

Rochange SF (2008) Strigolactone inhibition of shoot branching. Nature 455:189–194

Grønlund M, Albrechtsen M, Johansen IE, Hammer E, Nielsen TH, Jakobsen I (2013) The

interplay between P uptake pathways in mycorrhizal peas: a combined physiological and

gene-silencing approach. Physiol Plant 149:234–248

Guether M, Neuhauser B, Balestrini R, Dynowski M, Ludewig U, Bonfante P (2009) A

mycorrhizal-specific ammonium transporter from Lotus japonicus acquires nitrogen released

by arbuscular mycorrhizal fungi. Plant Physiol 150:73–83

Gutjahr C (2014) Phytohormone signaling in arbuscular mycorrhiza development. Curr Opin Plant

Biol 20:26–34

Gutjahr C, Parniske M (2013) Cell and developmental biology of the arbuscular mycorrhiza

symbiosis. Annu Rev Cell Dev Biol 29:593–617

Gutjahr C, Casieri L, Paszkowski U (2009) Glomus intraradices induces changes in root system

architecture of rice independently of common symbiosis signaling. New Phytol 182:829–837

Hamel C (2004) Impact of arbuscular mycorrhizal fungi on N and P cycling in the root zone. Can J

Soil Sci 84:383–395

Hammer EC, Pallon J, Wallander H, Olsson PA (2011) Tit for Tat? A mycorrhizal fungus

accumulates phosphorus under low plant carbon availability. FEMS Microbiol Ecol

76:236–244

Harrison MJ (2005) Signaling in the arbuscular mycorrhizal symbiosis. Annu Rev Microbiol

59:19–42

Harrison MJ, van Buuren ML (1995) A phosphate transporter from the mycorrhizal fungus

Glomus versiforme. Nature 378:626–629
Harrison MJ, Dewbre GR, Liu J (2002) A phosphate transporter from Medicago truncatula

involved in the acquisition of phosphate released by arbuscular mycorrhizal fungi. Plant Cell

14:2413–2429

Hause B, Mrosk C, Isayenkov S, Strack D (2007) Jasmonates in arbuscular mycorrhizal interac-

tions. Phytochemistry 68:101–110

Hawkins HJ, Johansen A, George E (2000) Uptake and transport of organic and inorganic nitrogen

by arbuscular mycorrhizal fungi. Plant Soil 226:275–285

He XH, Critchley C, Bledsoe C (2003) Nitrogen transfer within and between plants through

common mycorrhizal networks (CMNs). Crit Rev Plant Sci 22:531–567

Helber N, Wippel K, Sauer N, Schaarschmidt S, Hause B, Requena N (2011) A versatile

monosaccharide transporter that operates in the arbuscular mycorrhizal fungus Glomus sp. is
crucial for the symbiotic relationship with plants. Plant Cell 23:3812–3823

Hodge A, Fitter AH (2010) Substantial nitrogen acquisition by arbuscular mycorrhizal fungi from

organic material has implications for N cycling. Proc Natl Acad Sci USA 107:13754–13759

Hodge A, Campbell CD, Fitter AH (2001) An arbuscular mycorrhizal fungus accelerates decom-

position and acquires nitrogen directly from organic material. Nature 413:297–299

Jakobsen I, Hammer EC (2015) Nutrient dynamics in arbuscular mycorrhizal networks. In: Horton

TR (ed) Mycorrhizal networks, ecological studies, vol 224. Springer, Dordrecht, pp 91–131

Javot H, Penmetsa RV, Terzaghi N, Cook DR, Harrison MJ (2007a) A Medicago truncatula

phosphate transporter indispensable for the arbuscular mycorrhizal symbiosis. Proc Natl

Acad Sci USA 104:1720–1725

Javot H, Pumplin N, Harrison M (2007b) Phosphate in the arbuscular mycorrhizal symbiosis:

transport properties and regulatory roles. Plant Cell Environ 30:310–322

38 P. Bhandari and N. Garg



Javot H, Penmetsa RV, Breuillin F, Bhattarai KK, Noar RD, Gomez SK, Zhang Q, Cook DR,

Harrison MJ (2011) Medicago truncatula mtpt4 mutants reveal a role for nitrogen in the

regulation of arbuscule degeneration in arbuscular mycorrhizal symbiosis. Plant J 68:954–965

Jeffries P, Barea JM (2012) Arbuscular mycorrhiza—a key component of sustainable plant-soil

ecosystems. In: Hock B (ed) The mycota. Springer, Berlin, pp 51–75

Johansen A, Jakobsen I, Jensen ES (1993) Hyphal transport by vesicular-arbuscular mycorrhizal

fungus on N applied to the soil as ammonium or nitrate. Biol Fert Soils 16:66–70

Karandashov V, Bucher M (2005) Symbiotic phosphate transport in arbuscular mycorrhizas.

Trends Plant Sci 10:22–29

Kiers ET, Duhamel M, Beesetty Y, Mensah JA, Franken O, Verbruggen E, Fellbaum CR,

Kowalchuk GA, Hart MM, Bago A, Palmer TM, West SA, Vandenkoornhuyse P, Jansa J,

Bücking H (2011) Reciprocal rewards stabilize cooperation in the mycorrhizal symbiosis.

Science 333:880–882

Koegel S, Ait Lahmidi N, Arnould C, Chatagnier O, Walder F, Ineichen K, Boller T, Wipf D,

Wiemken A, Courty PE (2013) The family of ammonium transporters (AMT) in Sorghum

bicolor: two AMT members are induced locally, but not systemically in roots colonized by

arbuscular mycorrhizal fungi. New Phytol 198:853–865

Kohlen W, Charnikhova T, Lammers M, Pollina T, Tóth P, Haider I, Pozo MJ, de Maagd RA,
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lipochitooligosaccharide symbiotic signals in arbuscular mycorrhiza. Nature 469:58–63

Malbreil M, Tisserant E, Martin F, Roux C (2014) Genomics of arbuscular mycorrhizal fungi. Out

of the shadows. Adv Bot Res 70:259–290

Marschner H, Dell B (1994) Nutrient uptake and mycorrhizal symbiosis. Plant Soil 159:89–102

Marzluf GA (1996) Regulation of nitrogen metabolism in mycelial fungi. In: Brambl R, Marzluf

GA (eds) Biochemistry and molecular biology, The mycota, vol 3. Springer, Berlin, pp

357–368

Matsumura A, Taniguchi S, Yamawaki K, Hattori R, Tarui A (2013) Nitrogen uptake from amino

acids in maize through arbuscular mycorrhizal symbiosis. Am J Plant Sci 4:2290–2294

McFarland JW, Ruess RW, Kielland K, Pregitzer K, Hendrick R, Allen M (2010) Cross-ecosystem

comparisons of in situ plant uptake of amino acid-N and NH4. Ecosystems 13:177–193

Miransari M (2013) Arbuscular mycorrhizal fungi and uptake of nutrients. In: Aroca R

(ed) Symbiotic endophytes, Soil biology, vol 37. Springer, Berlin, pp 253–270

Mohanta TK, Bae H (2015) Functional genomics and signaling events in mycorrhizal symbiosis. J

Plant Interact 10(1):21–40

Nagy R, Karandashov V, Chague W, Kalinkevich K, Tamasloukht M, Xu G, Jakobsen I, Levy AA,

Amrhein N, Bucher M (2005) The characterization of novel mycorrhiza-specific phosphate

transporters from Lycopersicon esculentum and Solanum tuberosum uncovers functional

redundancy in symbiotic phosphate transport in solanaceous species. Plant J 42:236–250

Nasim G (2013) Host allelopathy and arbuscular mycorrhizal fungi. In: Cheema ZA, Farooq M,

Wahid A (eds) Allelopathy. Springer, Berlin, pp 429–450

Nygren CMR, Edqvist J, Elfstrand M, Heller G, Taylor AF (2007) Detection of extracellular

protease activity in different species and genera of ectomycorrhizal fungi. Mycorrhiza

17:241–248

Oldroyd GED (2013) Speak, friend, and enter: signalling systems that promote beneficial symbi-

otic associations in plants. Nat Rev Microbiol 11:252–263

Parniske M (2008) Arbuscular mycorrhiza: the mother of plant root endosymbioses. Nat Rev

Microbiol 6:763–775

Paszkowski U, Kroken S, Roux C, Briggs SP (2002) Rice phosphate transporters include an

evolutionarily divergent gene specifically activated in arbuscular mycorrhizal symbiosis.

Proc Nat Acad Sci USA 99:13324–13329

Pérez-Tienda J, Testillano PS, Balestrini R, Fiorilli V, Azcón-Aguilar C, Ferrol N (2011)

GintAMT2, a new member of the ammonium transporter family in the arbuscular mycorrhizal

fungus Glomus intraradices. Fungal Genet Biol 48:1044–1055
Pfeffer P, Douds DD, Becard G, Shachar-Hill Y (1999) Carbon uptake and the metabolism and

transport of lipids in an arbuscular mycorrhiza. Plant Physiol 120:587–598
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Chapter 3

Capturing Plant Genetic Potential of Upland

Rice for Exploiting Arbuscular Mycorrhiza

Responsiveness to Improve Rice Variety

for Higher Phosphorus (P) Acquisition Under

P Limiting Environments

Neha Nancy Toppo and Dipankar Maiti

Abstract Efforts have been made to elaborate the benefits of arbuscular mycor-

rhiza (AM)—upland rice associations and underpin the importance of exploiting

the genetic variability of upland rice varieties upon mycorrhization. The upland

ecology is agriculturally least intervened and upland rice naturally draws benefits

(especially P-acquisition) from the minimally disturbed native AM-flora, paving

the way for the development of improved varieties with an inherent potential for

native AM-aided enhanced P-nutrition. For this, understanding the physiological

traits linked to AM-response is essential. The results indicated that upland rice

varieties with high growth rate, high P-demand and low soil exploration capacity

(poor root length density) are AM-responsive, though none of these physiological

traits individually were significantly correlated with mycorrhiza responsiveness (%

MR) suggesting their ineffectiveness as stand-alone valid screening criteria for AM

responsiveness. However, the traits, may prove useful when studied in combination.

Molecular characterization with 15 SSR markers revealed Sathi-34-36 and Jonga as

genotypically most diverse (in terms of AM responsiveness) indicating possibilities

of utilizing these two upland rice varieties for developing mapping population for

QTL analysis which may serve as basic molecular tool to develop AM-responsive

upland rice varieties through marker-assisted selection.
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3.1 Introduction

Mycorrhiza, derived from the Greek wordmykes and rhizameaning fungus and root

respectively (Frank 1885), are obligate biotrophs forming symbiotic associations

between plant roots and fungi for the past 460 million years (Simon et al. 1993),

indicating that plants have formed associations with arbuscular mycorrhizal fungi

(AMF) since the plants first colonized land (Remy et al. 1994; Pirozynski and

Malloch 1975). Mycorrhizal fungi form symbiotic relationships with plant roots in

a fashion similar to that of root nodule bacteria within legumes. This group of

fungi (AMF) form a living bridge between plant root and bulk soil in most

ecosystems (Friberg 2001). Globally, mycorrhizae occur in 80–90% of plant spe-

cies (83% of dicotyledonous and 79% of monocotyledonous plants and all gymno-

sperms) (Wilcox 1991). AMF associations are known for improving nutrient

acquisition especially of the less mobile nutrients like ‘phosphorus’ (P), zinc

(Zn) etc. by plants apart from enhancing plant resistance to biotic (soil-borne

diseases, nematodes) and abiotic (moisture stress, heavy metal toxicity etc.) stresses

(Smith and Read 2008). The available P present in the soil solution (Pi) and labile

P-pool (as orthophosphate ions, H2PO4
– and HPO4

2– depending on the pH)

adsorbed on soil particles which is in rapid equilibrium with solution P, are made

available to the plant via the increased surface absorption provided by the extra-

radical mycelial network of AMF, from beyond the root absorption zone and

the P-depletion zone (characteristically present around root systems), which is

otherwise inaccessible to plant.

Upland rice, as abundantly documented (Bagyraj et al. 2015; Maiti 2015; Maiti

et al. 2011a, b, 2012; Gao et al. 2007) benefits from AMF as well as it is naturally

infected by arbuscular mycorrhizae (Gangopadhyay and Das 1982). Upland rice

accounts for about 13% of the world rice area (David 1991) with nearly two-thirds

of global upland rice area in Asia. The upland rice area in India is about 6.0 million

hectares (ha), which accounts for 13 % of the total rice area in the country (Adhya

et al. 2008). It is largely distributed in Eastern India and North-Eastern Hill region.

Out of the total upland area (6.0 million ha), 4.3 million ha lies in Eastern India

(Assam, West Bengal, Orissa, Jharkhand, Eastern Uttar Pradesh and Chhattisgarh).

Upland rice in India is grown in (a) unfavorable (unbunded) uplands and

(b) favourable (bunded) uplands and is predominantly rainfed, direct seeded and

grown under well-drained, aerobic (unbunded uplands) to semi-aerobic (bunded
uplands) soil conditions. The soil type is generally red/lateritic alfisols with acidic

(unbunded uplands) to near-neutral pH (bunded uplands). Upland rice is mostly

grown by resource poor farmers as subsistence farming (Maiti et al. 2007). The

recent advances for agricultural productivity are mostly inaccessible to this segment

of farmers. Moreover, the upland ecology being drought prone leads to poor crop

nutrient acquisition especially P. Proper P-nutrition is vital in the early vegetative

growth stages of rice and is crucial for rice grain yield. It promotes early plant

growth and development of a strong root system. It promotes tillering, root devel-

opment, early flowering and ripening. Without adequate supply of P, plants cannot
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reach its maximum yield and its deficiency symptoms appear in the lower part of

the plant resulting in dark green leaves, stunting, decreased leaf number and leaf

blade length. Poor P supply also reduces panicle number/plant, grain number/

panicle and filled grain number/panicle (Kimani et al. 2013). The constraints

(lack of capital to purchase inputs, low and unstable yields resulting from soil

degradation, poor nutrient acquisition, drought, diseases, weeds etc.) lead to very

poor productivity (0.90 tonnes per ha) of upland rice (Singh 2009).

Addition of P-fertilizers in large amounts for enhancing rice yield is commonly

practiced all around the world (Itao et al. 1999). High application rate of chemical

P-fertilizers is not a solution in this ecology with acidic soil conditions, as they

rapidly form insoluble complexes in soil rendering it unavailable for plant uptake

(Sahrawat et al. 2001; Holford 1997) thus making fertilizers a costly input with low

efficiency and average returns (Rose et al. 2013). Inordinate P supply to the soil also

poses major environmental risks of rapid depletion of the finite and non-renewable

rock phosphate reserve (Edixhoven et al. 2013) and increased P movement to

surface and ground waters leading to degradation of quality of aquatic ecosystems

by encouraging widespread eutrophication and washing-off from fields into rivers,

poisoning coastal waters and leading to acid rain (Nosengo 2003). So, a balance

between sufficient P for crops and avoiding excess P in soil is important (Grant et al.

2005). Thus, harnessing mycorrhizal eco-system services utilizing AMF in the form

of native AMF bio-fertilizers in synergism with biological rhizospheric processes

can aid in minimizing chemical fertilizer dependence and promote sustainable

agriculture in the long run.

Sound association of upland rice with AM-fungi forming mycorrhizal symbiosis

has been confirmed by several workers (Maiti et al. 1995; Dhillion and Ampornpan

1992; Brown et al. 1988). Partial dependence of upland rice on AMF for

P-acquisition was also demonstrated (Saha et al. 2005) especially under rice

based cropping systems that harbour higher AMF population and activity in soil

by providing favourable soil environment in the form of supportive root system of

crops in addition to rice for extended periods (Maiti et al. 2012). Positive effects of

indigenous AM-inoculation manifesting in terms of increased P-acquisition in rice

(Solaiman and Hirata 1997) including upland rice (Maiti et al. 2011a, 2012) have

been confirmed in the past. Native AM based inoculums consisting of the indige-

nous AMF consortium are ecologically better adapted, cost effective compared to

commercial inoculums and more suitable for low value field crops like rice.

Commercial/exotic inoculums (AMF), on the other hand, also have certain disad-

vantages, especially in a low value crop like rice grown under uplands, and has been

extensively reviewed by Maiti (2011). The reasons include (1) abundance of

indigenous population in the soil of the target agro-ecology (Maiti et al. 1995),

(2) propensity of the active native AMF and other natural soil micro-flora to reject

intruders/exotic fungi (Muok et al. 2009; Vierheilig et al. 2000), (3) high cost and

limited availability of quality inoculum, (4) off-season winter and summer

crashing-off of non-stabilized, introduced AMF population under strong ecological

stress like long duration post crop fallowing, soil desiccation etc. necessitating

application of inoculum for each crop cycle and (5) possible threat of unintentional
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introduction of harmful microbes as contaminants (Schwartz et al. 2006). Also in

intensive cropping systems, the use of fertilizers and pesticides inhibits AMF

(Bethlenfalvay et al. 1996; Garciaromera and Ocampo 1988). Modern crop varie-

ties are also less dependent than older varieties on AMF because the modern

varieties have been selected under conditions of high soil fertility (Zhu et al. 2001).

Higher efficacy of comparatively less disturbed native AMF population due to

minimum agricultural interventions in upland rice ecology, predominantly under

subsistence farming was previously documented (Maiti et al. 2011b). Thus, it has

been observed that upland rice varieties are mostly responsive to AMF. This has led

to researchers believing that the problem of poor P-nutrition could be alleviated by

additional means of using genotypes with higher AM-response and enhanced

P-acquisition from the fixed P deposits in soil. Integration of AM-responsive

varieties with identified AM-supportive crop culture components (Maiti et al.

2011a, 2012) would further enhance AM-aided P-nutrition of upland rice.

3.2 The Genetic Basis of Mycorrhizal Responsiveness

‘Mycorrhiza responsiveness’ is a term generally used to quantify variation in

response to mycorrhiza formation among plant taxa (Mosse 1973). However, in

functional term, mycorrhiza responsiveness (MR) is defined as a change in plant

biomass that results from the symbiosis (Smith and Smith 2011) or as difference in

growth response between mycorrhizal and non-mycorrhizal plants to inoculation

(mycorrhizal fungi) under a given environment (Janos 1988). Janos (2007)

redefined mycorrhiza responsiveness as the increased growth or P uptake of a

plant resulting from AMF colonisation. Mycorrhiza responsiveness is highly

variable among plant genotypes (Chu et al. 2013; An et al. 2010). Attempts to

examine variation between AM host cultivars in their capacity to respond to

mycorrhization have been mainly done in Zea mays (maize), Hordeum vulgare
(barley) and Triticum aestivum (wheat) (Smith and Read 1997). Plant species or

varieties are reckoned to vary in functional compatibility with AMF where

P-uptake of one species or a variety may improve more than that of another

following colonization by the same AMF species (Burleigh and Bechmann 2002).

Mycorrhiza responsiveness is seen more often in plant genotypes that are less

efficient in P nutrient uptake when non-mycorrhizal i.e. plant genotypes that

inherently possess mechanisms for efficient P-acquisition are usually less depen-

dent on AMF or less mycorrhiza responsive (deOliveria et al. 2009; Gao et al.

2007; Baon et al. 1993; Koide 1991a). Also, response to mycorrhiza tends to

decline if P concentration in the plant (tissue P concentration) increases. Therefore,

if the plant is well-equipped to meet its inherent P requirements and if soil P levels

are not limiting, mycorrhiza responsiveness will be low. These factors along with

the genetic makeup of the plant and the associating fungi result in variation in

response. There have been a few attempts to dissect such response variation or

functional compatibility of crop plants genetically to identify the genes that
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determine/control ‘enhanced AM-responsiveness’. Such identification holds pros-

pect for use and application in breeding crop plants for high AM responsiveness

(Barker et al. 2002), especially for systems of low input cultivation, like the upland

rice grown in stressful soils. The modern molecular genetic tools have widened the

scope of identification of such hidden or obscure genes with less time and cost than

the conventional methods.

Inter-and intra-species variation in AMF-response (for growth promotion and

P-acquisition) in cultivars of onion (A. fistulosum) (Tawaraya et al. 2001), in other

crops (Smith and Read 1997; Koide 1991b; McGonigle and Fitter 1990) including

cereals like rice (Oryza sativa L.) (Dhillion 1992) and wheat (Triticum aestivum)
(Hetrick et al. 1995) have been observed. Such varietal differences in response

suggest that there is a genetic basis for the host plant AMF interaction. Extensive

studies carried out by Hetrick et al. (1992, 1993, 1995) confirmed that mycorrhiza

responsiveness is an inherited trait with the responsiveness to mycorrhizae being

essentially governed by host plant genes. Siqueira and Saggin Jr. (2001) clarified

that responsiveness relates to the plants internal nutrient demand in relation to

growth rate under a given environment. Sustained research on the genetics of

mycorrhiza formation over the last few years has also revealed that plant response

to mycorrhizas may depend on the genomic backgrounds of the fungus, the plant

and their interaction with environment (Franken and Requena 2001; Smith and

Read 1997). Apart from wheat, studies on maize (Kaeppler et al. 2000) also

suggested that there is a genetic basis for dependency on or responsiveness to

AMF. Thus, several authors and researchers now believe and promote breeding

for mycorrhiza responsiveness in crop plants for maximizing efficient nutrient

uptake with augmented dependence on AMF (Chu et al. 2013; Sawers et al.

2008; Ryan and Graham 2002; Zhu et al. 2001).

Formal genetic studies with large number of cultivars of T. aestivum indicated

that ‘mycorrhiza responsiveness’ genes might exist in different chromosomes of

some cultivars (Hetrick et al. 1995). In double haploid (DH) mapping populations

of barley varieties, differences in mycorrhiza responsiveness have been identified

by formal genetic approaches (Langridge et al. 1995). Using ‘near-isogenic lines’
(NILs) similar host genotypic variation in colonization and host response have

been identified in white clover (Eason et al. 2001). Inter-cultivar variation in

P-acquisition due to AMF colonization has been reported in DH genetic population

of Hordeum vulgare and the presence of ‘quantitative trait loci’ (QTLs) for mycor-

rhiza responsiveness was indicated (Barker et al. 2002). Subsequently, QTL for

AM-responsiveness were identified in crops like Allium species (Galv�an et al. 2011)
and maize (Zea mays) (Kaeppler et al. 2000). Galv�an et al. (2011) identified three

genomic regions involved in mycorrhiza responsiveness in onion to Glomus
intraradices of which two QTLs were in Allium roylei on chromosome 2 and

3 for AM-responsiveness and biomass of mycorrhizal plants, and one QTL from

Allium fistulosum for mycorrhiza responsiveness. Kaeppler et al. in 2000 identified

QTLs for growth at low P. Response to mycorrhizal fungi in a ‘recombinant inbred

line’ (RIL) population of B73 � Mo17 maize population led to identification of

three QTLs, two QTLs which controlled growth at low P in the absence of
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mycorrhizae based on shoot weight and one QTL which controlled mycorrhiza

responsiveness.

These findings have opened possibilities of utilizing this genetic variability to

select/breed high AM-responsive rice varieties to exploit the biological potentials

of AMF in managing P-nutrition. The knowledge of genetic basis of mycorrhiza

response would allow genetic breeding/manipulation of the varieties for increased

mycorrhiza response in terms of plant supply of phosphorus in an otherwise

phosphorus deficit soil, simply by getting the plants infected with appropriate

mycorrhiza, for the maximum P use efficiency of applied chemical P-fertilizers.

3.3 Importance of Native AM Fungi in Upland Rice

P-Acquisition

The severity of poor upland rice productivity especially due to deprived P-nutrition

has been highlighted time and again (Maiti et al. 1995), wherein it forms insoluble

complexes with Fe and Al under the acidic soil conditions (Maiti 2015; Sahrawat

et al. 2001). Literature is also replete with the problems associated with

P-acquisition from soil because of rapid formation of a P-depletion zone around

the roots and inability of P ions to fill up this zone via diffusion from the bulk soil

(Smith and Smith 2012; Smith et al. 2011). Researchers have long since touted

AMF as a solution especially in P limited environments such as that of the rainfed

uplands. Mycorrhizal stimulation of nutrient uptake is attributed to (1) uptake of

nutrients by fungi from soil beyond the depletion zones that can develop around

roots (2) production of degradative extracellular enzymes or organic acids by the

fungi and/or (3) the ability of the fungi to translocate nutrients faster than they could

diffuse through soil (rate of P diffusion is very slow 10–12–10–15 m2/s) (Jones and

Smith 2004). Given that AMF are ubiquitous and commonly colonize upland rice, it

now seems but natural to develop upland rice varieties which are highly responsive

to the indigenous mycorrhizal population.

In the past years, there have been several instances, where the ecosystem

services of the native AMF have been harnessed for enhancing P-acquisition and

improving P-nutrition in upland rice via the following interventions (Maiti 2015).

3.3.1 Adoption of AM-Supportive Cropping Systems
and Crop Rotations

Soils used for agricultural production have low diversity of AMF compared to

natural systems (Verbruggen et al. 2010; Menéndez et al. 2001) and this problem is

further aggravated because of mono-cropping or crop monoculture (Oehl et al.

2003; Burrows and Pfleger 2002; An et al. 1993). The reason being, the crop selects
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for those species which favour that crop without any break (Johnson et al. 1992;

Schenck and Kinloch 1980). Moreover, long fallow periods also have a detrimental

effect resulting in reduction of AMF population (viable AMF propagules)

(Karasawa and Takebe 2011) known as fallow disorder (Thompson 1987) wherein

crops exhibit P and Zn deficiency (Gosling et al. 2006). The severity of the fallow

disorder is directly related to the AMF inoculum density (Maiti et al. 2006;

Thompson 1991). The detrimental effects of these factors (mono-cropping and

fallow disorder) can be reduced by increasing cropping intensity through introduc-

tion of AM supportive crops, suitable to specific ecology, in the cropping rotation or

cropping system (Maiti and Barnwal 2012; Maiti et al. 2006). Suitable upland rice

based cropping systems/rotations identified were (1) intercropping system of rice +

groundnut (Arachis hypogeal)/pigeon pea (Cajanus cajan L.) (Rana et al. 2002) and
(2) 2 years crop rotation of maize (Zea mays) relay cropped with horse gram

(Dolichos biflorus) in the first year followed by upland rice in the second year

(Maiti et al. 2006). Maiti et al. (2012) validated native AMF-aided enhancement of

P-acquisition in rainfed upland rice under AM-supportive crop rotations in farmers’
field condition. Similar observation of higher AMF colonization and concomitant

enhanced P uptake in transplanted rice (grown under rainfed, drought prone

medium lands having intermittent dry spells with dry soil conditions supporting

AMF activities in soil) grown from seedlings raised in plots pre-cropped with

AM-susceptible fodder grasses was reported by Maiti et al. (2008).

3.3.2 Optimizing Tillage Schedule

Off-season tillage is an agronomic recommendation for management of weed and

soil borne pathogens particularly under rainfed ecology. Soil tillage, on the other

hand, disrupts the established mycelial network (Karasawa and Takebe 2011; Evans

and Miller 1988; Anderson et al. 1987). This soil disturbance induced (SDI)

deleterious effects lead to delayed colonization in subsequent crops resulting in

less P-acquisition (Jasper et al. 1991). A threshold of undisturbed period in terms of

maintaining gap between two consecutive tillage operations (using bullock drawn

country plough, tilling up to a depth of 10–15 cm) of 13 weeks has been worked out

for rainfed uplands of eastern India (Maiti et al. 2011a). To maintain this gap, two

options of off-season tillage schedules have been recommended under rainfed

upland rice ecosystem for sustaining optimum activities of native AMF viz,

(1) summer tillage alone and (2) initial tillage after harvest (rice) + summer tillage

(Maiti et al. 2011a).

3.3.3 Optimizing P Amendment

An optimum dose of inorganic P, as high soil P levels inhibit mycorrhization

(Karasawa and Takebe 2011; Grant et al. 2005), supporting maximum native
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AMF activities, without sacrificing crop yield has been worked out for upland rice.

A P-optimum of 20 kg P2O5/ha under AM-supportive 2 years’ crop rotation of

maize (Zea mays L.) relay cropped by horse gram (Dolichos biflorus L.) in the first
year followed by upland rice in the second year as compared to the recommended

dose of 30 kg P2O5/ha was worked out (Maiti and Barnwal 2012), suggesting about

33% economy in inorganic P-fertilizer application.

3.3.4 On-Farm Produced Indigenous/Native AMF
Mass-Inoculum

A production protocol of AMF inoculum using native AMF, specifically suitable to

upland rice was developed by Maiti et al. (2009) and its efficacy in terms of

improving P nutrition of rice has been confirmed (Maiti et al. 2011b). An impro-

vised mass inoculum was later developed (Toppo et al. 2016) for increased rice

yield at lower doses as opposed to the earlier recommendations (Maiti et al. 2009).

All the above interventions are a positive indication of the benefits incurred by

upland rice from the AM-symbiosis. Thus, identifying rice varieties that are highly

responsive to the native AMF community only seems logical. However, it is also

evident from previous literature that many authors doubt the efficacy of AMF in

improving plant P-nutrition and plant growth as the mycorrhizal uptake pathway

has been shown to make highly significant contributions to P uptake in

non-responsive crop plant (Gao et al. 2007; Zhu et al. 2003; Pearson and Jakobsen

1993) and accept that the association may range from parasitism to mutualism

(Jones and Smith 2004; Johnson et al. 1997). The initial depression in growth

observed on association with AMF is mainly due to competition by AMF for

carbohydrates without any return at early stage of colonization, confusing most

that the association does not necessarily guarantee benefits, in which case the fungi

is apparently acting parasitically. Jones and Smith (2004) clarified that the growth

response to the association, whether negative or positive, will depend on the

environment in which the mycorrhizal plant is found particularly when an essential

nutrient is a limiting factor. This book chapter has from the beginning tried to

establish the upland ecology befitting to draw benefits from the ecosystem services

provided by these mycorrhizal fungi. Other factors for either a positive or negative

response depend on genotype of the plant and on the genotype of the fungi.

3.3.5 Adoption of a Dichotomous Approach of Exploiting
AM-Supportive Crop Culture Components and
AM-Responsiveness of Crop Plant

The approach of genetic crop manipulation is based on twin attributes of AM

symbiosis—lack of host specificity of AMF and variation in AM responsiveness
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among genotypes of plants (Smith and Read 1997). The native AMF flora can be

exploited best provided (1) the native population remains undisturbed and (2) the

crop varieties are highly responsive to the native AMF both for colonization and

P-acquisition. The upland ecology and upland rice system together satisfies both the

criteria. The low productive upland soils, as under rice cultivation, are least

intervened agriculturally and in such situations of low input systems of cultivation

the native biological potential of the soils is expected to be least disturbed. The

below ground biodiversity including that of the AMF have the chances of being

more effectively conserved there than under high input systems of agriculture

production. There is evidence of diverse (Toppo et al. 2012; Maiti et al. 1995)

and effective (Maiti et al. 2012) AMF flora in such soils. It thus seems reasonable to

take advantage of the indigenous and agriculturally least disturbed AMF commu-

nity of the uplands for breeding upland rice varieties with higher mycorrhiza

responsiveness to indigenous AMF for improved P uptake efficiency.

On the second aspect, there is sufficient evidence and as discussed in the above

headings (Sect. 3.2) that plant response to arbuscular mycorrhiza is a variable trait.

This variability could be best utilized to develop rice varieties with enhanced

mycorrhiza responsiveness exploiting the biological potentials of AM in nutrition

management of crop plants. Significant contributions in the genetic analysis of

AMF symbiosis of crop plants have come from mutational studies combined with

molecular analysis of mycorrhiza defective mutant of legume hosts—garden pea,

vetch, clover, Lotus japonicus as model plants. Results of these studies have helped

in identifying around 224 genes are affected during AM symbiosis in rice and 34%

of these genes were also found to be associated with mycorrhization in dicots,

revealing a conserved pattern of response (Güimil et al. 2005). The likelihood of

some of these AM responsive genes being evolutionary conserved since the early

days of land plant evolution (Simon et al. 1993) having functional importance in

plant biology indicated the possibility of their exploitation in breeding for symbi-

osis response.

3.4 Breeding for Mycorrhiza Responsive Rice Varieties

At this stage, it can be safely accepted that exploitation of AMF from native source

should be promoted for sound ecological management of crop production under

stressful situations. Possible avenues of exploiting native AMF by agronomic

manipulation (adoption of AM-supportive crop culture components and use of

AMF inoculum of native origin) have been discussed in the previous headings.

These agronomic manipulations in combination with genetic manipulation of crop

varieties for enhanced AM response are a plausible approach to harness maxi-

mum ecosystem services rendered by native AMF. The agronomic and genetic

manipulations for enhanced mycorrhizal nutrient acquisition and response are

mutually inclusive and in combination could exploit to the full extent the AMF

biodiversity in soil.
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3.4.1 Screening for Physiological Markers Linked
to AM-Responsiveness

Physiologically, the extent to which mycorrhizal infection influences plant perfor-

mance in terms of mycorrhiza responsiveness is a function of the extent to which

infection (AMF colonization) decreases plant P deficit by increasing the supply of P

(Koide 1991b ). All other factors remaining constant, plant phosphorus deficit is a

function of demand for and tissue supply of phosphorus, both being inherently

determined by physiological, morphological and phenological traits of the plant.

‘Tissue phosphorus supply’ refers to the actual rate of phosphorus uptake at a

given time by the plant. The lowest rate of phosphorus uptake to give the maximum

growth rate at the given time for a plant is its ‘phosphorus demand’. When the

demand of phosphorus exceeds the supply, it results in a ‘phosphorus deficit’. Every
plant has a potential demand for phosphorus that is required to satisfy its optimum

or the potentially maximum growth rate. Plant tissue supply is the intrinsic capacity

of the plant to draw phosphorus at the given time and under given circumstances.

P-demand of a plant (the quantity of P needed to satisfy the maximum potential

growth rate or biomass production per unit time) remaining constant, deficit will

arise if the tissue supply does not match the demand. In other words, plant’s
intrinsic P-demand and inherent capacity to draw P from the soil are the basic

determinants of tissue P-deficit at any given time and under the given circum-

stances. When there is a positive phosphorus deficit, an increase in phosphorus

supply (uptake), should result in an increase in plant performance. Arbuscular

mycorrhiza improves plant performance by reducing phosphorus deficit through

increasing the tissue supply, thus plants which are less efficient in nutrient uptake

when non-mycorrhizal become more responsive to AMF inoculation (Gao et al.

2007) in order to meet its P-deficit. It is hence, obvious, that plant genotypes

varying in mycorrhiza response shall be due to variations or intrinsic differences

in P-demand and tissue P supply efficiency among the genotypes. So, plant phys-

iological traits which either independently or in combination determine/control

both demand and supply of P can be considered as the basic phenotypic traits

which are expected to be linked to mycorrhiza responsiveness. Another major

determinant of capacity of plant to draw P from soil is its root character in terms

of root length density (RLD). Plants having higher RLD are expected to explore soil

more and draw higher amount of P from soil (Baldwin 1975).

By extending this physiological truism to the different genotypes of a plant taxon

(in this case- rice) and looking at their inherent traits for phosphorus deficit in

relation to mycorrhiza responsiveness, we can approach to understand the genetic

basis of mycorrhiza responsiveness in rice at first order level. In this regard, we

wanted to test the following hypothesis that ‘genotypes with high growth rate

having high P-demand and low soil exploration capacity must be AM-responsive’.
In this light, experiments were carried out with 20 rice varieties belonging to five

categories (Table 3.1) representing diverse genetic base, which were screened and

studied for three physiological traits (growth rate at vegetative phase, P-demand
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and root length density) to validate the hypothesis and identify physiological traits

linked to AM responsiveness in rice with an objective to work out possible

screening criteria for AM-responsive upland rice genotypes. The 20 initially

selected rice varieties were analysed for growth rate. Six working varieties which

confirmed their growth rate gradations on repetition of experiment were finally

selected for analysis of root length density, P-demand and AM-responsiveness.

3.4.1.1 Phenotypic Analysis of Physiological Traits Hypothesised to be

Linked to %MR of Selected Working Genotypes

Trait Assessment

(i) Growth rate (GR): The 20 selected rice varieties were grown in black plastic

tubes (42 � 12 cm) each containing two kg soil. Soil moisture was maintained

at 25% of water holding capacity (WHC) by weighing method. Five replica-

tions of each variety were maintained. N:P2O5:K2O fertilizer dosage at

60:30:15 kg/ha was applied to the tubes in the forms of Di-ammonium

phosphate (N & P2O5), urea (N) and Muriate of potash (K2O). The plants

were maintained in glasshouse conditions (28–35�C). Aerial Dry matter pro-

duction at 16 and 34 days after germination (DAG) was worked out and GR

(dry matter accumulation in g/day/plant) computed. The experiment was

repeated to confirm gradation/classification of the varieties in 11 replications

each. Six genotypes were selected based on GR (aerial dry matter production)

and classified as (1) fast (Sathi 34-36, Mahsuri), (2) medium (Jonga, Vandana)

and (3) slow (Thara and T(N)1) (Table 3.2) based on least significant differ-

ences in values calculated using ANOVA (Cropstat 7.2). The results of

repeated experiment confirmed the GR gradation of the varieties.

(ii) Root length density (RLD): The six working varieties were analysed for RLD
by adopting the same methodology as used for growth rate analysis with five

replications each. Whole roots were harvested at 34 DAG. The total root

length (primary, secondary and tertiary) was measured using graph sheets

Table 3.1 List of germplasm used for identifying physiological traits linked to

AM-responsiveness

Category Germplasm/variety

Category A: Indigenous and exotic land races Brown Gora, Jonga, Haskalma, Kalakeri,

Saita, Atte, Thara, Azucena

Category B: Selection from land races Sathi 34-36

Category C: Improved tall inbred varieties

(pre-green revolution era)

Dular, Sattari, Mahsuri

Category D: Modern high yielding semi-dwarf

varieties

T(N)1, IR 36, IR 20, CR143-2-2. Swarna

Category E: Modern high yielding semi-tall

varieties

Sadabahar, Kalinga III, Jonga
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with 1 mm2 sub-divisions. Root length per unit volume of soil was calculated

to work out the RLD. The experiment was repeated with five replications each

for confirmation. Total root length, for the repeated experiment was worked

out with the help of ‘root scanner’ (Model: EPSON PERFECTION V700)

using image analyzing software—‘WinRHIZO Reg V.2009C’ (Regent Instru-
ment, Canada Inc.) and RLD was computed. Based on results of repeated

experiment and its comparison with preliminary experiment, varieties were

grouped into high, medium and low RLD based on the least significant

differences in the values calculated using ANOVA (Cropstat7.2). Jonga con-

firmed to have high RLD (Table 3.3). The other three genotypes, Vandana

(medium RLD), T(N)1 and Mahsuri (low RLD) confirmed comparative gra-

dations. Sathi 34-36 showed slight variation ranging from high to medium

RLD while Thara showed marked inconsistency in its values (Table 3.3).

(iii) P-Demand: Standard curve for stable available P of test soil with low P

content (3.89 ppm) was worked out by adding external P (Potassium

di-hydrogen orthophosphate) at 10, 20, 40, 80 and 160 ppm. The Mehlich

1‘P’ content of soils (double acid extractable P using 0.05 N HCl and 0.025 N

H2SO4) was estimated colorimetrically using the blue colour ascorbic acid

method. The experiment using the selected six working varieties was

conducted with 11 replications per variety at graded P levels adjusted on the

basis of the P equilibrium curve. P-demand optimum in terms of P turnover

(mg/day/plant) to support potential maximum shoot growth was worked out

after 40 days, by plotting per day increase in shoot growth (dW/dt; mg/day/

plant) against per day increase in shoot P content (dP/dt; mg P/day/plant).

Table 3.2 Growth rate grade of selected rice varieties

S.no.

Rice

varieties

Dry matter production rate (DMPR)

(g/plant/day)

Remarks

Repeat expt. Preliminary expt.

DMPR Grade DMPR Grade

1 Sathi

34-36

0.033e Fast 0.067d Fast Confirmed comparative

grade

2 T(N)1 0.022a Slow 0.024a Slow Confirmed comparative

grade

3 Jonga 0.026bc Medium 0.045bc Medium Confirmed comparative

grade

4 Vandana 0.029cd Medium 0.042abc Medium Confirmed comparative

grade

5 Thara 0.024ab Slow 0.029ab Slow Confirmed comparative

grade

6 Mahsuri 0.031de Medium-

Fast

0.049cd Medium-

Fast

Confirmed comparative

grade

LSD 5% 0.0033 0.0191

SE 0.00115 0.00682
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Shoot P content was calculated by following the yellow colour Vanado-

molybdo-phosphoric method (Jackson 1971). The experiment was repeated

with the higher P demand variety Sathi 34-36 using the same standard curve

for stable available P of test soil at higher P concentrations adjusted to 80, 160,

240 and 320 ppm to confirm P demand optimum.

Results showed fast growing cultivar (Sathi 34-36) with higher rate of

shoot P-turnover to support their potential maximum shoot growth rate having

P-demand optima >0.175 mg/day/plant (Fig. 3.1). The medium to slow

growing genotypes (Vandana, Jonga and Mashuri) showed lower rate of

shoot P-turnover to support their potential maximum shoot growth rate having

P-demand optima <0.150 mg/day/plant (Fig. 3.1). The experiment on P

demand optimum determination of Sathi 34-36, the higher P demand variety,

was repeated at higher P concentrations adjusted to higher soil P concentration

of 80, 160, 240 and 320 ppm to confirm P demand optimum. Sathi 34-36

consistently showed higher rate of shoot P-turnover (dP/dt) to support their

potential maximum shoot growth rate (dW/dt) having P-demand optima of

0.175 mg/day/plant under both lower (10–160 ppm) (Fig. 3.1) and higher

(80–320 ppm) (Fig. 3.2) test ranges of soil P concentrations as compared to

that of lower P demand varieties Vandana (<0.1) and Jonga (0.125) (not

shown in figure).

(iv) AM-responsiveness: Estimation of AM-responsiveness of the working geno-

types was done on the basis of total dry matter accumulation in terms of %MR

(mycorrhizal responsiveness) using the following formula (Hetrick et al.

1992):

Table 3.3 Root length density of selected six rice varieties

S. no.

Rice

variety

Root length density (RLD) (mm/cc soil)

at 25 DAG

Remarks

Repeated expt.

(Yr. 2)

Preliminary expt.

(Yr. 1)

RLD Grade RLD Grade

1 Jonga 3.555e High 5.867c High Confirmed comparative

grade

2 Sathi 34-36 2.181cd Medium 5.455c High –

3 Thara 1.060a Low 5.423c High –

4 Vandana 2.171cd Medium 4.625b Medium Confirmed comparative

grade

5 T(N)1 1.808c Low 3.886ab Low Confirmed comparative

grade

6 Mahsuri 1.332ab Low 3.493a Low Confirmed comparative

grade

5% LSD 0.556 0.584

Pr > F 0.000 0.000
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MR %ð Þ ¼ Treatment� controlð Þ
Control

� 100,

where, treatment is inoculation with AM fungi (AM+) and control is no inocu-

lation (AM–).

The inoculum contained spores of Glomus intraradices (29.5 spores/g inoculum

and inoculum potential (MPN) of 487.6 infective propagule number/g inoculum)

procured from The Energy and Resources Institute (TERI), New Delhi, India.

Seven g of inoculum was added to each tube containing two kg soil. The

y = -98.27x2 + 35.155x + 18.5
R² = 0.8618

y = -867.29x2 + 238.9x + 5.7535
R² = 0.9684
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Fig. 3.1 Comparison of P-demand optima (dP/dt) of high P-demand variety (Sathi 34-36) with

that of average values of lower P-demand varieties (Vandana, Jonga, Thara, T(N)1 and Mahsuri)

under test P concentration range of 10–160 ppm

Fig. 3.2 P-demand optima of the high P demand variety (Sathi 34-36) based on means of three

plants dWt/dt by dP/dt at higher range (80–400 ppm) of test concentration
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same soil with low soil P content and low inoculum potential (1.76 infective

propagule number/g soil) used in the P demand experiment was used in this

experiment. The experiment was carried out following the same procedure used

in growth rate study in black plastic tubes under glasshouse conditions with five

replications per variety. Whole plants were harvested at 34 DAG and total dry

weight computed to find out the %MR. The experiment was repeated for

confirmation at the end of which ‘Sathi-34-36’ (variety developed through

pure line selection from local landrace) consistently (in both experiments)

showed significantly positive response to AM inoculation (based on MR%).

Out of the remaining five varieties, two varieties viz.; Jonga, T(N)1 confirmed

their non-responsiveness. The other two high yielding, improved varieties

(Vandana and Mashuri) showed moderate response (Table 3.4). Thara however,

did not confirm the AM-response grade in repeated experiment. Based on

confirmation, ‘Sathi-34-36’ has been considered as strongly AM-responsive

and Jonga as extremely non-responsive.

(v) Correlation between GR, RLD, P-demand and AM-responsiveness: Pheno-
typic correlations (Pearson’s Correlation) between individual phenotypic traits

(GR, RLD, P demand) and AM-responsiveness (%MR) were calculated based

on the mean values of the genotypes across replicates using the software SAS

9.2 (SAS Institute 2010. SAS/STAT version 9.2., SAS Institute, Cary, North

Carolina, USA). Correlation at 5 % significance level between individual

phenotypic traits (GR, RLD, P demand) and AM-responsiveness (%MR)

revealed that % MR is highly correlated with GR and P demand but poorly or

negatively correlated with RLD in both the experiments (Table 3.5).

Based on the results, the hypothesis was accepted as the rice genotypes tested held

true to it. It can thus be inferred that genotypes with an inherent faster GR and

higher P-demand with lower RLD (strongly AM-responsive Sathi 34-36, moder-

ately AM-responsive Mashuri) were AM-responsive on inoculation (AMF) and

genotypes with slower GR and lower P-demand with higher RLD (Jonga) were

AM-non-responsive. Plants with slow growth rates generally have inherently low

nutrient demands (Smith et al. 2003; Chaplin 1980) due to existing efficient nutrient

allocation mechanisms, hence, these plants show little mycorrhiza responsiveness.

Thus, as indicated by the results, Mahsuri with its moderately faster growth

rate, high P-demand (0.176 mg/day/plant) and low RLD was moderately

AM-responsive, Jonga with its moderate growth rate and low P-demand

(0.127 mg/day/plant) with high RLD was AM-non-responsive suggesting that the

former was dependent on mycorrhizae to make up for its P-deficit due to its poor

rooting system and the latter with its extensive root system leading to better soil

exploration was capable of meeting its P requirement without the intervention of

AM. Plants especially cereals like wheat (Hetrick et al. 1992, 1993) with high root

length and density, often have no mycorrhiza responsiveness in low P soils.

Hetrick et al. (1996) in their studies revealed that responsive cultivars resulted in

greater biomass than non-responsive cultivars when mycorrhizal. A larger root area
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with highly branched root systems is important for greater soil access and therefore

P uptake and in turn stable yields (Lynch 2007; Ramaekers et al. 2010).

Mahsuri showed a low positive %MR implying that the net benefit in terms of

biomass due to the symbiosis was less but its GR and P-demand was high

(0.176 mg/day/plant) which cannot not be sufficed with its low RLD indicating

that the mycorrhizal association did have a role to play in P supply even though the

benefit was not apparent (Mengel and Kirby 2001). Smith and Smith (2011), in their

review, have elaborately discussed about the hidden benefits of AM association in

plant species with poor mycorrhizal responsiveness leading to no net benefit in

terms of dry matter production. Sathi 34-36 partly conformed to the hypothesis as it

had faster growth rate, higher P-demand and was AM- responsive (highly) but its

RLD ranged from high to medium suggesting that in spite of being a fast growing

variety with extremely high P-demand and a fairly good soil exploration capacity it

was still dependent on mycorrhizae for its P supply implying that its root system

alone could not maintain its optimal P-demand.

Our studies indicated that AM-responsiveness (%MR) was positively correlated

with growth rate and P-demand but negatively correlated with RLD in both the

experiments, but none of the parameters were significantly correlated indicating a

limitation of considering individual parameters as screening criteria for

AM-responsiveness. However, GR, P-demand and RLD together may be useful

physiological parameters for screening of AM-responsive breeding lines for devel-

oping rice varieties with AMF-aided enhanced P-nutrition. This also indicated that

mycorrhizal responsiveness being influenced by more than one plant trait is most

likely governed by multiple genes or polygenes. A highly positive and almost

significant correlation (p ¼ 0.05) was seen between growth rate and P-demand

suggesting that a plant will have a higher P-demand if its growth rate is high. This

view has already been supported by Burleigh et al. (2002) and Koide (1991b). Also,

a plant with high growth rate to meet its higher P-demand so as to grow optimally

may most likely be dependent on the mycorrhizal symbiosis, wherein AM fungi are

known to deliver P better in low available P soils and if the inherent soil exploring

capacity through root is insufficient (Bolan et al. 1983). The results indicated the

Table 3.5 Correlation between the four traits for both the preliminary (P) and repeat

(R) experiments

GR RLD %MR P demand opt.

GR P 1

R

RLD P 0.26 (0.63) 1

R 0.05 (0.93)

%MR P 0.72 (0.11) 0.09 (0.86) 1

R 0.75 (0.08) –0.19 (0.72)

P demand opt. P 0.80 (0.05) 0.23 (0.66) 0.61 (0.2) 1

R 0.80 (0.05) –0.04 (0.94) 0.67 (0.14)

Values in parentheses indicates the prob > r
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feasibility of the hypothesis and thus could be accepted. It is also important to point

out here that AM-responsiveness was not expressed in terms of percent root length

colonization as its inappropriateness as a responsiveness indicator has been widely

demonstrated (Leiser et al. 2016; Turrini et al. 2016; Smith and Smith 2011; Hetrick

et al. 1996). Studies on effect of AM inoculation on root morphological characters

like root diameter, root length, root volume etc. and branching pattern of upland

rice varieties (Sathi 34-36, Vandana, Jonga) was also performed (Toppo et al. 2013)

and revealed that Jonga in spite of being AM non-responsive benefited in terms of

root morphology from AM-inoculation with a significant increase in root diameter

and root surface area suggesting that mycorrhiza does alter the root system but

might not always elicit a positive response in terms of increased dry matter

production because of its (Jonga) inherent capability (high RLD) to meet its

lower P demand for attaining optimum growth rate. In the same study, none of

the root morphological parameters and branching parameters was significantly

correlated indicating their limitation as suitable screening criteria for AM respon-

sive varieties. It was also apparent that response of a plant in terms of root

parameters to AM inoculation differs with varieties.

3.4.2 Screening of Molecular Markers Linked
to AM-Responsiveness in Rice

Previous findings of our research (Sect. 3.4.1) revealed mycorrhiza responsiveness

to be a polygenic trait in rice thus paving the way for Quantitative-trait-loci (QTL)

analysis and molecular breeding via marker-assisted selection for improved

AM-responsiveness. The first step in QTL analysis is studying the genotypic

diversity between two selected phenotypes of contrasting nature i.e., Sathi 34-36,

a highly AM responsive variety and Jonga, an extremely non-responsive phenotype.

Once the molecular markers polymorphic between the selected parental varieties is

identified, these same markers can be used to probe the progenies of the parental

cross or a suitable mapping population, to develop linkage maps based on the

recombination frequencies of these markers. These linkage maps can help identify

markers most closely linked to the QTLs of interest. The strength of correlation

between these molecular markers and the desired trait will provide a framework of

markers suitable for marker assisted selection, thus the closest markers can be used

for MAS.

3.4.2.1 Genotypic Diversity Analysis of Selected Working Genotypes

Though the parents are phenotypically contrasting, QTL analysis requires that

parents be genotypically diverse. In this regard, from the database of rice genomics,

after thorough study, 15 SSRmarkers (Table 3.6) were selected to assess the genetic
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diversity among the 20 genotypes (including six working varieties used for earlier

studies in Sect. 3.4.1). The markers had the co-localized or neighbouring characters

with the total biomass production, root growth parameters, and other plant growth

parameters.

All the genotypes were scored for presence (1) or absence (0) of the SSR bands

and this data matrix was used to construct a dendrogram based on the confirmed

reproducibility of the identified polymorphic alleles using Ward’s method (squared

euclidean distance) with the help of STATISTICA. Genomic DNA was extracted

from the leaves of the parents using Plant Mini Kit (Qiagen, Valencia, CA, USA)

from 100 mg of leaf tissue according to manufacturer’s instruction. The quality and
quantity of DNA were estimated spectrophotometrically using NanoDrop

(NanoDrop 2000, ThermoFisher Scietific, USA). The PCR reaction was performed

in a 10 μl reaction mixture containing 1 μl of template DNA (50 ng), 1 μl of 10�
PCR buffer, 0.6 μl of 25 mM MgCl2, 0.2 μl of 10 mM dNTPs, 0.5 μl of 10 μM
forward and reverse primers and 0.2 μl of Taq DNA polymerase. The volume was

raised to 10 μl with autoclaved MilliQ water. The PCR amplification reaction

included an initial denaturation at 94�C for 5 min, 35 cycles of denaturation at

94�C for 1 min, annealing at 55�C for 30 s and 1 min extension at 72�C. Final
extension was allowed at 72�C for 10 min. After amplification, the PCR products

were verified for polymorphism and product size by electrophoresis in 3% (W/V)

agarose gel prepared in 1� TBE buffer and stained in ethidium bromide. Bands

were visualized on Gel Documentation System. All PCR reactions for each sample

were repeated at least once to confirm the results. This part of study (Sect. 3.4.2.1)

was conducted at Bidhan Chandra Krishi Viswavidyalaya, Mohanpur, West Bengal

(India) (by Late Prof. Anirudha Das) as cooperating centre of DBT funded project

which was operative at CRURRS, Hazaribag (Jharkhnad, India) as lead centre.

Table 3.6 List of 15 SSR primers used for diversity analysis

Marker Position Co localized/neighboring QTL

RM212 Chromosome 1 Root depth, root-shoot ratio, plant height, grain yield etc.

RM259 Chromosome 1 Grain yield parameters

RM5 Chromosome 1 Root dry weight, grain yield etc.

RM237 Chromosome 1 Rhizome/root length, total biomass yield etc.

RM312 Chromosome 1 Root-shoot ratio, panicle number, leaf senescence etc.

RM495 Chromosome 1 Root depth, root-shoot ratio, grain yield etc.

RM55 Chromosome 3 Root dry wt., biomass yield

RM178 Chromosome 5 Root volume, seed weight etc.

RM161 Chromosome 5 Rhizome angle, plant height etc.

RM454 Chromosome 6 Root dry wt., root branching etc.

RM125 Chromosome 7 Root number, Rhizome number etc.

RM447 Chromosome 8 Root thickness, tiller number etc.

RM433 Chromosome 8 Root thickness, tiller number etc.

RM215 Chromosome 9 Root dry weight, root length, seed weight etc.

RM171 Chromosome 10 Root activity, leaf area, seed weight etc.
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Genomic DNA polymorphism (both single and multiple allele) using 15 selected

SSR markers co-localized with root and shoot characters revealed that the six

working genotypes could be easily identified with at least one of the 15 SSR

markers. The dendrogram (Fig. 3.3) generated based on DNA polymorphism

survey of 20 genotypes, distinguished the varieties into two distinct clusters desig-

nated as ‘A’ and ‘B’ in the figure. Though the non-responsive varieties form part of

both the clusters, Sathi 34-36, the most responsive variety and Jonga the most

non-responsive variety among the working varieties, based on %MR values,

belonged to different clusters and were the most extreme genotypes. Thus, Sathi

34-36 and Jonga were the most phenotypically and genotypically diverse varieties

which were selected as parents for further crossing and breeding programs for

marker study. However, 15 markers are not enough for QTL analysis and linkage

mapping, and several markers spanning the entire genome of the rice variety is

required. Thus, parental polymorphism with more candidate markers was

performed in the subsequent part of the study.

3.4.2.2 Parental Polymorphism Using Molecular Markers

After selection of two significantly different and contrasting phenotypes (in terms

of AM-responsiveness) i.e. Sathi 34-36 and Jonga, parental polymorphism was

performed i.e. a survey of polymorphism between parents selected for further

crossing, was performed using molecular markers of choice. Parental polymorphism

is the first step in QTL analysis and a pre-requisite for marker assisted selection;
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Fig. 3.3 Linkage grouping of 20 initially selected rice varieties based on DNA polymorphism

study
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unless the parents are polymorphic further selection of plants carrying the traits of

interest is not possible in the progenies (Kumar et al. 2013). The markers of choice

can be any of the DNA based genetic markers, however, it is the breeder who must

decide the appropriate marker best suited to his breeding program and conditions.

In rice, in recent years, microsatellite markers and single nucleotide polymorphism

(SNPs) have found extensive applications in linkage map constructions and

QTL/gene mapping. SSR or simple sequence repeats are microsatellite markers

which are essentially tandem repeats of mono-, di-, tri-, tetra- or penta-nucleotide

units dispersed throughout the genome of rice, with one SSR every 157 kb in rice,

representing 2240 unique marker loci experimentally validated for rice which is

publicly available (McCouch et al. 2002). In rice, a huge number of SSRs are also

publicly available in Gramene database making it the easiest of markers to work

with. SSRs are highly reliable (i.e., reproducible), co-dominant in inheritance,

highly polymorphic (compared to other markers), generally transferable between

mapping populations (Collard et al. 2008) and can be rapidly assayed by simple

genotyping methods (Kong et al. 2000) making them very popular as markers of

choice. Thus, SSR markers can be useful in molecular mapping and marker-assisted

selection (MAS) as suggested by Aliyu et al. (2011). In the last few years a lot of

work has been done with these markers for QTL analysis in rice for various traits

(Sandhu et al. 2013; Mararthi et al. 2012; Kebriyaee et al. 2012; Rathi et al. 2011;

Wan et al. 2008). However, no such works are still noticed for the identification of

the trait of AM-responsiveness in terms of enhanced phosphorus nutrition and

growth promotion particularly for upland rice. In our genotypic studies, we used

370 SSR and 91 HvSSR markers to study the parental polymorphism (unpublished).

Out of these markers screened, 85 SSR and 43 HvSSR markers were found to be

polymorphic between them corresponding to only 28% of the polymorphism

indicating a narrow genetic variation between the two parents which could be

because both parents were indica ecotypes. Hence, a larger number of polymorphic

markers were needed to be screened to facilitate QTL analysis more precisely.

Validation of more number of SSR markers can provide better genome coverage to

identify other QTLs that might contribute to AM-responsiveness. For efficient

utilization of SSRs it is suggested that SSR markers from the expressed portion

of the genome be selected as in EST derived SSRs to facilitate their transferability

across genera in comparison to SSRs developed from non-coding regions

(Langridge and Chalmers 2004).

SNPs in recent years have been used in genotyping and the development of high

density genetic linkage maps for mapping QTLs of various traits in rice (Li et al.

2015; Hu et al. 2013; Duan et al. 2013; Ye et al. 2011) and may also find usage in

near future for identifying genetic variation for mycorrhization in rice varieties and

in turn QTLs related to AM-responsiveness. An SNP is a single nucleotide base

difference between two DNA sequences or individuals. The average density of

SNPs in rice is 12 per 1 Mb and can provide information on polymorphism between

indica and japonica subspecies as well as within indica and japonica groups

(Yu et al. 2014). Though SNPs are more abundant, stable, efficient, reliable, having

higher resolution, amenable to automation and are becoming increasingly
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cost-effective because of the rapidly accumulating genomic re-sequencing data and

several existing SNP detection technologies, they still come with their own share of

economic and technical obstacles posing serious challenges to public sector or

government funded breeding and research programmes (McCouch et al. 2010).

3.5 QTL Analysis and Marker-Assisted Selection

A Quantitative trait locus (QTL) is a chromosomal region where several indepen-

dent loci affect phenotypic values of a quantitatively inherited trait such as grain

yield and plant height (Sinha 2011). QTL analysis essentially involves linking of

phenotypic (trait measurements) and genotypic (using molecular makers) data to

explain the underlying genetic factors involved in the expression of complex traits

(Miles and Wayne 2008). After parental polymorphism, the next step is identifying

marker/trait association which is based on constructing, phenotyping and

genotyping special populations called mapping populations. Langridge and

Chalmer (2004) have intricately described how to do the same in their book chapter.

Several types of mapping populations such as F2 and F3 progeny, backcross, double

haploid lines (DHLs), near isogenic lines (NILs) and recombinant inbred lines

(RILs) have been used for molecular genetic mappings (Knapp 1991). However,

F2, F2 derived F3 and F3 population have limited use as they cannot be easily

generated and maintained where as RILs and NILs can be replicated indefinitely.

Molecular markers are used to partition the QTL mapping population (<200) into

different genotypic groups based on the presence or absence of a particular marker

locus and to determine whether significant differences exist between groups with

respect to the trait being measured (Young 1996; Tanksley 1993). Presence of

significant differences between phenotypic means of the groups, depending on the

marker system and type of population, indicates that the marker locus being used to

partition or differentiate the mapping population is linked to a QTL controlling the

trait. The closer the marker is to a QTL, the greater the chances of it being inherited

along with the QTL in the progeny due to decreased probability of recombinations,

with the mean of the group with the tightly linked marker being significantly

different to the mean of the group with the marker. The means of the genotypic

groups will not be significantly different if the marker is loosely linked to the QTL

as the two segregate independently in the progeny (Boopathi 2012).

Once the markers linked to QTLs are identified, fine mapping of a QTL (using a

mapping population >400) is required to delimit putative genes affecting the trait

of interest based on statistical associations between the marker variants and the trait

of interest so that the marker is within 1c M of the gene. Having identified markers

physically located beside or within the genes of interest, MAS can be performed to

select identifiable marker variants (alleles) in order to select for non-identifiable

favourable variants of the genes of interest. Thus MAS is selection of a trait based

on genotype using associated molecular markers instead of phenotype of the trait

(Foolad and Sharma 2005). MAS using co-dominance markers (e.g. SSR and SNP)
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can allow effective selection of recessive alleles of desired traits in the heterozy-

gous status. No selfing or test crossing is needed to detect the traits controlled by

recessive alleles, thus saving time and accelerating breeding progress (Wijerathna

2015).

Bulk segregant analysis (BSA) can also be performed as an alternative to the

rigorous genotyping of each member of the large mapping population as required in

QTL analysis (Michelmore et al. 1991). It is a shortcut to rapidly identify markers

linked to QTLs of interest by taking two bulks each of pooled DNA of some plants

from the segregating population with the same extreme phenotype, for example,

one bulk with pooled DNA from highly AM-responsive phenotypes and another

bulk from highly non-AM-responsive phenotypes. For BSA, as with QTL mapping,

parental lines with opposing phenotypes are crossed and F2, double haploid or RILs

are generated for studying trait segregation. Toppo et al. (unpublished) identified a

putative molecular marker (RM 437) from the F2 segregating population of Sathi

34-36 and Jonga that might be linked to the AM-responsiveness trait and its

validation is currently in progress.

3.6 Conclusion

A better understanding of the mycorrhizal traits is thus mandatory for the pheno-

typic analysis of the genotypes/varieties and further development of new germ-

plasm. Adequate phenotyping along with genotyping is essential for MAS and

hence, both processes need to be thorough in selection criteria and linked marker

respectively. With the completion of the International Rice Genome Project (2005),

marker development and gene discovery has been immensely facilitated. MAS has

found several applications in rice crop improvement but remains unutilized in

capturing the genetic potential of upland rice for enhanced P acquisition. With

the developing technologies, reducing cost and high throughput automated SNP

genotyping, wide adoption of MAS along with conventional breeding is expected to

be fruitful for the upland farmers in terms of developing highly AM-responsive rice

varieties. Combined application of AM-supportive crop culture components with

improved AM-responsive variety would further enhance accruing benefits from this

symbiotic relationship.
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Chapter 4

Arbuscular Mycorrhizal Fungi and Heavy

Metal Tolerance in Plants: An Insight into

Physiological and Molecular Mechanisms

Neera Garg, Sandeep Singh, and Lakita Kashyap

Abstract Arbuscular mycorrhiza (AM) are the obligate symbiotic fungi which are

integral part of plant roots systems and have been documented to ameliorate heavy

metal (HM) stress. AM have the ability to impart tolerance by modulating various

physiological, biochemical and molecular mechanisms in the root rhizosphere as

well as within the plants. At physiological levels, AM immobilizes HMs in soil

through binding of toxic ions to the cell wall components, secretes numerous

organic acids in the rhizosphere such as citric, oxalic acid and a glycoprotein,

glomalin, which act as a chelating agent and reduce metal uptake in the plants. At

biochemical level, mycorrhizal hyphae enhance the uptake of nutrients which are

otherwise unavailable to the plants and this AM induced improved nutrient acqui-

sition is reported to enhance plant growth and reduce metal concentrations in the

plant tissues, as a result of dilution effect. In addition to increased nutrient acqui-

sition, AM also enhance the antioxidant defense responses to counteract HM

induced oxidative stress. Furthermore, at molecular level, AM upregulates the

genes responsible for nutrient uptake and stimulation of metallothioneins and

phytochelatins synthesis resulting in HM sequestration in the host plant as well as

in mycorrhizal structures. On the basis of available literature, this article summa-

rizes various mechanisms modulated by AM fungi in imparting HM tolerance to the

plants.

4.1 Introduction

Heavy metal (HM) stress in the soil has emerged as one of the most challenging

environmental factors that negatively influence crop growth and production world-

wide (Meier et al. 2012). HMs are non-biodegradable, persistent and naturally

occurring chemical constituents with atomic density more than 4 g/cm3 or five

times or greater than water (Emamverdian et al. 2015). Increase in anthropogenic

N. Garg (*) • S. Singh • L. Kashyap

Department of Botany, Panjab University, Chandigarh 160014, India

e-mail: garg_neera@yahoo.com; gargneera@gmail.com

© Springer International Publishing AG 2017

A. Varma et al. (eds.), Mycorrhiza - Nutrient Uptake, Biocontrol, Ecorestoration,
https://doi.org/10.1007/978-3-319-68867-1_4

75

mailto:garg_neera@yahoo.com
mailto:gargneera@gmail.com
https://doi.org/10.1007/978-3-319-68867-1_4


activities like mining, smelting, combustion of fossil fuels, excessive use of fertil-

izers, pesticides, herbicides, and improper disposal of sewage sludge have further

elevated HM concentration in the biosphere (Table 4.1) (Singh et al. 2015). HMs

such as Lead (Pb), Cadmium (Cd), Mercury (Hg), Chromium (Cr) and metalloid

like Arsenic (As), are non-essential for plant growth and are highly toxic even at

sub-optimal concentrations while others like Copper (Cu), Zinc (Zn) etc. are

required by the plants in traces for various catalytic activities. However, even the

essential metals become easily toxic when present at supra-optimal levels in soil

(Fig. 4.1).

Phytotoxicity and phytoavailability of metal(loids) to the plants depends on

physico-chemical properties of the metals, edaphic factors such as pH, metal

concentration in soil, redox reactions and plant species (Kamal et al. 2010; Singh

et al. 2015). Metals enter into plant roots either symplastically or through apoplastic

movement depending upon the type and concentration of metals (https://www.

drdarrinlew.us/metal-contaminated-2/factors-that-influence-metal-uptake.html).

Some of the metal(loid)s are highly mobile and share similar transporter as that of

essential elements. Arsenic is mostly available to plants in two forms, where As V

Table 4.1 Major sources of heavy metal pollution and their permissible limits for human health

Pollutants

Rank according

to priority list of

hazardous

substances

(ATSDR 2015) Major sources

Minimal risk levels

(ATSDR 2015) for

chronic durations

(1 year or longer

(mg/kg/day) References

Arsenic 1 Pesticides, fungi-

cides, metal

smelters, wrong

agricultural

Practices, irrigating

with As contami-

nated water

0.0003 mg/kg/day Van et al.

(2016), Dutta

and

Bandopadhyay

(2016)

Mercury 3 Pesticides, batteries,

paper industry

0.0002 mg/m3 Cozzolino et al.

(2016)

Cadmium 7 Welding,

electroplating, pes-

ticide, fertilizer, Cd

and Ni batteries,

nuclear fission plant

0.0001 mg/kg/day Hu et al. (2016)

Chromium 17 Mines, mineral

sources

0.0009 mg/kg/day Panda and

Choudhury

(2005)

Zinc 75 Refineries, brass

manufacture, metal

plating, plumbing

0.3 mg/kg/day Klimek (2012)

Copper 118 Mining, municipal

sewage and

pesticides

0.01 mg/kg/day Chen et al.

(2015)

Source: https://www.atsdr.cdc.gov/spl/#modalIdString_myTable2015
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competes with Phosphorous transporters (Pht1) for uptake while in the form of As
III, it is taken up by aquaporins (Verbruggen et al. 2009; Li et al. 2016). Cd is

readily taken up via NRAMP (Natural Resistance-Associated Macrophage Pro-

teins) and ZIP (Zinc Regulated Transporter/Iron Regulated Transporter) family of

transporters (Takahashi et al. 2011; Wu et al. 2016) meant for uptake of Fe, Ca, Zn,

and Mn (Clemens 2006; Gangwar et al. 2014). Hg is a class B metal which enters

into the cells by competing with other metals like Cd and some essential metals

such as Zn, Fe and Cu. Chromium (Cr) is a borderline toxic heavy metal existing in

two stable forms i.e. Cr III and Cr VI. Plants uptake Cr III passively into the roots

while Cr VI is actively taken up through Sulphur transporters (SULTR) (Oliveira

2012; Schiavon et al. 2012).

4.2 Strategies to Counteract HM Toxicity

Elevated HM concentrations, whether essential or non-essential, generally have

similar toxic effects on plants such as stunted plant growth, reduced plant biomass,

distract nutrient acquisition, chlorosis, necrosis, altered water potential, senescence,

ultimately leading to plant death (Gangwar et al. 2014; Singh et al. 2016). Toxic

symptoms of different HMs might be due to alteration of membrane structure,

replacement of an essential element from catalytic enzymes and binding with

sulphydryl groups in proteins resulting into inactivation of enzyme activities

(Capuana 2011). Furthermore, HMs are observed to overstimulate generation of

reactive oxygen species (ROS) such as OH–, O2
– and H2O2 leading to production of

oxidative stress in plants (Viehweger 2014) which disturbs cellular homeostasis,

Fig. 4.1 Responses of plants to essential and non-essential elements in terms of their threshold

limit
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membrane permeability and other metabolic functions, thereby adversely affecting

growth and productivity (Li and Ramakrishna 2011; Aldoobie and Beltagi 2013).

On the basis of their response to HM stress, plants have been categorized into three

groups (Baker and Walker 1990; Mganga et al. 2011; Mehes-Smith et al. 2013) as

follows:

The inherent strategies adopted by plants to counteract the detrimental effects of

HM toxicity include avoiding exposure to toxic metals, minimizing uptake and

internal compartmentalization of toxic ions (Ovečka and Takáč 2014). Possible

primary detoxification mechanisms include secretion of exudates from roots, bind-

ing metals to the cell wall, active efflux, chelation with phytochelatins (PCs) and

metallothioneins (MTs) and sequestration into vacuoles (Mishra and Dubey 2006;

Hossain et al. 2012). Plants have evolved other mechanisms to counterbalance the

ROS effects such as strengthening the activities of enzymatic antioxidants such as

catalase (CAT), superoxide dismutase (SOD), and ascorbate peroxidase (APOX)

and non-enzymatic antioxidants such as glutathione, ascorbate, and tocopherol

(Dave et al. 2013). However, the upregulation of these tolerance mechanisms are

often limited and vary from species to species depending upon their relative

sensitivity to different concentrations of metal(loids).

Several techniques used for removal of HMs from contaminated sites include

physical, chemical and biological processes:
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4.3 Arbuscular Mycorrhizal Fungi: Potential Candidates

for Bioremediation of Heavy Metal Stress

Among biological remediation processes, use of microorganisms like arbuscular

mycorrhizal fungi (AMF) has gained importance in the recent years. AM fungi,

belonging to the Glomeromycota, are ubiquitous rhizosphere micro flora forging

symbiosis with the roots of 80–85% plants, including most agricultural, horticul-

tural and hardwood crop species (Giovannetti et al. 2006; Berruti et al. 2016; Prasad

et al. 2017). AMF play a major role in ecosystem functioning such as nutrient

cycling, carbon sequestration, plant growth promotion by forming mutually bene-

ficial associations in which plants receive nutrients like P, N in exchange of

photosynthates required for the growth of mycorrhizal fungi (Kaiser et al. 2015).

Mycorrhizal roots increase the root surface area due to their extramatrical hyphae,

and therefore enable the plant to uptake water and nutrients (especially P) more

efficiently from soil than non-mycorrhizal plants (Nadeem et al. 2014). According

to Marschner and Dell (1994), AM fungus has the ability to supply about 80% of

total phosphorus taken up by the mycorrhizal plants. In addition to increased P

acquisition, AM also enhances uptake of other nutrients such as N, Mg, Cu, K and

Zn, particularly in soils where they occur in less available forms (Clark and Zeto

1996; Smith and Read 2008). Transport of assimilates/nutrients from one plant to

another through AM hyphal connections has been reported as mycorrhizal hyphae

spread from roots of one infected plant to the roots of other nearby plants (Heap and
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Newman 1980; Simard et al. 2012; Song et al. 2014). Moreover, they are considered

highly beneficial to legume plant species through their synergistic and mutually

beneficial interactions. Thus, this tripartite symbiotic relationship between legume–

mycorrhiza–rhizobium results in enhanced N2 fixing activity of rhizobia and

improved overall plant growth (Barea et al. 2002; Jia et al. 2004; Wu et al. 2009).

Mycorrhizal fungi also play a major role in soil aggregation through hyphal

networking and production of various exudates like citric, malic, oxalic acids and

a glycoprotein, glomalin (González-Chávez et al. 2004).

4.4 Occurrence of AMF in Heavy Metal Contaminated

Soils

AMF species are capable of inhabiting extremely harsh environments, including

HM polluted soils (Zarei et al. 2008; Cornejo et al. 2008; Miransari 2011). How-

ever, the diversity of AMF in these heavy contaminated soils is generally lower than

in normal soils (Regvar et al. 2003; Hassan et al. 2011). In the contaminated soils,

the number of mycorrhizal spores has been reported to strongly decrease, but the

AMF propagules never disappear completely suggesting a certain adaptation of

indigenous AMF to such environmental stresses (Zarei et al. 2008; Gamalero et al.

2009).

AMF have evolved various strategies to persist in HM contaminated environ-

ments and to avoid the damage produced by HMs (Fig. 4.2).

4.5 Mechanisms Adopted by AMF for HM Tolerance

in Plants

4.5.1 Metal Avoidance

AMF is capable of altering its pattern of development in response to HM stresses

where the mycelium tends to avoid metals by developing and exploring the

unstressed parts of the environment (Pawlowska and Charvat 2004; González-

Guerrero et al. 2008). Additionally, in order to help mycelium grow in metal

stressed conditions, the spores and vesicles accumulate high metal contents than

hyphae (González-Guerrero et al. 2008). AM fungal species have been reported to

differ in their hyphal architecture, growth patterns and their tolerance level to HMs

(Redecker and Raab 2006; Pawlowska et al. 1996; Ortega-Larrocea et al. 2001,

2007; Tonin et al. 2001; Vallino et al. 2006). Glomeraceae has a better potential to

tolerate HMs (Öpik et al. 2006; Zarei et al. 2008), since they are capable of forming

extensive hyphal network through crosslinks called anastomoses between the

hyphae while other species like that of Gigasporaceae lacks such ability to
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germinate from hyphae, to form extensive hyphae, and colonize roots only from

germinating spores which are oriented towards the individual spreading of thick

hyphae (Klironomos 2002; Voets et al. 2006). On the other hand few reports

indicate occurrence of Acaulospora, Scutellospora and Gigaspora in moderate or

highly HM polluted soils (Khan et al. 2000; Whitfield et al. 2004). The reason for

predominance of Glomus species may be because of their more adaptability and

higher sporulation rate (Daniell et al. 2001), through which it can infect and

colonize the plant roots more rapidly and enhance the uptake of nutrients and

water to plants (de la Providencia et al. 2005; Voets et al. 2006; Jansa et al. 2008)

as compared to other families of AMF under stress conditions (Evelin et al. 2009;

Krishnamoorthy et al. 2015). In addition, Glomus species have a different life cycle
strategy, as they can not only be propagated by spores, but also by the hyphae

residuals and mycorrhizal roots, while the other species germinate from their large

and relatively sensitive spores (Franken and George 2006). In addition, the ability

of Glomus species to form presymbiotic spores (secondary spores) allows the

dispersal of these species in instances when germination of primary spores fails

Fig. 4.2 Diagrammatic representation of mechanisms adopted by AM under HM stress:

(1) Heavy metal adsorption on the surface of fungal hyphae. (2) Metal transporters located at

the extra radicular mycelium (ERM) i.e. CDF, cation diffusion facilitator; CTR, fungal Cu

transporter; FTR1, iron permesase; SMF1, Mn transporter; ZRT1, Zn transporter; PT, phosphate

transporter; AMT, NH4 transporter, contributing to enhanced nutrient acquisition, followed by

sequestration of HMs in the hyphal cytoplasm through PCs and MTs and compartmentalization in

the vacuoles by PolyP (PolyPhosphate) granules. (3) HM sequestration in soil through chelation by

glomalin and other root/hyphal exudates. (4) HM immobilization on the surface of spore’s cell
wall. (5) HMs are stabilized through sequestration with PolyP in the vacuoles of the spores.

(6) Nutrient exchange through arbuscules via transporters i.e. MST, Sucrose Transporter; PT and

AMT on the surface of arbuscules. (7) HM stabilization in the vacuoles of plant cells through

ABC, ABC transporter; NRAMP (natural resistance-associated macrophage proteins) family; MT,

metallothionein; PC, phytochelatin; ZnT, Zn transporter
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to establish an association with a host plant (Warner and Mosse 1980; Pawlowska

and Charvat 2004). G. intraradices has been shown to produce presymbiotic spores

under Cd and Pb concentrations (Pawlowska and Charvat 2004).

4.5.2 Enhanced Water and Nutrient Uptake

The interaction between HMs and plant root cells results in physiological alter-

ations that are involved in membrane damage and reduced uptake of water and

nutrients (Astolfi et al. 2012; Rizzardo et al. 2012). AM fungal symbiosis with the

host root increase the plant root absorptive surface area due to extraradical fungal

hyphae exploring larger areas beyond the root-hair zone. This enhances the uptake

of water and mineral nutrients which results in greater biomass production under

stressed conditions (Goltapeh et al. 2008; Upadhyaya et al. 2010). The most

important role of AM is the uptake of inorganic phosphate (Pi), along with nitrogen

(N) and other trace elements like Cu and Zn (Smith and Read 2008; Ferrol and

Pérez-Tienda 2009). Nutrients absorbed by the hyphae from the soil are

translocated to the plant-fungus interface where two way exchange of nutrients

and carbohydrates takes place. AMF forms appressorium on the root epidermis

from which hyphae penetrate into root cortex where it forms highly branched

structure called as arbuscules (Gianinazzi-Pearson et al. 1996). Upregulation of mem-

brane transporter genes have been reported in AM as well as in mycorrhizal plants

(http://www.davidmoore.org.uk/assets/mostly_mycology/diane_howarth/nutrients.

html). Genes encoding for transport proteins GiPT, GmosPT and GvPT that are

involved in phosphate uptake have been identified in the extraradical mycelium of

G. intraradices (Maldonado-Mendoza et al. 2001), G. mosseae (Benedetto et al.

2005) and Glomus versiforme (Harrison and van Buuren 1995) respectively. In

addition, H+-ATPases have been identified in G. mosseae which are responsible for
Pi uptake across the plasma membrane of ERM hyphae (Ferrol et al. 2000; Requena

et al. 2003). AM inducible Pi transporters have also been documented in various

crop plants such as H. vulgare, T. aestivum, S. lycopersicum, Lotus and Medicago
etc. (Javot et al. 2007; Grace et al. 2009). Andrade et al. (2004) reported higher

ratios of P/metal in several mycorrhizal plant species, suggesting that the greater P

status of these plants might be responsible for alleviating metal stress through

complexation of metal ions with phosphate inside the cells. Garg and Singla

(2012) observed enhanced N, P, K+ contents in plants associated with

G. mosseae, which lead to improved plant growth .In addition, higher N/Cd, P/Cd

and S/Cd ratios have been reported in both shoots and roots of mycorrhizal maize

plants (de Andrade and da Silveira 2008; Garg et al. 2015). This higher N and S

uptake in shoot of mycorrhizal plants leads to higher production of thiol rich

proteins which might help in HM complexation with thiol compounds (Kapoor

et al. 2013). Three ammonium transporters i.e. GintAMT1, GintAMT2 (López-

Pedrosa et al. 2006; Pérez-Tienda et al. 2011, 2012) and GintAMT3 (Calabrese

et al. 2016) have been identified in R. irregularis. All the three transporters have
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been reportedly expressed in extra and intra radicular mycelium (ERM and IRM)

and participate in the uptake of NH4
+ from the soil solution. AMF is also known to

induce sulphur (S) transporters, LjSultr1, 2 which appears to encode a key protein

involved in plant sulfate uptake which mediates both direct and symbiotic pathways

of S uptake in L. japonicas (Giovannetti et al. 2014). Higher K+ accumulation was

reported in spores, hyphae and vesicles of R. irregularis which was evaluated by

PIXE (reviewed by Garcia and Zimmermann 2014). Moreover, K+ enrichment has

also been observed in Aster tripolium (Scheloske et al. 2004), Zea mays (Kaldorf
et al. 1999) and Lactuca sativa (Baslam et al. 2013) inoculated with mycorrhiza,

suggesting increase of K+ acquisition due to AM colonization. The active uptake of

all these nutrients results in enhanced root and shoots growth with AMF and

reduction in the toxicity of HM due to “dilution effect”, a possible mechanism

through which AMF improves tolerance to HM stress in host plants (Leyval et al.

1997). Chen et al. (2007) reported almost six times increased plant biomass by

AMF for P. vittata, C. drummondii and T. repens due to dilution effect under Cu

and Cd stress. Garg and Aggarwal (2011) observed improved growth in G. mosseae
inoculated pigeonpea plants with a decline in Cd and Pb concentrations which could

be a consequence of dilution effect. Spagnoletti and Lavado (2015) reported

improved plant yield and dilution effect resulting in reduced As concentrations in

mycorrhizal soybean plants On the other hand, Agely et al. (2005) observed

increased frond dry mass and increased As uptake in hyperaccumulator Pteris
vittata when inoculated with AMF. Turnau and Mesjasz-Przybylowicz (2003)

found higher shoot biomass and higher Ni uptake in hyperaccumulating Berkheya
codii plants inoculated with native AMF than non-inoculated plants in a greenhouse

experiment.

4.5.3 Metal Adsorption/Chelation

AM fungi affect the metal uptake by plants and their translocation from roots to

shoots. The uptake of HMs could be enhanced or reduced depending upon the type

of HMs, plants and fungal species/isolates (Emamverdian et al. 2015). AMF

generally have a strong influence on plant biomass in the latter case due to restricted

uptake of HMs. Mycorrhiza develops different strategies to withstand HM stress as

the possibilities for mycelium to avoid these toxic metals are very limited in highly

contaminated sites. AMF secretes glomalin, an iron-containing glycol-soil-protein-

aceous substance, which is involved in heavy metal inactivation (Rillig et al. 2003;

Ferrol et al. 2009; Gamalero et al. 2009) through chelation of HMs in the soil

(González-Chávez et al. 2004). González-Chávez et al. (2004) reported that

glomalin can bind 4.3 mg Cu, 1.12 mg Pb and 0.08 mg Cd per gram of protein

from polluted soils. Moreover, under in vitro conditions, glomalin, from hyphae of

Gigaspora rosea isolates, sequestered up to 28 mg Cu g�1. Similarly, Bedini et al.

(2010) reported that glomalin bound 2.3, 0.83, 0.24, and 0.24% of the total content

of Cu, Ni, Pb, and Co respectively. Glomalin thus, stabilizes the HMs by reducing
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their availability in soil and decreasing risk of toxicity to other soil microorganisms

and plants growing in these sites (Cornejo et al. 2008). Gonzalez-Chavez et al.

(2002a) reported irreversible sequestration of metals such as Cu, Cd, Zn and As in

glomalin extracted from polluted soil. Cornejo et al. (2008) reported abundance of a

glomalin-related soil protein in Cu and Zn polluted soils which is responsible for

their sequestration in the soil. Similar results were obtained by Vodnik et al. (2008)

for Pb and Zn sequestration. Another strategy adopted by AM include immobili-

zation of HMs in the soil by exudation of several compounds such as citrates and

oxalates (Green and Clausen 2003). Several cell wall-binding molecules like chitin,

glucan and galactosamine polymers, proteins and peptides have been reported on

mycorrhizal hyphae which represent potential binding sites as free hydroxyl,

phosphate, carboxyl and amino groups (Bellion et al. 2006). Galli et al. (1994)

reported that cell wall components like chitin, cellulose, cellulose derivatives and

melanins of mycorrhizal fungi bound most of the potentially toxic elements such as

Cu, Pb, Cd, etc. (Kapoor and Viraraghavan 1995). Orlowska et al. (2008) reported

high binding capacity of ERM for Zn, Ni and Cu in Berkheya coddii mycorrhizal

G. mosseae plants. Similarly, Zn and Cu were also reported to be deposited in the

cell wall of the root of mycorrhizal plants and AM fungal wall (Marques et al. 2007;

Zhang et al. 2009).

4.5.4 Metal Sequestration

The AM fungi tend to sequester HMs in vacuoles and cytosol of hyphae and spores

under high metal concentrations. Chen et al. (2001) reported concentrations of over

1200 mg kg–1 and 600 mg kg–1of Zn in fungal tissues of G. mosseae and

G. versiforme respectively. The sequestration of HMs in fungal tissues or spores

is achieved through metal chelators such as organic acids, amino acids, glutathione,

phytochelatins (PCs) and metallothioneins (MTs) (Stommel et al. 2001; Cobbett

and Goldsbrough 2002). Metallothioneins, on the bases of cysteine residues

arrangements, are classified into two classes (Kojima 1991); Class I MTs found

in vertebrates, and class II MTs in plants and fungi). GrosMT1, GmarMT1 and

GintMT1 are the genes encoding metallothioneins that have been identified in

Gigaspora rosea, G. margarita and G. intraradices respectively under stressed as

well as unstressed conditions (Stommel et al. 2001; Lanfranco et al. 2002;

Gonzalez-Guerrero et al. 2007; Saraswat and Rai 2011). GmarMT1, a gene

encoding MT was observed to express in presymbiotic spores as well as in symbi-

otic mycelia in Gigaspora margarita under unstressed conditions. However

upregulation of GmarMT1 was reported in symbiotic mycelia when exposed to

Cu stress (Lanfranco et al. 2002). GintMT, MT gene, isolated from G. intraradices
was observed to impart Cu tolerance in Cu-sensitive Saccharomyces cerevisiae
(Gonzalez-Guerrero et al. 2007). Rivera-Becerril et al. (2005) reported several

genes encoding enzymes responsible for PC synthesis in mycorrhizal pea plants

under Cd stress. At the genetic level, few metal transporter genes involved in heavy
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metal homeostasis have been analysed in AMF. Zn transporter GintZnT1 from

Glomus intraradices have been reportedly involved in Zn compartmentalization

in vacuole (González-Guerrero et al. 2005). González-Guerrero et al. (2010) char-

acterized an ABC transporter of the MRP subfamily, GintABC1, which might be

responsible for Cu and Cd trafficking into the vacuole. Similarly, genes encoding

putative transport proteins mediating the uptake of Cu, Fe and Mn have been

identified in R. irregularis. These include RiCTR1 and RiCTR3 (CTR family of

Cu transporters), RiZRT1 (zinc–iron permease or ZRT-IRT-like protein family),

RiSMF1 (NRAMP- natural resistance-associated macrophage proteins family) and

RiFTR1 (iron permease) (Tisserant et al. 2013; Tamayo et al. 2014; Ferrol et al.

2016). All these genes play an important role in metal loading into vacuoles. Under

high HM concentrations, the metals in vacuoles are diverted to the spores

(González-Guerrero et al. 2008), explaining the tolerance of mycorrhiza against

HMs in soils (Ferrol et al. 2009). Similarly, the reduced uptake of As by AMF could

be due to the involvement of AM in suppressing the high-affinity phosphate trans-

porters which also uptake As (Gonzalez-Chavez et al. 2002b; Ultra et al. 2007;

Christophersen et al. 2012; Chen et al. 2014). Burleigh et al. (2003) reported that

mycorrhiza (Glomus versiforme) down-regulated the expression of MtZIP2 Zn

transporter gene in the roots of Medicago plants which was associated with a

reduced Zn level in the host tissues. According to Khan et al. (2000), Zn is absorbed

and crystallized in AMF hyphae under high Zn concentrations. González-Guerrero

et al. (2008) showed localization of toxic concentrations of Cu, Zn and Cd in the

fungal cell wall and spores of G. intraradices using the Energy-dispersive X-ray

spectroscopy.

However, stabilization of the HMs in fungal structures is not a universal phe-

nomenon as opposite results in some cases were observed where AM inoculation

lead to significantly increased HM translocation from roots to shoots of mycorrhizal

plants. Most of the metals taken up by the fungus can be stored in the vesicles or

vacuoles of fungal hyphae, while the surplus HMs transferred from the fungal

mycelium to the plant. AM fungi have developed mechanism to sequester and

deliver the HMs in a bound form as free HMs in the cytosol represent a serious

threat to the organelles. For example, in the case of Cu, the Cu chaperones collect

the metal from the influx transporters and deliver it to efflux transporters or to

apometalloproteins. In R. irregularis, three genes RiATOX1, RiSco1 and RiSSC
encoding putative chaperones have been identified that deliver Cu to the ATPases,

the cytochrome C oxidase synthesis, and the Cu, Zn superoxide dismutase respec-

tively (Ferrol et al. 2016).

4.5.5 Antioxidant Defense System

Metals adversely affect cell integrity and functioning by altering plant metabolic

activities including cell enzymatic processes. Exposure to HM stress enhances the

production of reactive oxygen species (ROS) including O2
�, H2O2 and OH� and
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their accumulation in the cells (Mittler 2002). Plants have inherent defense

mechanisms that are actively involved in counteracting the oxidative stress

damage induced by ROS (Foyer and Noctor 2011; Wu et al. 2014). There are

numerous antioxidant enzymes formed in response to ROS generation including

catalase (CAT), superoxide dismutase (SOD), ascorbate peroxidase (APX), glu-

tathione reductase (GR) and glutathione peroxidase (GPX), etc. The activity of

these antioxidants is often limited and varies within the plant species as well as in

response to different HMs. Regulation of antioxidant enzyme activity in the

G. mosseae inoculated pigeon pea plants under Zn stress appeared to be limited

as AM plants showed increased activity of SOD enzyme, with no effect on the

activities of APX, GR or CAT in the presence of Zn (Schützendübel and Polle

2002; Garg and Kaur 2013). On the other hand, enhanced SOD, CAT, POX, GR

activity and high ratio of reduced to oxidized glutathione (GSH/GSSG) has been

reported in Cd-stressed AM plants (Garg and Aggarwal 2011; Garg and Kaur

2013). Similarly, Shahabivand et al. (2016) reported increased plant dry mass and

activities of CAT, APX and GST in maize inoculated with F. mosseae under Cd

stress. Moreover, AM fungi have also been reported to reduce oxidative stress

under As and Cu stress by enhancing the production of enzymatic as well as

non-enzymatic enzymes such as SOD, CAT, APX and GR (Garg and Singla

2012; Pallara et al. 2013).

4.6 Interactions Between Arbuscular Mycorrrhiza

and Other Soil Microflora

Presence of other soil microflora may have a positive, negative or no response to

AMF (Amballa and Bhumi 2016). The interaction between AMF and other fungi,

bacteria, archaea, virus and algae depends upon the physico-chemical properties

of the soil, pH, types of plant species, exudates from plant roots, presence of soil

organic matter and nematodes causing disturbance to the soil (Hinsinger et al.

2005; Hartmann et al. 2009). AMF inhabits generally in two entirely different

types of environments i.e. (1) root cortex with more stable surrounding and less

microbe diversity, (2) soil with diversity of microbes (Jansa and Gryndler 2010).

Due to presence of reduced carbon (C), maximum microbial activities have been

reported in the closest proximity of plant roots (Jones et al. 2009). Exudates from

hyphae are utilized by microbes (Toljander et al. 2007), while on the other hand

microbes provide AMF with the unavailable nutrients (Frey-Klett et al. 2007).

AM fungi interact with other soil microorganisms directly by competition for

nutrition and indirectly by alteration of root and soil structure (Wehner et al.

2010).
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4.6.1 Positive Correlation

Positive interactions between AMF and plant PGPRs have been documented in

numerous studies (Artursson et al. 2006; Trabelsi and Mhamdi 2013). AMF when

inoculated in combination with phosphate solubilizing bacteria and Azospirillum
affect the plant growth synergistically (Muthukumar et al. 2001). AMF and Rhizo-

bium are able to get along with one another so well due to the reason that both

microsymbionts induce common signaling cascade for association with host plant

(Manchanda and Garg 2007). Dual application of Trichoderma harzianum and

G. mosseae was documented to improve yield and seed quality of soyabean in

sterilized and unsterilized soils (Egberongbe et al. 2010). Kawasaki et al. (2011)

and Trabelsi and Mhamdi (2013) observed that some legumes manage to form

additional association with AMF to counteract soil contamination by altering the

quantity and composition of root exudates. Decline in nodulation and nitrogen

fixation in faba beans was observed when inoculated with R. leguminosarum or

AMF alone in alkaline soils. However, dual application of rhizobia and AMF mix

(G. gigaspora, G. mosseae, S. armeniaca) improved the nodulation due to enhanced

uptake of nutrients such as Fe which is required for biosynthesis of nitrogenase and

leghemoglobin (Abd-Alla et al. 2014). Inoculation of pigeon pea genotypes with

G. mosseae and Sinorhizobium fredii had a functional complementarity in improv-

ing nodulation potential, nitrogen fixation as well as trehalose turnover (Garg and

Aggarwal 2011; Garg and Kaur 2012; Garg and Chandel 2015; Garg et al. 2015).

Bacillus circulans, the phosphate solubilizing bacteria in combination with AMF

improve the plant growth tremendously (Massoud et al. 2014). Positive interaction

of AMF with phosphate solubilizing, nitrogen fixing, siderophores, chitinase pro-

ducing and other free living bacteria leading to enhanced plant growth have been

documented in numerous studies (Amballa and Bhumi 2016; Ma et al. 2016).

Growth promoting bacteria such as Pseudomonas spp. Bacillus spp., Paenibacillus
spp. increase plant growth directly by enhancing phosphorus and nitrogen bioavail-

ability for plants and secretion of phytohormones (Ahemad and Kibert 2014) or

indirectly by synthesis of antibiotics which are toxic to plant pathogens or produc-

tion of siderophores (Amballa and Bhumi 2016).

4.6.2 Negative Correlation

Reports on the negative impacts (if any) of AMF on population of other soil

microflora are scanty. Mycorrhiza in soil have been reported to protect plants

from pathogen by releasing some toxins, providing mechanical strength to the

roots, activating plant defense mechanisms such as stimulation of flavonoids

salicylic acids, jasmonates and by alteration of soil microflora due to modification

in root architecture and exudates (Tiberius and Cătălin 2011). AM has also been

reported to have detrimental effects on some of the soil microorganisms due to
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production of secondary metabolites which affect them selectively (Trotta et al.

1996; Bødker et al. 1998; Wamberg et al. 2003). Conidial germination of Fusarium
oxysporum was inhibited by G. intraradices which could be due to the reason that

AM manipulated the pH of growth medium (Filion et al. 1999). Marschner (1997)

observed altered rhizosphere soil composition and reduced root exudation in the

vicinity of Capsicum annuum inoculated with G. derticola and G. intraradices,
thereby resulting into reduced population density of Pseudomonas fluorescens. On
the other hand, some of the pathogenic fungi are reported to affect AMF negatively

due to competition for photosynthates, infection sites and space within root cortex

as well as in rhizosphere (Whipps 2004). Ravnskov et al. (1999) reported that

Pseudomonas putida growth and survival was inhibited by Glomus intraradices
under normal conditions due to competition for nutrition. Negative impact of

mircroorganisms on AMF include decreased spore germination, reduced hyphal

length and various metabolic activities in hyphal structures as well as inhibited

mycorrhizal colonization (Amballa and Bhumi 2016). AMF generally have multi-

ple trading partners by formation of common mycorrhizal networks for continuous

supply of Carbon. These common mycorrhizal networks transfer information and

warning signals between the plants. Common mycorrhizal networks transfer the

allelochemicals secreted by plants to regulate the activity of competitive neighbor-

ing plants as well as other micro-organisms. Some of these allelochemicals have

antifungal properties that suppress the mycorrhizal colonization in native compet-

itors (Barto et al. 2012; Bucking et al. 2016).

4.7 Conclusion and Future Prospects

Mycorrhizal symbiosis plays an important role in shaping up soil ecosystems by

promoting soil fertility and plant health. Presence of AM in metal rich soils

indicates their adaptation to different HMs. However, understanding the mecha-

nisms adopted by different AM fungi in the alleviation of HM toxicity in plants is

complex and varies according to soil properties, plant species as well as the

diversity of physiological and molecular mechanisms affecting plant-fungal sym-

biosis. The present review highlighted the role of AM fungi in modulating the soil

characteristics in terms of immobilization/stabilization of HMs, reducing their

uptake and translocation within the plant organ as well as metal sequestration

into the vacuoles. Despite the identification of genes involved in fungal and plant

perception, better understanding of molecular mechanisms and signaling pathways

coupled to establishment of an effective AM-plant symbiosis need to be unraveled.

Future studies should be directed in understanding the complexities of processes

involved in soil/plant/microenvironment and the resultant impact on establishment

and survival of different microbial communities.
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Chapter 5

Microbial Socialization Highlights

the AMF Effect

Teresa Dias, Cristina Cruz, Ajit Varma, Juliana Melo, Patrı́cia Correia,

and Luı́s Carvalho

Abstract Arbuscular mycorrhizal fungi (AMF) are recommended as biofertilizers

for sustainable agriculture. So far, most researchers have investigated the effects of

AMF on plant growth under highly controlled conditions with sterilized soil.

However, it is still poorly documented how the biotic context alone shapes

AMF’s impact on host plant performance. We inoculated maize (Zea mays ssp.

mays) seedlings with five commercial inoculants of arbuscular mycorrhizal fungi

(AMF—Claroideoglomus claroideum, Funneliformis mosseae, Gigaspora sp,

Rhizophagus irregularis and Scutellospora sp.). Plants were pot-cultivated for

9 weeks using soil which had been used for maize monocropping in the field.

Since we wanted to focus on the impact of belowground interactions (plant-AMF-

soil microbes) alone, we compared sterilized versus non-sterilized soil. AMF

inoculation was successful, despite an abundant native AMF communities. As

hypothesized: (i) the soil biotic context controlled AMF’s benefits on maize growth;

(ii) AMF’s benefits depend on the isolate identity; and (iii) C. claroideum,
F. mosseae and Gigaspora sp. overruled soil legacy effects of maize

monocropping. We found little to no effects of AMF inoculation on maize growth

and nutrients acquisition when plants were grown in sterilized soil. AMFs benefits

to their host plants could not be explained by improved nutrition alone because

interaction with the remainder soil microbes also differed between inoculated

AMF. The results demonstrate that the soil biotic context and AMF isolate identity

should be taken into consideration when applying AMF inoculants in agriculture.
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5.1 Introduction

The ongoing human population growth and changing consumption patterns affect

food demand and quality, livestock and fibre production, energy use (fossil- and

bio-fuel), and land use management (Rockstr€om et al. 2009). As a result, food

demand is forecasted to double by 2050 but the environmental footprint must be

reduced (for the EU, see Directive 2009/128/EC). This creates an urgent need for

cleaner agronomic practices capable of boosting crop yields while alleviating

environmental impacts (Dias et al. 2015).

Monocropping is responsible for significant crop yield losses via negative plant-

soil feedbacks (or feedbacks). Feedbacks occur because plants ‘culture’ their

interacting soil microbes, which may affect their own growth (e.g. seed germina-

tion, seedling survival, individual growth, vegetative propagation and seed produc-

tion- Bonanomi et al. 2005) and demography as well as that of other plant species

(Bever et al. 1997; Bever 2003; van der Putten et al. 2013). Feedbacks can be

positive or negative (Bever et al. 1997; Bever 2003). Since increased nutrient

availability and plant density shift plant-microbe interactions from mutualistic to

neutral or parasitic (Anacker et al. 2014), negative feedbacks in agriculture are

well-known since ancient times (Dias et al. 2015). Consequently, so is manipulating

plant-microbe interactions in agriculture, namely through crop rotations. Still

nowadays, manipulating biotic interactions (e.g. plant-animal, plant-microbe,

microbe-microbe) to provide the desired services and thus reduce or eliminate the

need for external inputs is fundamental to a cleaner agricultural production. The

challenge is to favor positive interactions, while reducing the negative ones

(Shennan 2008).

In line with this perspective, there is a steadily growing appreciation of the vital

role of soil life in agricultural sustainability (Bender et al. 2016), including plant

symbiotic associations. One approach is the use of biofertilizers (i.e. a product

containing soil microbes applied to plants to promote their growth- Herrmann and

Lesueur, 2013). Among these products, those based on mycorrhizae (the wide-

spread symbioses between fungi and plant roots- Smith and Read 2008) are of

special interest because mycorrhizae commonly overrule negative feedbacks on

plant growth (Fitzsimons and Miller 2010). Almost all important crops (e.g. maize,

wheat, soybean) form associations with arbuscular mycorrhizal fungi (AMF),

which are therefore an intricate component of the agrosystem. Examples of

AMF’s role in agrosystems include pathogen suppression, pollination enhance-

ment, herbivore protection and improved water relations (Verbruggen and Kiers

2010). Despite its enormous potential, the application of AMF has not been fully

adopted by farmers so far (Berruti et al. 2016).

AMF generally form mutualisms with plants by trading soil resources and other

benefits (e.g. protection from pathogens and stress factors), for photosynthates

(Smith and Read 2008). But not all AMF partnerships are equally beneficial for

plants; neutral and parasitic AMF symbioses also occur (Johnson et al. 2008).

Furthermore, since AMF are obligate biotrophs (Smith and Read 2008), AMF are
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often applied in experiments (pot and field trials) and agricultural practices without

having in consideration the specificity of the AMF inoculants, compatibility with

the target environment and competition with other soil organisms (Berruti et al.

2016). In fact, inoculant production is much more determined by the easiness of

growing one isolate than by its effects on plant performance (above a certain

positive impact).

Not much is known on how the biotic and abiotic contexts shape biotic interac-

tions, and affect feedback magnitude and direction (Agrawal et al. 2007). AMF are

a good model for studying how contextual frameworks affect symbioses, because

both biotic and abiotic contexts influence how AMF impact host plant performance

(Hoeksema et al. 2010). Given the increasing evidence that non-mycorrhizal soil

microbes significantly impact the formation and outcome of the mycorrhizal sym-

biosis (Frey-Klett et al. 2007), we focused on how the biotic context alone shapes

AMF’s impact on host plant performance. We chose Zea mays subsp. mays
L. because it is: (i) a fast-growing crop with great economic and nutritional

importance worldwide (Ranum et al. 2014); (ii) significantly affected by negative

feedbacks (e.g. in the early 1980s, maize monocropping reduced production by

10–15%—http://corn.agronomy.wisc.edu/AA/A014.aspx); and (iii) highly depen-

dent on AMF (Aquino et al. 2015). Since maize is a fast-growing and highly

nutrient-demanding crop, we hypothesize that:

1. Subjecting maize to soil legacy effects of maize monocropping will result in

negative feedback on plant biomass and nutrients acquisition;

2. Inoculation with AMF will overrule soil legacy effects of maize monocropping.

Negative feedbacks can, non-exclusively, be due to: release of allelopathic

compounds by organic matter decomposition (Bonanomi et al. 2005; van de Voorde

et al. 2012), nutrient depletion (Bonanomi et al. 2005) and changes in soil microbial

communities (including accumulation of pathogens and parasites) (Bever et al.

1997). Since we wanted to focus on the impact of belowground interactions

(plant-AMF-soil microbes) alone, from the several feedback approaches (Brinkman

et al. 2010; van der Putten et al. 2013), we compared sterilized versus non-sterilized

soil. Although decomposition of maize straw releases compounds that may enhance

or reduce pathogenicity (Javaid 2008) and affects the following crop (Qi et al.

2015), as far as we know, maize is not auto-allelopathic. To exclude nutrient

depletion we used a very poor soil, and to overcome autoclaved-induced increases

in nutrients availability (Berns et al. 2008), plants were supplemented weekly with

readily available nutrients (Brinkman et al. 2010). Therefore, differences in plant

growth between the sterilized and non-sterilized soil treatments will describe the

feedback, while differences between AMF isolate treatments will describe interac-

tions of each AMF with the soil microbes (Frey-Klett et al. 2007).
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5.2 Experimental Protocol

5.2.1 Experimental Design

Our experimental design consisted of two factors: AMFs inoculation and soil

sterilization. The design was fully factorial resulting in 12 treatments with 6 repli-

cates (pots) each. To test if the nutritional benefit to their host plant (symbiont

quality) varied between AMF species, we assessed plant response to five AMF

species: Claroideoglomus claroideum, Funneliformis mosseae, Gigaspora sp.,

Rhizophagus irregularis and Scutellospora sp. To test if symbiont quality was

soil biotic community context dependent, we assessed plant response to the pres-

ence/absence of a stable soil microbial community (plant-soil feedback). Using

soil collected from a maize field in northern Portugal (Vagos, Aveiro—

38�290N�9�10W) ensured the pre-training of the soil so that there was no need to

include a training phase in our experiment.

The soil, at the sampling time, contained 0.4% organic matter, 2.2% humic

susbtances, 0.1% total N, 182 ppm total P and 77 ppm K, and had pH (H2O) 6.5.

Available N was 37 ppm while available P and K were 8 and 40 ppm respectively.

Soil was mostly composed of sand (>70%), while clay and sand accounted for

<30%. Given that mycorrhization is often negatively affected by high nutrient

availability, soil was mixed with sterilized river sand in a 1:4 proportion to dilute

soil’s nutrients. Both sand and soil (only for the sterilized soil treatment) were

autoclaved at 121 �C for 1.1 atm for 60 min. Soil and sand were autoclaved three

times in consecutive days and then left untouched for a week.

Maize (Zea mays L.) seeds (Syngenta) were put under running tap water to

remove the antifungal coating and were then sterilized by being placed in ethanol

70% (v/v) for 1 min, then in sodium hypochlorite 2.5% (v/v) for 10 min, and then

washed in sterilized distilled water. After sterilization the seeds were germinated in

sterilized (70% alcohol) trays containing autoclaved perlite for 5 days and then

transferred to the pots. The maize seedlings were planted in 20-cm diameter, 3 L

pots (previously sterilized with 70% alcohol) containing the 1-soil: 4-sand mixture.

Inoculation was performed a week after seedling transplant.

For each AMF species, six pots were each seeded with 20 g of AMF inoculum

containing ~250 AMF spores; an additional six pots were used as controls.

Plants were watered daily with 100 mL of tap water except on the days when

they would be supplied with nutrient solution. All plants were fertilised with

100 mL of a 1⁄4 strength Hoagland’s solution (1.5 mM KNO3; 1 mM Ca(NO3)2;

0.5 mM NH4H2PO4; 0.25 mM MgSO4; 50 μM KCl; 25 μM H3BO3; 2 μM MnSO4;

2 μM ZnSO4; 0.5 μM CuSO4; 0.5 μM (NH4)6Mo7O24; 20 μM FeNaEDTA) every

week, which represented the weekly addition of 5.6 mg N; 1.6 mg P; 6.0 mg K;

4.0 mg Ca; 0.6 mg Mg; 0.8 mg S; 27.5 μg B; 177.5 μg Cl; 3.2 μg Cu; 112 μg Fe;

11 μg Mn; 33.6 μg Mo; and 13.1 μg Zn. Plants were grown for 9 weeks, between
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July and September 2012, in a greenhouse under a non-sterile environment, with

natural light (~15 h day/9 h night), maximum photosynthetic active radiation

between 600 and 1000 μmol m�2 s�1, and ambient temperature between

17–40�C. Pots were randomized once a week.

5.2.2 Harvest and Analysis

At harvest, maize plants were separated into roots and shoots, and dried at 60 �C
until constant mass. Maize shoots were analyzed for macro (nitrogen—N, phos-

phorus—P, potassium—K, calcium—Ca, magnesium—Mg and sulphur—S) and

micronutrients (boron—B, chromium—Cr, copper—Cu, iron—Fe, manganese—

Mn, molybdenum—Mo, nickel—Ni and zinc—Zn). The dried plant material was

ground into powder using a ball mill (Retsch MM 2000). N concentrations in the

plant material were determined using an elemental analyzer (EuroVector) by

combustion—DCT (Rodrigues et al. 2009) while the concentrations of all the

other nutrients was determined using Inductively Coupled Plasma—Optical

Emission Spectroscopy (ICP-OES—Spectro Ciros CCD, Spectro, Germany). We

calculated shoot nutrient contents by combining shoot biomass and the respective

concentrations. The natural abundance of 13C and 15N in the maize shoots was

determined using mass spectrometry (IRMS, Micromass-GV Instruments, UK) and

the expressions: δ13C ¼ (R sample/R standard � 1) � 1000, where R is the ratio 13

C/12C, in the sample and in the standard and δ15N ¼ (R sample/R stan-

dard � 1) � 1000, where R is the ratio 15N/14N, in the sample and in the standard.

To control for effective mycorrhization of the AMF inocula, we evaluated roots’
mycorrhizal colonization on plants grown in the sterilized soil: segments of 1 cm

length cut 1–2 cm above the root apices. These root segments were stained (Koske

and Gemma 1989), and mycorrhizal colonization was evaluated on quadrilateral

plaques in accordance with Giovannetti and Mosse (1980) as presence or absence.

Another sample of or root tips was used to characterize the microbial community on

the root surface and inside the roots (including endophytes) but only for the plants

that were hypothesized to suffer negative feedback (those grown in the

non-sterilized soil). For that root tips from each of the six replicates per treatment

were collected, bulked together in the same proportion, and stored at �20 �C until

analysis. DNA was extracted using the GeneMATRIX Plant & Fungi DNA Purifi-

cation Kit (EURx, Poland). DNA amplification and molecular identification of

microorganisms was carried out by sequencing the PCR amplified 16SrRNA gene

sequence for prokaryotes (Case et al. 2007) and LO/LOR for fungi (Delgado

unpublished). The operational taxonomic units (OTUs) were identified to at least

the phylum level.
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5.2.3 Calculations and Statistics

Feedback was calculated according to Kardol et al. (2007) as follows:

Feedback¼ Value non sterilized treatment�Average value sterilized treatmentð Þ
Average value sterilized treatment

The effect of soil sterilization on plant biomass and on nutrient contents was

tested separately using a two-way ANOVA, with soil and AMF treatments as fixed

factors. Then, differences between sterilized and non-sterilized soil were analyzed

by Student’s t-test ( p < 0.05). The effect of the AMF treatments on feedbacks on

plant biomass and on nutrient contents was tested separately using a one-way

ANOVA, with treatment as fixed factor. Bonferroni post hoc multiple comparisons

tested for differences ( p < 0.05) in feedbacks on plant biomass and on nutrient

contents between treatments. Finally, to identify the microbial groups that most

contributed to distinguish the microbial communities inhabiting maize roots of

plants grown in the non-sterilized soil we used a PCA. For this analysis, the number

of sequences per phylum of one sample per each of the six AMF treatments were

pooled (n ¼ 6). Preliminary analyses were performed to ensure there was no

violation of the assumptions regarding the tests’ application. SPSS software, ver-

sion 23.0, was used for all tests.

5.3 Salient Observations

Only non-inoculated (control) plants grown in sterilized soil were not mycorrhized;

plants from all other treatments (including control plants grown in non-sterilized

soil) were mycorrhized (data not shown). Despite molecular analysis of the root

segments confirmed the presence of the inoculated AMF, for plants grown in the

non-sterilized soil it was not possible to conclude whether mycorrhization was done

by the inocula or by native AMF.

Control plants grown in sterilized soil accumulated more root, shoot and total

biomass than those grown in non-sterilized soil (Fig. 5.1 and Table 5.1). Inoculation

with Rhizoglomus irregularisradices or Scutellospora sp. did not cancel the nega-

tive soil feedback (i.e., negative impact of non-sterilized soil) on biomass, while

inoculation with Claroideoglomus claroideum, Funneliformis mosseae and

Gigaspora sp. enabled maize plants growing in non-sterilized soil to accumulate

as much root, shoot and total biomass as those growing in sterilized soil. Since

shoot biomass was highly correlated with total biomass (r ¼ 0.98; p ¼ 0.000), the

impacts of AMF and soil sterilization on plant nutrients were assessed on the

shoots. Again, inoculation with R. irregularisradices or Scutellospora sp did not

cancel the negative soil feedback (i.e., negative impact of non-sterilized soil) on

nutrients, while inoculation with C. claroideum, F. mosseae and Gigaspora sp
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enabled maize plants growing in non-sterilized soil to accumulate as much nutrients

as those growing in sterilized soil. Therefore, two clusters became evident in terms

of AMF’s impact on plant biomass and nutrients: (i) inoculation with

R. irregularisradices and Scutellospora sp resulted in a negative feedback, within

the same range as that of the control; and (ii) inoculation with C. claroideum,
F. mosseae and Gigaspora sp. overruled the negative soil feedback.

Analysis of roots’ microbial community growing in the non-sterilized soil

showed that the inoculated AMFs were present in the roots and so were other

many other eukaryotes and prokaryotes (data not shown). Principal component

analysis (PCA) of the number of sequences of eukaryotes and prokaryotes detected

in these roots showed that the first two components explained 76% of the variation

(Fig. 5.2). PC1, which explained 35% of the variation, was associated with higher

number of bacterial phyla sequences (inoculation with C. claroideum, R. irregularis
and Scutellospora sp.), and in the opposite direction, to the number of

Fig. 5.2 Principal component analysis (PCA) of the root microorganisms (# sequences per

phyllum) in the different AMF inoculation in the non-sterilized soil. Symbols represent one bulk

sample per treatment; PC1 explains 35% of the variance in the roots microbial community data,

PC2 explains 21%. The microbial phylla most responsible for the variations in root microbial

community composition (loadings > 0.8) were presented by vectors
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Glomeromycota sequences (Control and inoculation with Gigaspora sp. and

F. mosseae). By contrast, PC2, which explained 21% of the variation, grouped

the treatments according to the feedbacks on biomass and on nutrients: maize roots

from the treatments where plants suffered negative feedback on biomass (Control

and inoculated with R. irregularis and Scutellospora sp.) were associated with

higher number of Nematoda sequences, while those where plants did not suffer

negative feedback (inoculated with C. claroideum, F. mosseae and Gigaspora sp.)

were associated with higher number of Ascomycota sequences. Since PC1 and PC2

contributed in similar ways to explain the variation it is difficult to identify which

microbial group(s) would be a particularly strong explanatory gradient influencing

roots microbial communities.

5.4 Interpretation of Data

Our study allowed simultaneous examination of plant response to both whole-soil

communities and mycorrhizal fractions and showed that: (i) the soil biotic context

controls AMF’s benefits on maize growth; (ii) AMF’s benefits depend on the isolate
identity; and (iii) C. claroideum, F. mosseae and Gigaspora sp. overrule soil legacy
effects of maize monocropping.

5.4.1 AMF Benefits Depended on the Soil Biotic Context

As expected, the soil legacy effects of maize monocropping resulted in negative

feedbacks on plant biomass and nutrient contents (Fig. 5.1 and Table 5.1). The

feedbacks on biomass and nutrients we observed resulted from both soil microbes

(e.g. bacteria, mycorrhizal or pathogenic fungi) (Kardol et al. 2007) and soil fauna

(e.g. nematodes) (Voorde et al. 2012). Both the potential impacts of nutrient

depletion (Bonanomi et al. 2005) and of increased nutrient availability due to

autoclaving (Berns et al. 2008) were excluded from our study by using a very

poor soil and supplying plants with readily available nutrients. Furthermore, the

effects of the other growth promoting additives in the tested inocula (e.g. bacteria)

were also ruled out from our study by pooling all the additives of each inoculant and

adding the same amount of that common extract to each pot (including the con-

trols). So, at time zero the only difference between the treatments was indeed the

presence (or absence in the controls) of a certain AMF isolate. Therefore, all the

differences observed must be related with the activity of the inoculated AMF:

(i) directly on nutrient uptake; and/or (ii) indirectly through distinct interactions

with the rhizospheric microbes.

Sterilized and non-sterilized soil differed in soil microbes, including pathogens

and parasites (Bever et al. 1997), which interacted differently with the inoculated

AMFs. As a result, the plants grown in the sterilized soil grew more than those
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grown in the non-sterilized soil, and they also contained more macronutrients

(Table 5.1) that are the ‘building blocks’ of biomass. Surprisingly, and contrary

to most studies, we found little to no effects of AMF inoculation on maize growth

and nutrients acquisition (Fig. 5.1 and Table 5.1) when the microbes pre-trained by

maize monocropping were eliminated by soil sterilization. However, some studies

also report a lack of AMF benefits for plants grown in very poor sterilized soils

(Ceulemans et al. 2017), likely reflecting severe plant nutrient limitation, together

with a lack of ‘alternative’ nutrient sources to be scavenged by AMF.

Non-exclusively, the lack of AMF benefits highlights that mycorrhizal effects can

range from fully mutualistic to parasitic interactions, depending on a complex

interplay of both partners’ identity (Reynolds et al. 2006; Janouskova et al. 2013).

5.4.2 AMF Benefits Depend on the Isolate Identity

Despite an abundant native AMF community that mycorrhized control plants

grown in non-sterilized soil, AMF inoculation was successful as shown by the

lower biomass and lower nutrient contents in the plants that were not

AMF-inoculated (Fig. 5.1 and Table 5.1). These results are in agreement with

other studies on AMF inoculation (Vosatka 1995; Kohl et al. 2016). But not all

inoculated AMFs conferred benefits to their host plants (van der Heijden et al. 1998;

Hart and Reader 2002), which could not be explained by improved nutrition alone

because interaction with the remainder soil microbes also differed between inocu-

lated AMF. Due to distinct socialization strategies between inoculated AMFs and

the remainder soil microbes and fauna (Fig. 5.2), inoculation with R. irregularis and
especially with Scutellospora sp. did not overrule the soil legacy effects of maize

monocropping while inoculation with C. claroideum, F. mosseae and Gigaspora
sp. did cancel the negative feedbacks (Fig. 5.1 and Table 5.1).

Maize plants inoculated with Scutellospora sp suffered feedback on root and

shoot biomass even more negative than that under control conditions (Fig. 5.1 and

Table 5.1) thus suggesting mycorrhizal colonization. Since mycorrhized plants

experience an initial growth depression compared to non-mycorrhized (Hart and

Reader 2002), and Scutellospora’s growth is very slow it is possible that

Scutellospora’s benefits would need longer than the experiment’s duration to

manifest. This may have implications for the use of this AMF species in crops

with short life cycle.

In the absence of the soil legacy effects of maize monocropping (sterilized soil),

the plants that presented bigger shoots were those inoculated with R. irregularis
(Fig. 5.1). However, since plants grew less in the non-sterilized soil than in the

sterilized soil, and roots accumulated the most nematodes (Fig. 5.2), inoculation

with R. irregularis did not overrule the soil legacy effects of maize monocropping

(Fig. 5.1). In arable fields, nematode population densities in the upper soil layer can

reach 107 m�2, the equivalent of 2.0 kg C and 0.25 kg N ha�1. Bacterivores often

dominate this fauna, particularly rhabditid and cephalobid species (Bouwman et al.
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1996), which were the most abundant nematodes in R. irregularis roots. This

suggests that nematodes, and possibly other parasites and pathogens decreased

R. irregularis’ efficiency in acquiring nutrients.

By contrast, the roots of plants inoculated with C. claroideum, F. mosseae and

Gigaspora sp. accumulated the least nematodes (Fig. 5.2), which is in agreement

with other studies (e.g. (Sasanelli et al. 2009; Affokpon et al. 2011). Even though

we cannot infer which mechanism(s) caused pathogen protection (changes in root

architecture, activation of plant defense mechanisms, competition for infection sites

and improved nutrient status, Wehner et al. 2011), the soil legacy effects of maize

monocropping was overruled (Fig. 5.1 and Table 5.1). AMFs’ role in improving the

growth and nutrition of the plant host is widely documented and recognized (Dias

et al. 2015) for P (Kothari et al. 1991; van der Heijden et al. 2006, 2008), N (Cruz

et al. 2007; Correa et al. 2014, 2015) and micronutrients (Kothari et al. 1991; Liu

et al. 2000; Balakrishnan and Subramanian 2012). AMF improve plant nutrition by

scavenging ‘alternative’ nutrient sources that otherwise would not be accessible to

plant roots (Smith and Read 1997) and/or by acting as a ‘pipeline’ of plant-derived
C to other soil microorganisms, trading the carbon for nutrients and transferring the

nutrients to the plant (Nuccio et al. 2013). Our data does not support the hypothesis

that AMF were scavenging ‘alternative’ nutrient sources since shoot 15N, an

integrative indicator of the N source (Ariz et al. 2015), did not change (data not

shown). Instead, our data suggest that C. claroideum, F. mosseae and Gigaspora
sp. simply extended the root system and thereby took up more nutrients (Smith and

Read 1997), and enhanced their host’s competitive success against free-living soil

microbes (Schimel and Bennett 2004).

5.5 Conclusions

Unlike former observations that AMF are not beneficial in agricultural fields, our

results demonstrate that AMF inoculation in field soils can enhance growth of

maize irrespective of the pre-established microbial community, being able to

compete successfully with indigenous AMF (Kohl et al. 2016). We confirmed

clear biological consequences of belowground socialization of AMF with remain-

der soil microbial communities (biotic context) on plant growth. Furthermore, this

effect was AMF species-dependent under a more-structured and stable soil micro-

bial community (i.e., non-sterilized soil) but not under a recently assembled soil

microbial community (i.e., sterilized soil), where AMF had little to no effect.

Rhizophagus intraradices, R. irregularis and Funneliformis mosseae are very

generalist symbionts that can colonize a large variety of host plants, survive long-

term storage, are geographically distributed all over the world, and can be easily

and massively propagated, which makes these species suitable for premium inoc-

ulum components. However, our data shows that other AMF (C. claroideum and

Gigaspora sp) may be equally or even more beneficial and should be further

assessed for their application in agriculture.
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Chapter 6

Arbuscular Mycorrhizal Symbiosis

and Nutrient Resource Limitation: Predicting

the Linkages and Effectiveness of Partnership

Mohammad Haneef Khan, M.K. Meghvansi, Kamal Prasad,

Sazada Siddiqui, and Ajit Varma

Abstract Arbuscular mycorrhizal (AM) symbiosis is entirely dependent on nutri-

ent exchange between plant and arbuscular mycorrhizae. The symbioses are up to

their fullest under limited conditions of nutrients. There are several theories given

to better understand the biological market for their relationship and linkages with

the available nutrient resources. However, it is difficult to predict the behavior of

relationship between AM fungi and plant for a specific condition. In this chapter we

discuss the linkages between AM fungi and nutrient resource limitation surround-

ing them along with their biochemical and physiological interaction. This discus-

sion is based on individual nutrient limitation (N and P) and co-limitation (N-P and

P-K) conditions for AM symbioses. Additionally, this chapter predicts the causality

between these nutrient resource limitation and effectiveness of AM symbioses.

Therefore, it is of utmost importance to study AM symbioses keeping every

component of ecosystem in the loop and not secluded. This chapter also attempts

to synthesize the collective and critical information to improve preparedness for

effective ecosystem functioning and manage the most unpredictable agro-

ecosystems in terms of productivity, biotic and abiotic environment.
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6.1 Introduction

Arbuscular mycorrhizal (AM) symbiosis is a widely known mutual relationship for

nutrient exchange. Phosphorus (P), potassium (K), and nitrogen (N) are among the

enlisted nutrients transferred in the form of ions by mycorrhiza in exchange of

carbohydrate (Carbon, C) generated during photosynthesis in plants (Smith and

Read 2008; Khan et al. 2015). This nearly omnipresent association is recognized in

> 70% land plants on the earth (Smith and Read 2008). Notwithstanding the

speculation about their evolution, this symbiotic relationship has improved with

times and adapted selves with the local environment. The regional conditions

include chiefly of abiotic stresses such as of nutrient limitation, salt, drought, pH,

and temperature. Among these abiotic stresses, nutrient limitation such as N, P, K

limitation (or their co-limitation) is much pervasive phenomena restricting the

development of plant in varied ecosystems (Johnson et al. 2010) throughout the

terrestrial biosphere and is expected to increase in the future (Elser et al. 2007;

Vitousek et al. 2010; Khan et al. 2015; Wieder et al. 2015). These constraints affect

the basic physiological and stoichiometric requirements in plants in order to

substantiate their net primary productivity (NPP) and biomass (Cleveland et al.

2013). Sprengel-Liebig law of minimum (Liebig 1843; van der Ploeg et al. 1999)

stated that nutrient-limited condition may regulate plant productivity. In congru-

ence with this law, spatio-temporal observation of N or P limitation, or their

co-limitation across the ecosystems has been known to us since decades (Vitousek

and Howarth 1991; Elser et al. 2007; Schmidt et al. 2016). Similarly, K could be

one of the growth limiting factors in specific conditions with acidic soil (Jonsson

et al. 2003; Thomas et al. 2003; Khan et al. 2015). However, how much low

availability of these nutrients are reported, they are never limited in their entirety

in the concerned ecosystems. In fact, the differential terrestrial biological produc-

tivity depends on both the availability and content of the nutrients (not exclusive to

individual nutrient) in a given time and space. The Walker and Syers (1976) model

of ecosystem development postulates the concomitant shift of nutrient limitation

from soil to plants with N early and P late in ecosystem development (Newman and

Hart 2015). The certitude of this shift became apparent by the findings of long-term

substrate age gradient studies (Crews et al. 1995; Wardle et al. 2004; Selmants and

Hart 2008). Therefore, the study of individual nutrient-limitation will limit the

holistic approach of understanding ecosystem functioning. To correctly predict the

ecosystem phenomena pertaining to nutrients, stoichiometric reasoning/relation-

ships were introduced (Sterner and Elser 2002). Ecological stoichiometry accentu-

ates the quantitative relationship of chemical constituents considered under

ecological interactions (Johnson 2010). Mycorrhiza and plant interaction are para-

digm for resource stoichiometric study in the field of ecology. This symbiotic trade

involves multiple nutrients and therefore, more rational approach to study resource

stoichiometric relationship in order to better understand ecosystem functioning

under nutrient limitation. The trade of plant C with mycorrhizae transported soil

organic N, P and K at their limited sites are the pivotal selection pressures for the
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evolution of effective plant-mycorrhizal partnership (Johnson 2010). Notwithstand-

ing the vast amount of studies performed on AM structure and function, there is a

dearth of information in predicting the causality between AM function and nutrient

resource limitation. In view of the above, this chapter emphasizes on how the

effectiveness of plant-mycorrhizal interaction get influenced with the nutrient

limitation.

6.2 AM Symbiosis under P-limited Soil

6.2.1 Plant C vs Soil P-limitation

P in soil is immobile but precipitated (Miransari 2013). Despite its abundance, it is

found as inorganic phosphate (Pi) forming insoluble complexes chiefly with alu-

minum and iron under low pH, and with calcium at high pH environments (Smith

and Smith 2011). It has been estimated that soluble form of Pi is 10–15% of the total

P present in the soil (Johri et al. 2015). Due to this, approx. 30–40% of the global

agricultural land is P limited and therefore, use of fertilizers containing P in form of

Pi is usual (Gilbert 2009). In addition, the other form of P such as organic Pi and

phytates are dependent on pH of the rhizosphere that modulates as the nearby

microbial community changes (Rengel and Marschner 2005; Johri et al. 2015). In

such cases, AM fungi help plant absorb P as an indirect uptake (Parniske 2008).

Now, the question arises that how do fungal mutual relationship respond to soil P

crisis. This usually depends on the amount and availability of P in the soil. With

high P availability, the host plant does not effuse energy (in form of photosynthate)

for symbiotic relationship which leads to the weak mycorrhizal symbiosis. On the

contrary, with low to medium P availability, AM fungi develops efficient symbiotic

relationship with its host plant by colonizing profusely and therefore, enhance P

uptake by plant (Treseder and Allen 2002; Smith and Read 2008; Smith et al. 2011).

Liu et al. (2016) examined the diversity of AM fungi in calcareous field and their

colonization in maize roots with different P fertilizer application (10–40 ppm) over

a 3-year period. They concluded that varied concentration of P fertilization had no

significant influence on AM fungal richness. They also found concentration of P is

inversely proportional to root colonization. In congruence to similar observation,

earlier reports (Olsson et al. 2006; Nouri et al. 2014; Mensah et al. 2015)

documented the infected part of the root length and the corresponding number of

arbuscules decreases with increase in soil P level. These finding suggests that soil P

has strong correlation with AM fungal symbiosis and therefore, a threshold level of

soil P must not exceed to forefend effective mycorrhizal development. However,

the dependency of efficient mycorrhizal symbiosis on soil P availability and content

is not exclusive, but also on plant’s photosynthate. Plant invests C reserve in

mycorrhizae association that replenishes plant from nutrient limiting conditions

(Johnson et al. 2008). This kind of situation abides the optimal foraging theory

6 Arbuscular Mycorrhizal Symbiosis and Nutrient Resource Limitation:. . . 117



(Pyke 1984) which states that plant allocate their biomass to structures that best

transfer the limiting nutrient. Therefore, plant’s photosynthate regulates the devel-
opment of efficient mycorrhizal symbiosis under P-limited soil. This is because

plant C is the most important trading currency (i.e., cost) than P (Johnson et al.

2010). Further rationale is plant need nutrients for its basic physiological processes,

while AM requires plant photosynthate for their growth and life cycle. This draws

all attention towards plant for cautious allocation of its photosynthate (8–20%;

Rydlová et al. 2016) during AM symbiosis. Johnson (2010) and Smith et al. (2009)

illustrated the cost-benefit model wherein the cost of plant C against P uptake

benefit under P-limited soil is warranted for an effective AM symbiosis. Neverthe-

less, C for P trade balance relies on two major factors: (1) Plant competition for

AM-dependent P supply under P-limited condition (Li et al. 2008) and (2) AM

competition for photosynthate (Smith and Read 2008). This is called resource

competition which states that prediction of genotype cohabitation is based on

their resource limitation (Tilman 1982, 1988). The theory applies resource ratios

(stoichiometry) to envisage the conclusions of the competitive interactions.

Although, under P- limited condition, plant genotypes with efficient AM symbiosis

have low R* yet, they have competitive advantage over those with inefficient AM

symbioses (Johnson 2010). Contrary to this, despite the availability of C in soil as

well as plant leaves, the C for P trade between Plant and AM fungi limitative in

nature and hence, weakens the symbiotic relationship between them (Khan et al.

2015). Besides these, under AM colonized and P-limitation, expression of gene

such as miR399 increases in plants and through cascade of signals enhance the

expression of PiTs (phosphate transporter genes) which eventually ensures the

transfer of P flux via AM fungi (Branscheid et al. 2010; Liu et al. 2010; Smith

et al. 2011).

6.3 AM Symbiosis under N-limitation Soil

At the global scale the intensity of plant root colonization by AM fungi strongly

relates to certain environmental drivers like warm-season temperature, frost periods

and soil C:N ratio, and is highest at sites featuring continental climates with mild

summers and a high availability of soil nitrogen (Saia et al. 2014).

Traditionally, it was thought that AM fungi played no role in nitrogen

(N) acquisition for their host, despite early evidence to the contrary (Govindarajulu

et al. 2005; Corrêa et al. 2014; Hodge and Storer 2015). In particular, it was not

clear if AM fungi compete with the host plant for the N coming from the

decomposing organic matter (OM), especially when the AM extraradical mycelium

(ERM) and plant roots share the same soil volume (Saia et al. 2014). Notwithstand-

ing unequivocal evidence that AM fungi can acquire and transfer substantial

amounts of nitrogen (N) to their host plants. Fellbaum et al. (2012), reports were

contradictory regarding the net effects of AM symbioses on plant growth in

N-deficient soil. Some studies showed that AM fungi increase N uptake and
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biomass gain of their plant hosts (Tu et al. 2006) whereas others showed that AM

symbioses have no benefit for ameliorating N limitation (Reynolds et al. 2005).

More recently, this perception has changed radically, with the demonstration that

AMF can acquire N from both inorganic and organic N sources and transfer some of

this N to their host plant (Hodge and Storer 2015).

AM symbiosis under N-limitation soil basically operated according to the

biological market dynamics, in which interaction are viewed from an economic

perspective, and the most beneficial partners in resource exchange are favored

(Walder and van der Heijden 2015). The resource exchange in this type of symbi-

osis is determined by competition for surplus resources, functional diversity and

sink strength (Walder and van der Heijden 2015). Recent studies suggested that

mycorrhizal fungi produce nitrogen-degrading enzymes, allowing them greater

access to organic nitrogen sources than arbuscular mycorrhizal (AM) fungi (Averill

et al. 2014). It has also been suggested that higher N contents in mycorrhizal plants

are just a consequence of an improved supply with P (Reynolds et al. 2005).

Hawkins and George (2001), for example, reported that the hyphal N supply was

not sufficient to sustain an adequate N nutrition of a host plant under N limitation

and found that NH4
+ reduced the hyphal length in the soil, but not the number of

arbuscules, and assumed that high concentrations of NH4
+ could also have a direct

deleterious effect on the ERM. Despite the fungal preference for NH4
+, when NH4

+

was the sole N source for mycorrhizal plants, root and shoot biomass, hyphal length

densities and N transport via the hyphae to the plant were lower than after NO3�

supply (Hawkins and George 2001).

Many ecosystems in which the nitrogen (N) availability in the soil is low and the

supply with N often limits plant growth are dominated by mycorrhizal fungi. These

fungi can take up inorganic N sources very efficiently from soils ( Finlay et al. 1988;

Brandes et al. 1998), but their capability to utilize organic N sources, and to make

these sources available for the host plant, is generally seen as an important factor in

the N nutrition of ECM plant species (Smith and Read 2008). Many ECM fungi can

for example mobilize and utilize amino acids and amides, such as glutamine,

glutamate and alanine, which can represent a significant N pool, particularly in

acid-organic soils (Smith and Read 2008). Some amino acids can be taken up intact,

and can directly be incorporated into assimilation pathways and can thereby also

represent a significant carbon pool for ECM fungi (Bücking et al. 2012). Even in

strongly N-limited boreal forest, a recent study suggested that EMF sustain rather

than alleviate plant N limitation by reducing the fraction of fungal N uptake

transferred to trees as soil N availability declines (Näsholm et al. 2013). Con-

versely, experimental N additions increased the proportion of N transferred to the

trees and the N:C exchange ratio between fungi and trees, implying a greater

symbiotic benefit for the trees at high than at low soil N availability (Näsholm

et al. 2013).

AM fungi was reported to increase both plant growth and N uptake. Moreover,

AM fungi also increases soil N mineralization rates and total plant N uptake,

suggesting that AM fungi have marked effects on competition between plants and

bacteria for the different N sources in soil (Saia et al. 2014). Furthermore, it was
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also suggested that fertilization reduces the hyphal abundance as well as the specie

richness of AM fungi in soil and plant roots (Shi et al. 2014). In low N systems even

small amounts of ‘extra’ N may confer the plant with a competitive advantage, but

it is also likely that competition for N between symbionts occurs (Hodge and Storer

2015). Corrêa et al. (2014) studied that mycorrhizal growth response (MGR) was

dependent on AM nutrient uptake effects, namely on the synergy between N and

Zn, and not on C expenditure. The supply of C to the fungus was dependent on the

plant’s nutrient demand, indicated by high shoot C/N or low N %. Paradoxically,

symbiotic dinitrogen (N2) fixers are abundant in nitrogen (N)-rich, phosphorus (P)-

poor lowland tropical rain forests. N2 fixers have an advantage in acquiring soil P by

producing more N-rich enzymes (phosphatases) that mineralize organic P than

non-N2 fixers. Phosphatase enzymes and AM fungi enhance the capacity of N2

fixers to acquire soil P, thus contributing to their high abundance in tropical forests

(Nasto et al. 2014) (Fig. 6.1).

Fig. 6.1 Transport processes in arbuscular and mycorrhizal interactions. The model shows the

nutrient uptake by the fungal ERM through Pi, NO3
� or NH4

+ transporters (red), N assimilation

into Arg via the anabolic arm of the urea cycle (only in AM fungi shown) and the conversion of Pi

into polyP in the ERM, transport of polyP from the ERM to the IRM, polyP hydrolysis and release

of Arg and Pi in the IRM or HN, Arg breakdown to NH4
+ via the catabolic arm of the urea cycle

(only in AM fungi shown), facilitated Pi, NH4
+ , and potential amino acid (AA, only in ECM

postulated) efflux through the fungal plasma membrane (yellow) into the interfacial apoplast, plant
uptake of nutrients from the mycorrhizal interface through mycorrhiza-inducible Pi or NH4

+

transporters, stimulation in photosynthesis by improved nutrient supply and facilitated efflux of

sucrose through the plant plasma membrane into the interfacial apoplast, sucrose hydrolysis in the

interfacial apoplast via an apoplastic plant invertase, and uptake of hexoses by the mycorrhizal

fungus through fungal monosaccharide transporters. (Adopted from Bücking et al. 2012)
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6.4 AM Symbiosis under N P Co-limitation

Although the plant growth requires more than two dozen elements and the majority

of them can be supplied through AMF symbiosis, the most extensively studied

relation-ships are those involving the carbon (C): nitrogen (N): phosphorus

(P) ratio, because these three elements are tightly interlinked in their biochemical

functioning. Nitrogen (N) and phosphorus (P) availability frequently constrain

biological processes in terrestrial ecosystems (Vitousek and Howarth 1991; Elser

et al. 2007; Vitousek et al. 2010). The contrasting atmospheric- versus rock-derived
source of N and P, respectively, to ecosystems distinguishes their availability over

geologic time and contributes to the differential existence of N or P limitation

across temporal and spatial scales. Walker and Syers (1976) model of ecosystem

development describes high P availability early in soil development from residual

parent materials. Phosphorus availability then declines as P is both eroded from the

soil and converted into biologically unavailable forms. Eventually, the ecosystem

reaches a ‘terminal steady state’ of low P availability that is tightly cycled through

organic forms. Concurrent with these changes, N is incorporated gradually to the

ecosystem via atmospheric deposition and biological N-fixation because N is not

present in most parent materials. These differences result in a theoretical shift in

soil nutrient limitations to plants from N early in ecosystem development towards a

progressive P limitation late in ecosystem development (Walker and Syers 1976;

Vitousek et al. 2010). This pattern of shifting N and P availability has been observed

in a limited number of established long-term substrate age gradients (Crews et al.

1995; Wardle et al. 2004; Selmants and Hart 2008). Biological responses to these

potential nutrient constraints have major implications for the functioning of ecosys-

tems across the landscape and their susceptibility to environmental change. Further,

several studies have concluded that multiple resource limitation probably represents

the usual situation for terrestrial plants (Bloom et al. 1985; Elser et al. 2007).

Arbuscular mycorrhizal symbiosis is stimulated by P limitation and contributes

to P and N acquisition (Smith and Smith 2011). However, the effects of combined N

and P limitation on AM formation are largely unknown (Bonneau et al. 2013). The

highest AM formation was observed in combined P- and N-limited (LPN), linked to

systemic signaling by the plant nutrient status. Plant free phosphate concentrations

were higher in LPN as a result of cross-talk between P and N. Transcriptome

analyses suggest that LPN induces the activation of NADPH oxidases in roots,

concomitant with an altered profile of plant defense genes and a coordinate increase

in the expression of genes involved in the methylerythritol phosphate and

isoprenoid-derived pathways, including strigolactone synthesis genes (Bonneau

et al. 2013).

Although both P and N appear to be important in nutrient transfer during AM

symbiosis, little is known about the interconnections between these two elements.

Pi is transferred through the mycelium as polyphosphate and released in arbuscules

by the action of polyphosphatases (Funamoto et al. 2007). In the extraradical

hyphae, N appears to be transported as arginine (Govindarajulu et al. 2005;
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Tian et al. 2010) which might bind polyphosphate and therefore be coupled to Pi

translocation (Jin et al. 2005). Arginine degradation in the intraradical mycelium

releases ammonium which then can be transferred to the host plant (Govindarajulu

et al. 2005; Tian et al. 2010).

P- and N-starved plants share common features linked to nutrient deprivation,

such as reduced shoot development, and accumulation of starch and anthocyanin.

Recently, however, an antagonistic cross-talk between nitrate and Pi concentrations

was demonstrated in Arabidopsis, where N-limited plants accumulated more Pi in

shoots (Kant et al. 2011) and the Arabidopsis NITROGEN LIMITATION ADAP-

TATION (NLA) gene appears to play an important role in this nitrate-dependent

control of Pi homeostasis (Kant et al. 2011) (Fig. 6.2).

Among the mechanisms that could account for the regulation of AM formation,

strigolactones, carotenoid-derived signals released by plant roots, were reported to

stimulate fungal branching and enhance root colonization in the early stages of

symbiosis (Akiyama et al. 2005; Gomez-Roldan et al. 2008). However, as exoge-

nous strigolactones failed to restore root colonization under high-P conditions,

other signals remain to be discovered that may contribute to the control of AM

formation (Balzergue et al. 2011; Foo et al. 2013). Strigolactones were reported to

be produced in response to either P or N deficiency depending on the plant family

(Xie et al. 2010). In non-legumes, strigolactone concentrations increased under

nitrate deficiency (Yoneyama et al. 2012). It has been speculated that this mecha-

nism would enhance mycorrhizal symbiosis as a contributor of N. However, to date

Fig. 6.2 NMDS plot of AMF community composition across control and fertilization (N, P and

NP) treatments. (Adopted from Xiang et al. 2016)
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no study has described the impact of combined N and P deficiency on strigolactone

synthesis (Bonneau et al. 2013). Also, to date, little attention has been paid to the

influence of combined P and N limitation on the establishment and functioning of

the symbiosis, and whether the largely unknown mechanisms linking P and N status

play pivotal roles in AM formation remains to be elucidated (Table 6.1).

6.5 AM Symbiosis under P K Co-limitation

The functioning of agro-ecosystems is constrained by the harsh environmental

conditions, such as low temperatures, acidic soil, and low nutrient supply. P and

K limitation are the dominant forms of nutrient limitation in unmanaged terrestrial

ecosystems, and are the main controllers of plant growth in the absence of the other

growth limiting factors, e.g., light, temperature, diseases and toxicity (Güsewell and
Koerselman 2002). In a more recent study on the assessment of elemental stoichi-

ometry and predominant resource limitations influencing the symbioses of four

Capsicum genotypes grown on acidic soil at high altitude in Arunachal Pradesh,

India the strong evidences of predominant influence of the K-limitation, in addition

to P-limitation, on AM symbiosis were observed. These findings necessitated that

potassium limitation should also be considered in addition to C, N, and P in further

studies investigating the stoichiometric relationships with the AMF symbioses in

high altitude agro-ecosystems (Khan et al. 2015). The role of mycorrhizal associ-

ations on plant K+ nutrition has been debated for decades. Although some studies

described an improvement of K+ acquisition in plants colonized by mycorrhizal

fungi (Fig. 6.3), others presented apparently contradictory results (reviewed in

Garcia and Zimmermann, 2014). The transport of nutrients from the external

medium to the host plant through mycorrhizal structures has been investigated

using radioactive isotopes (Smith et al. 2011). Because K+ isotopes are not stable

enough to track K+ movement from the soil to the mycorrhizal plants, some studies

have used rubidium as an analog tracer (Hawkes and Casper 2002).

Table 6.1 Effect of AM fungus colonization on the amount of rhizosphere carboxylates [malate,

citrate, lactate, fumarate and oxalate (μmol g�1 root DW)] of tobacco plants grown under

P-sufficient (Sufficient P, 0.25 mM) or P-limiting conditions (Low P, 0.025 mM)

Sufficient P Low P

NM AM NM AM

Malate 47 � 4.2a 24 � 1.6bc 34 � 3.2ab 14.5 � 5.7c

Citrate 14 � 1.3b 3.6 � 0.4c 36 � 2.9a 9.9 � 4.3bc

Lactate 4.7 � 1.4 7.9 � 1.4 16.8 � 5.8 13.8 � 6.5

Fumarate 0.62 � 0.09a 0.54 � 0.02a 0.13 � 0.09b 0.15 � 0.05b

Oxalate 0.71 � 0.04 0.62 � 0.06 1.08 � 0.07 2.6 � 1.9

Adopted from Del-Saz et al. (2017)
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The influence of AM symbiosis on plant mineral nutrition continues to represent

a major area of research (Smith and Read 2008) as the outcome is crucial in

controlling plant fitness and productivity whilst being relatively easily quantifiable

through traditional plant tissue nutrient analysis techniques. Enhanced K assimila-

tion that has been demonstrated in some studies is often linked with low pH. AM

fungi appear to positively contribute to plant K nutrition only under acidic condi-

tions (Clark and Zeto 2000). Under P limiting conditions, plant growth is critically

dependent on the AM symbiosis in facilitating more efficient P assimilation (Pear-

son and Jakobsen 1993).

Veresoglou et al. (2011) studied AM species-mediated differences in

P. lanceolate P and K status manifested in the type of nutrient limitation experi-

enced by the plant host (Fig. 6.4). Large number of studies unequivocally showed

that the presence of AMF increases the uptake of K along with the other elements in

plants (Cimen et al. 2010). Porras-Soriano et al. (2009) reported that the inoculation

of olive plants with AMF increased the plant growth and the plants’ abilities to

acquire P, and K from non-saline as well as saline media.

6.6 Conclusion

It has been established that the potential of mycorrhizae for agricultural productiv-

ity and effective ecosystem functioning is high. Notwithstanding much empirical

work has been done on mycorrhizae symbiosis, there is still dire need for obvious

understanding of mycorrhizal fungal contributions under limited availability of

nutrients especially N and K. To make an effective mycorrhizal symbiosis under

nutrient limited conditions, it is imperative to study the causality between native

mycorrhizae, plant genotype, and soil properties particularly of nutrients. However,

under field conditions plants not only depend on mycorrhizal inoculation, but also

Fig. 6.3 The impact of AM symbiosis on plant fitness under potassium deprivation. Potassium (a)

and sodium (b) content were determined by ICP–OES analysis in shoots of AM and NM plants

under +K and �K conditions. (Adapted from Garcia et al. 2017)
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on N, P and K supply which has found to be different in varied space and time. This

is the rationale why it is pertinent to draw mechanistic causality between arbuscular

mycorrhizal symbiosis and nutrient resource limitation. This information may be

used to strategize better designing of agricultural and ecosystem management

systems. This requires inter-disciplinary approach such as ecosystem modelers,

community ecologists and mycorrhizal physiologists, among others to accomplish

the task. In addition, to manage indigenous mycorrhizae under long-term field

conditions, the effect of soil and nutrient management will be important. Further-

more, promotion of growth of plants in soil, because of mycorrhizal inoculation,

may necessarily be associated with characteristics such as N-P-K-uptake, which are

manifest under laboratory as well as field conditions and their partnership will

prove to be sound.

References

Akiyama K, Matsuzaki K, Hayashi H (2005) Plant sesquiterpenes induce hyphal branching in

arbuscular mycorrhizal fungi. Nature 435:824–827. https://doi.org/10.1038/nature03608

Averill C, Turner BL, Finzi AC (2014) Mycorrhiza-mediated competition between plants and

decomposers drives soil carbon storage. Nature 505:543–545. https://doi.org/10.1038/

nature12901

Fig. 6.4 The impact of AM symbiosis and potassium deprivation on the production of reactive

oxygen species (ROS) in M. truncatula. ROS fluorescence images are shown in AM and NM

plants at high (+K) or low (�K) K+ levels. Green pseudocolor indicates ROS production.

Bar ¼ 250 μm. (Adopted from Garcia et al. 2017)

6 Arbuscular Mycorrhizal Symbiosis and Nutrient Resource Limitation:. . . 125

https://doi.org/10.1038/nature03608
https://doi.org/10.1038/nature12901
https://doi.org/10.1038/nature12901
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Carbó M (2017) Arbuscular mycorrhizal fungus colonization in Nicotiana tabacum decreases

the rate of both carboxylate exudation and root respiration and increases plant growth under

phosphorus limitation. Plant Soil 416:1–10. https://doi.org/10.1007/s11104-017-3188-y

Elser JJ, Bracken ME, Cleland EE, Gruner DS, Harpole WS, Hillebrand H, Ngai JT, Seabloom

EW, Shurin JB, Smith JE (2007) Global analysis of nitrogen and phosphorus limitation of

primary producers in freshwater, marine and terrestrial ecosystems. Ecol Lett 10:1135–1142.

https://doi.org/10.1111/j.1461-0248.2007.01113

Fellbaum CR, Gachomo EW, Beesetty Y, Choudhari S, Strahan GD, Pfeffer PE, Kiers ET,

Bücking H (2012) Carbon availability triggers fungal nitrogen uptake and transport in

arbuscular mycorrhizal symbiosis. Proc Natl Acad Sci USA 109:2666–2671. https://doi.org/

10.1073/pnas.1118650109

Finlay RD, Ek H, Odham G, S€oderstr€om B (1988) Mycelial uptake, translocation and assimilation

of nitrogen from 15N-labelled ammonium by Pinus sylvestris plants infected with four different
ectomycorrhizal fungi. New Phytol 110:59–66. https://doi.org/10.1111/j.1469-8137.1988.

tb00237

Foo E, Yoneyama K, Hugill CJ, Quittenden LJ, Reid JB (2013) Strigolactones and the regulation

of pea symbioses in response to nitrate and phosphate deficiency. Mol Plant 6:76–87.

https://doi.org/10.1093/mp/sss115

Funamoto R, Saito K, Oyaizu H, Saito M, Aono T (2007) Simultaneous in situ detection of

alkaline phosphatase activity and polyphosphate in arbuscules within arbuscular mycorrhizal

roots. Funct Plant Biol 34:803–810. https://doi.org/10.1071/FP06326

126 M.H. Khan et al.

https://doi.org/10.1093/jxb/erq335
https://doi.org/10.1146/annurev.es.16.110185.002051
https://doi.org/10.1111/nph.12234
https://doi.org/10.1111/nph.12234
https://doi.org/10.1046/j.1469-8137.1998.00313
https://doi.org/10.1094/MPMI-23-7-0915
https://doi.org/10.5772/52570
https://doi.org/10.1080/01904160009382068
https://doi.org/10.1073/pnas.1302768110
https://doi.org/10.1016/j.plantsci.2014.01.009
https://doi.org/10.2307/1938144
https://doi.org/10.1007/s11104-017-3188-y
https://doi.org/10.1111/j.1461-0248.2007.01113
https://doi.org/10.1073/pnas.1118650109
https://doi.org/10.1073/pnas.1118650109
https://doi.org/10.1111/j.1469-8137.1988.tb00237
https://doi.org/10.1111/j.1469-8137.1988.tb00237
https://doi.org/10.1093/mp/sss115
https://doi.org/10.1071/FP06326


Garcia K, Zimmermann SD (2014) The role of mycorrhizal associations in plant potassium

nutrition. Front Plant Sci 5:337. https://doi.org/10.3389/fpls.2014.00337

Garcia K, Chasman D, Roy S, Ane J-M (2017) Physiological responses and gene co-expression

network of mycorrhizal roots under Kþ deprivation. Plant Physiol. https://doi.org/10.1104/pp.

16.01959

Gilbert N (2009) The disappearing nutrient (news feature). Nature 461:716–718. https://doi.org/

10.1038/461716a

Gomez-Roldan V, Fermas S, Brewer PB, Puech-Pagès V, Dun EA, Pillot J-P, Letisse F,

Matusova R, Danoun S, Portais J-C, Bouwmeeste H, Bécard G, Beveridge CA, Rameau C,
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Chapter 7

Arbuscular Mycorrhiza Mediated Control

of Plant Pathogens

Ishwar Singh and Bhoopander Giri

Abstract The application of pesticides in agriculture significantly reduces crop

losses by protecting the plant from several diseases, caused by a variety of attackers

including fungi, bacteria, plant-parasite nematodes and insects. However, excessive

use of these agrochemicals has become a serious cause of concern in agriculture as

these not only pose a potential risk to beneficial soil microbes, which play a pivotal

role in maintaining the soil-fertility but also, result in serious implications to

human health and environment. Researchers are exploring environment-friendly

approaches of plant protection that could minimize the side effects associated with

the use of pesticides. The biocontrol is a process by which an undesirable organism

is controlled with the help of another organism. Among soil microorganisms,

arbuscular mycorrhizal fungi (AMF) have demonstrated a considerable potential

to reduce crop damages from infectious organisms, whose applications in agricul-

ture have not yet been adopted to a large extent. In view of the importance of AMF

in agriculture, we have described the bioprotective role of AMF against various

plant pathogens and the possible mechanisms involved in the biological control of

crop diseases.

7.1 Introduction

The world’s population is growing rapidly and has been predicted to exceed to even
nine billion by the middle of this century (Rodriguez and Sanders 2015). Estima-

tions indicate that the challenge to meet the ever-increasing demands of humankind

will put a tremendous pressure on the global agriculture for almost doubling the

food production. Unrestricted use of chemical pesticides and fertilizers for control-

ling plant pathogens and increasing food production has brought the world to the

brink of an environmental catastrophe. According to the EU directive, in order to
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safeguard the human being and environmental health, and for the sustainable

agriculture, it is of paramount importance to decrease the dependence of agrarian

population on the use of agrochemicals for preventing the attack of harmful

organisms and increasing crop production (EU Directive 2009/128/EC) (Berruti

et al. 2016). Therefore, meeting the goal of forecasted agriculture production, it is

imperative to implement alternative eco-friendly technologies, such as biocontrol

agents, which is based on the sustainable utilization of natural resources. However,

regardless of their massive potential, the use of these organisms has not been fully

adopted by the farmers so far.

Amongst various biocontrol agents, arbuscular mycorrhizal fungi (AMF) appear

to be most promising due to their well-established capability of increasing crop

production by helping plants in combating various biotic and abiotic stresses. AMF

belonging to the phylum Glomeromycota, develop mutual beneficial relationships

with over 90% of terrestrial plants including agricultural and horticultural crops

(Schüßler et al. 2001; Smith and Read 2008; Prasad et al. 2017). AM symbiotic

association is believed to develop approximately 460 million years ago and perhaps

played a major role in establishing the plants on land. In the plant root cortex, the

fungal partner of this intimate association develops highly branched treelike struc-

tures termed as arbuscules (from Latin “arbusculum”, meaning bush or little tree),

which are the functional sites of nutrient exchange, and balloon-like structures

termed as vesicles, which are the storage organ of reserve food (Balestrini et al.

2015). AMF form two types of mycelium system, the intraradical and the

extraradical in the plant root and soil, respectively. The extraradical hyphae emerge

out from the root system and acquire nutrients from the soil (Miller et al. 1995).

AMF extraradical hyphae explore a large volume of soil by extending several

meters (extend beyond 100 m) away from the host plant’s roots; however, plant
root hairs could extend one to 2 mm into the soil. The extensive extraradical

mycelium formed by AMF connects many plant’s roots to the hyphal network of

the fungi (Miller et al. 1995). Further, the fungal hyphae being much thinner than

plant roots penetrate the smaller pores more efficiently (Allen 2011). Mycorrhizal

fungi have been found to be one of the most abundant organisms of the rhizosphere

and play a vital role in the terrestrial ecosystems as several plant species depend on

them for the acquisition of mineral nutrients from the soil (Remy et al. 1994). They

establish a physical link between plants and soil, provide the host plant with mineral

nutrients and improve plant growth and productivity. In exchange, the heterotrophic

AMF receive photosynthate from the host plant for the fungal growth, survival, and

reproduction (asexual) (Smith and Read 1997, 2008; Goltapeh et al. 2008). Indeed,

AMF protect their host from abiotic and biotic stresses (Evelin et al. 2009; Auge

et al. 2014; Cameron et al. 2013; Schouteden et al. 2015; Nath et al. 2016), therefore

becoming a growing choice as a biofertilizer and bioprotectant (Ijdo et al. 2011;

Berruti et al. 2016).

Many studies have shown that AMF improve plant’s resistance that conse-

quently reduce incidence as well as severity of plant diseases caused by a wide

range of attackers including viruses, bacteria, nematodes and fungi. Although well-

defined direct mechanisms are still unclear, several indirect mechanisms have been
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proposed by a number of researchers for increasing bioprotective ability of mycor-

rhizal plants. In the past decades, studied carried out to understand AMF-plant

interactions in response to pathogen attack have proposed different mechanisms

responsible for the increased tolerance to biotic stress in mycorrhizal plants (Cam-

eron et al. 2013; Schouteden et al. 2015). The involvement of mycorrhizal fungi in

the increased nutrient supply and altered rhizosphere microbial population, plant

photosynthetic capacity, anatomy and architecture of the root system, root hydrau-

lic conductivity, water use efficiency and antioxidants production seem to play a

critical role in the AMF-mediated alleviation of biotic stresses. In this chapter, we

have attempted to discuss the protective role of AMF towards different detrimental

organisms belonging to fungi, bacteria, viruses and nematodes along with the

possible mechanisms that may be employed in mycorrhizal plants with particular

emphasis on the activation of defense mechanisms.

7.2 AMF Protection Against Plant Pathogens

Ample literature pertaining to the bioprotective role of AMF against various plant

pathogens is available that has been reviewed time to time by various workers

(Azcon-Aguilar and Barea 1996; Borowicz 2001; Akhtar and Siddiqui 2008;

Veresoglou and Rillig 2012; Bagyaraj 2014; Pereira et al. 2016). Borowicz

(2001) conducted a meta-analysis of data related to interactions between AM

symbiosis and plant pathogens published between 1970 and early 1998, so that a

general pattern, if possible, might be established. This analysis suggested the

negative effect of AMF on the growth of pathogens and the nature of interaction

between the two was influenced by the identity of the pathogen. AMF reduced

pathogen growth in 50% of studies included in meta-analysis. AMF tended to

decrease the harmful effects of fungal pathogens but to exacerbate the harmful

effects of nematodes. Wherever, there was a negative effect on the growth of

nematodes, the outcome depended upon mode of feeding of the nematode. AMF

harmed sedentary endoparasitic nematodes but improved growth of migratory

endoparasitic nematodes. In 16% of the total experiments included, both AMF

and pathogens suffered reduced growth suggesting reciprocal suppression. Recip-

rocal suppression was more prominent when the pathogen was a fungus indicating

that fungal pathogens in comparison to nematodes were more likely to compete

with AMF. Another similar meta-analysis that included the wider data of period

between 1978 and 2011 also provided unprecedentedly strong evidence of the

ability of AMF to suppress plant pathogens. Additionally, the magnitude of the

AM-induced decline in disease severity/nematode suppression ranged from 30 to

42% and 44–57% for fungal and nematode pathogens respectively, irrespective of

pathogens’ identity or lifestyle suggesting that through AMF, plants possibly

receive similar protection from all pathogens rendering AM formulations a poten-

tially broadly effective biocontrol agent. Although there were no differences in

AMF effectiveness with respect to the identity of the plant pathogen, the identity of
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the AMF isolate had a dramatic effect on the level of pathogen protection. AMF

efficiency differences with respect to nematode pathogens were mainly limited to

the number of AM isolates present; by contrast, modification of the ability to

suppress fungal pathogens could occur even through changing the identity of the

Glomeraceae isolate applied. N-fixing plants received more protection from fungal

pathogens than non-N-fixing dicotyledons; this was attributed to the more intense

AMF colonization in N-fixing plants (Veresoglou and Rillig 2012). Considering the

bioprotective potential of AMF against pathogens variable results have been

reported and the effectiveness of AMF varies with the identity of pathogen and

host, and different abiotic factors. The effect of AMF has been studied against

various biotic disease causing agents including fungi, bacteria, viruses and nema-

todes. Since, AMF colonize the roots of higher plants therefore assuming the

localized bioprotection most of the studies undertaken are related to soil-borne

pathogens and relatively few studies have been conducted on shoot affecting

pathogens. On the basis of published reports, it seems that AMF reduce the

incidence of disease occurrence in underground parts of plants but enhance the

severity of disease in above ground parts in case of certain pathogens (Dehne 1982).

AMF species from the family Glomeraceae are more effective at reducing pathogen

abundance in contrast to species belonging to family Gigasporaceae (Maherali and

Klironomos 2007; Sikes 2010). Further, for promotion and inhibition of plant

growth and growth of pathogens, respectively, AMF are known to act synergisti-

cally with other microorganisms dwelling in the rhizosphere, which are often

termed as plant growth-promoting microorganisms (PGPMs). Amongst PGPMs,

plant growth-promoting rhizobacteria (PGPR) such as species belonging to genera,

Pseudomonas, Paenibacillus, Rhizobium, Stenotrophomonas, Arthrobacter and

Bacillus and fungi like Trichoderma sp., Gliocladium sp. and Aspergillus niger
have been reported to help AMF in reducing the disease severity (Lioussanne 2010;

Bharadwaj et al. 2012; Singh et al. 2013; Singh 2015; Prasad et al. 2017; Naglaa

et al. 2016; Pereira et al. 2016; Sharma and Sharma 2016). On the basis of

information available about mycorrhizal interactions with different pathogens,

some of the general conclusions that can be drawn are: (1) AMF either alone or

in combination with other microorganisms can reduce damage caused by different

pathogens, soil-borne plant pathogens in particular, (2) the abilities of the AM

symbioses to enhance resistance or tolerance in roots vary among different AMF

tested, (3) the effectiveness of the protection varies from pathogen to pathogen, and

(4) protection is influenced by soil and other environmental conditions (Pozo and

Azcon-Aguilar 2007). Thus, it can be expected that these interactions will vary with

the host plant and the culture system.

7.2.1 Protection Against Fungal Pathogens

The interactions between AMF and fungal plant pathogens have been studied

most extensively and majority of these are related to fungal root pathogens
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(Whipps 2004). Consistent positive findings related to mycorrhizal plants and their

root pathogens have been reported corroborating bioprotective effect of AMF

against such pathogens; however, this consistency is missing against shoot patho-

gens and a lot of variability has been observed that varies with plant and pathogen

involved (Ronsheim 2016). The majority of fungal pathogens that have been

studied in relation to AMF belong to genera, Alternaria, Aphanomyces, Botrytis,
Colletotrichum, Cylindrocladium, Erysiphe, Fusarium, Gaeumannomyces,
Macrophomina, Oidium, Phytophthora, Pythium, Rhizoctonia, Sclerotium and

Verticillium (Table 7.1).

7.2.2 Protection Against Bacterial Pathogens

There are relatively very few studies where biocontrol effect of AMF has been

reported against various bacterial pathogens and majority of these suggest protec-

tive role of AMF (Table 7.2). AMF identity appeared to be playing an important

role in providing bioprotection against foliar pathogen, Pseudomonas syringae pv.
glycinia on soybean. Amongst AMF, Entrophospora infrequens, Funneliformis
mosseae, Claroideoglomus claroideum, and Racocetra fulgida, only E. infrequens
reduced the colonization of pathogen in host plant (Malik et al. 2016).

7.2.3 Protection Against Viral Pathogens

The impact of the AM symbiosis on infections caused by various viral pathogens is

still largely uncertain and majority of studies conducted so far indicate negative

impact where mycorrhizal colonization increases both multiplication of viruses and

severity of the diseases (Dehne 1982; Miozzi et al. 2011), and AMF mediated

protection against viral pathogens appeared to be a rare phenomenon (Maffei et al.

2014) (Table 7.3). Yellow mosaic virus infection in mycorrhizal mungbean had

adverse effect on mycorrhizal colonization and reduced spore formation by AMF

(Jayaram and Kumar 1995). Focusing on the disease symptoms, some of the viruses

such as Tobacco mosaic virus (Jabaji-Hare and Stobbs 1984; Shaul et al. 1999),

Potato virus Y (Sipahioglu et al. 2009), Citrus tristeza virus and Citrus leaf rurgose

virus (Nemec and Myhre 1984), and Tomato spotted wilt virus (Miozzi et al. 2011)

(TSWV) have been demonstrated to enhanced disease severity in the presence of

mycorrhizal fungi (Table 7.3).

7.2.4 Protection Against Parasitic Nematodes

Nematodes are a diversified group of both free-living nematodes and parasitic

nematodes of plants as well as animals that occur world over in various habitats.
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Table 7.1 Effect of AMF on different pathogenic fungi in plants

Plant Pathogenic

fungus AM Fungi Host-plant Effecta References

Alternaria
triticina

Glomus mosseae Wheat + Siddiqui and Singh (2005)

A. solani Glomus intraradices Tomato + Fritz et al. (2006)

Aphanomyces
euteiches

G. intraradices Pea + Bodker et al. (1998)

Botrytis cinerea G. mosseae Tomato + Fiorilli et al. (2011)

Colletotrichum
gloeosporioides

G. mosseae Strawberry + Li et al. (2010)

Cylindrocladium
spathiphylli

Glomus proliferum,
G. intraradices,
Glomus versiforme

Banana + Declerck et al. (2002)

Erysiphe graminis Unknown AMF Barley � Gernns et al. (2001)

Fusarium
oxysporum

Glomus sp.,
G. intraradices

Yellow

foxtail,

flax

+ Sikes (2010), Dugassa

et al. (1996)

F. udum Gigaspora marga-
rita, G. mosseae

Pigeonpea + Siddiqui and Mahmood

(1996)

Gaeumannomyces
graminis

G. mosseae Barley +/� Castellanos-Morales et al.

(2011)

Macrophomina
phaseolina

Glomus
fasciculatum,
Glomus constrictum,
Glomus etunicatum,
G. intraradices,
G. mosseae,
G. margarita,
Acaulospora
sp., Sclerocystis sp.

Chickpea + Siddiqui and Akhtar

(2006), Shakoor et al.

(2015)

Oidium lini G. intraradices Flax � Dugassa et al. (1996)

Phytophthora
capsici

G. mosseae Pepper + Ozgonen and Erkilic

(2007), Pereira et al.

(2016)

P. parasitica Glomus fasciculatus,
G. mosseae

Tomato,

citrus

+ Pozo et al. (2002), Davis

and Menge (1980)

P. fragariae G. etunicatum, Glo-
mus monosporum

Strawberry + Norman and Hooker

(2000)

P. nicotianae G. intraradices Tomato + Lioussanne et al. (2008)

P. sojae G. intraradices Soybean + Yuanjing et al. (2013)

Pythium ultimum G. etunicatum Cucumber + Rosendahl and Rosendahl

(1990)

Rhizoctonia solani G. etunicatum,
G. intraradices,
G. mosseae

Potato,

tomato

+ Yao et al. (2002), Kareem

and Hassan (2014)

(continued)
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The plant-parasitic nematodes (PPN) are mostly root pests of a wide range of

important agricultural crops and on the basis of feeding strategy, have been

classified into different groups viz., ectoparasites, endoparasites, migratory endo-

parasites, and sedentary parasites (Perry and Moens 2011). Ectoparasitic nematode

such as Xiphinema index remains in the rhizosphere during feeding and acquire

food from the epidermal or outer cortical cells of the roots with the help of the

stylet. Endoparasitic nematodes, in contrast, completely enter the root during

feeding. Migratory endoparasitic nematodes (e.g., Radopholus spp. and

Pratylenchus spp.) during feeding inside root migrate inter or intracellularly thus,

causing damage to the plant along their migration path (Jones et al. 2013). Seden-

tary endoparasitic nematodes such as cyst and root-knot nematodes are considered

to be the most damaging pests of agricultural crops worldwide (Jones et al. 2013;

Bartlem et al. 2014) which become sedentary with the onset of feeding in the

vascular cylinder (Gheysen and Mitchum 2011). This last group includes various

Table 7.1 (continued)

Plant Pathogenic

fungus AM Fungi Host-plant Effecta References

Sclerotium
cepivorum

Glomus sp. Onion + Torres-Barragan et al.
(1996)

Sclerotium rolfsii G. fasciculatum Groundnut + Doley and Jite (2013)

Verticillium
dahliae

G. mosseae,
G. vesiformae,
Scutellospora
sinuosa

Cotton + Liu (1995)

a+ means reduction in disease severity or reduced growth of the pathogen and � means enhanced

disease severity or growth of the pathogen

Table 7.2 Effect of AMF against pathogenic bacteria in plants

Plant Pathogenic

bacterium AMF Host-plant Effecta References

Pseudomonas syringae
pv. glycinia

Entrophospora
infrequens

Soybean + Malik et al. (2016)

Ralstonia solanaceraum G. mosseae,
G. vesiforme,
Scutellospora sp.,
G. margarita

Tomato + Zhu and Yao (2004),

Tahat et al. (2012)

Xanthomonas
campestris pv. alfalfae

G. intraradices Medicago + Liu et al. (2007)

Aster yellows

phytoplasma

G. mosseae Periwinkle � Kamińska et al. (2010)

Stolbur phytoplasma G. mosseae Tomato + Lingua et al. (2002)

Pear-decline

phytoplasma

G. intraradices Pear + Garcı́a-Chapa et al.

(2004)
a+ means reduction in disease severity or reduced growth of the pathogen and � means enhanced

disease severity or growth of the pathogen
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species of genus Meloidogyne such as M. incognita and M. javanica which, are

notorious for severe damages in tobacco, tomato, sunflower and pepper (Wesemael

et al. 2011). The direct damage caused by PPN can be aggravated by secondary

infections of the wounded plant tissues by other pathogens, moreover, some PPN,

like the migratory ectoparasitic Xiphinema spp. can transmit plant viruses (Hao

et al. 2012). Losses in crops yields caused by PPN are expected to rise due to

climate change and cropping systems intensification (Nicol et al. 2011). Consider-

ing the limitations of currently used nematicides there is a need for alternative

nematode management strategies; the use of AMF has been proposed as one of the

environment-friendly strategies to manage PPN. PPN suppressive ability of AMF is

well reported and has been previously reviewed (Pinochet et al. 1996; Hol and Cook

2005). In vitro, greenhouse as well as field experiments have indicated protective

efficacy of AMF against PPN in crop plants like banana, coffee and tomato (Vos

et al. 2013; Alban et al. 2013; Koffi et al. 2013). The bioprotective potential of AMF

has been tested in different crop plants with highly variable results against various

root-feeding nematodes belonging mainly to the genera Heterodera, Meloidogyne,
Nacobbus, Pratylenchus, Radopholus, Rotylenchulus, Tylenchulus and Xiphinema
(Table 7.4).

7.3 Mechanisms of Mycorrhiza-Mediated Disease Control

Mycorrhizal symbiosis largely influences plant growth and development, and also

plays a pivotal role in the biocontrol of plant diseases directly or indirectly (Singh

et al. 2000; Azcon-Aguilar et al. 2002; Whipps 2004; Xavier and Boyetchko 2004;

Table 7.3 Effect of AMF against plant viruses

Plant virus AMF Host-plant Effecta References

Citrus tristeza virus G. etunicatum Sour

orange

� Nemec and Myhre (1984)

Citrus leaf rurgose

virus

G. etunicatum Duncan

grapefruit

� Nemec and Myhre (1984)

Potato virus Y G. intraradices Potato � Sipahioglu et al. (2009)

Tobacco mosaic virus Glomus sp.,
G. intraradices

Tomato,

tobacco

� Jabaji-Hare and Stobbs

(1984), Shaul et al. (1999)

Tomato yellow leaf

curl Sardinia virus

Funneliformis
mosseae

Tomato + Maffei et al. (2014)

Tomato spotted wilt

virus

F. mosseae Tomato � Miozzi et al. (2011)

Yellow mosaic virus Gigaspora
gilmorei,
Acaulospora
marrowae

Mungbean � Jayaram and Kumar (1995)

a+ means reduction in disease severity or reduced growth of the pathogen and � means enhanced

disease severity or growth of the pathogen
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Table 7.4 Effect of AMF against different plant-parasitic nematodes

Plant parasitic

nematode AMF Host-plant Effecta References

Heterodera
cajani

Glomus epigaeus,
G. fasciculatum,
G. margarita

Cowpea,

Pigeon pea

+ Jain and Sethi (1988), Siddiqui

and Mahmood (1996)

H. glycines Mixed AMF Soybean + Tylka et al. (1991)

Meloidogyne
arenaria

G. etunicatum,
G. margarita,
G. fasciculatum

Peanut,

grapevine

� Carling et al.(1996), Atilano
et al. (1981)

M. hapla G. etunicatum Pyrethrum + Waceke et al. (2001)

G. fasciculatum Onion �/No

effect

Kotcon et al. (1985),

MacGuidwin et al. (1985)

G. intraradices Tomato + Masadeh et al. (2004)

M. incognita Acaulospora
laevis

Tomato + Labeena et al. (2002)

G. margarita Black pep-

per, tomato

+ Anandaraj et al. (1990),

Labeena et al. (2002)

Glomus
aggregatum

Mint + Pandey (2005)

G. mosseae Tomato,

brinjal, okra,

black gram

+ Rao et al. (1998), Sharma and

Mishra (2003), Vos et al.

(2013), Sankaranarayanan and

Sundarababu (2010)

G. fasciculatum Tomato,

brinjal, gin-

ger, black

gram

+ Sankaranarayanan and

Sundarababu (1997), Borah and

Phukan (2003), Nehra (2004),

Kantharaju et al. (2005)

Glomus
coronatum

Tomato + Diedhiou et al. (2003)

Glomus
deserticola

Tomato + Rao et al. (1997)

Glomus
macrocarpum

Tomato + Labeena et al. (2002)

G. etunicatum Peach No

effect

Strobel et al. (1982)

Sclerocystis
dussi

Tomato No

effect

Labeena et al. (2002)

G. intraradices Cotton,

chickpea

+ Siddiqui and Akhtar (2006)

M. javanica G. mosseae,
G. macrocarpum,
Glomus
caledonicum

Banana + Elsen et al. (2002)

G. intraradices Banana No

effect

Pinochet et al. (1997)

Glomus
manihotis,
G. margarita,
G. gigantea

Chickpea + Diederichs (1987)

(continued)
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St-Arnaud and Vujanovic 2007). In addition to improved plant nutrition, several

other mechanisms such as damage compensation, direct competition for coloniza-

tion sites or photosynthate, alteration in the root morphology, changes in rhizo-

sphere microbial populations, biochemical changes associated with plant defense

mechanisms and the activation of plant defense mechanisms have also been found

to be involved in AMF-induced biocontrol of plant pathogens (Whipps 2004; Jung

et al. 2012) (Fig. 7.1).

7.3.1 Improved Nutrient Status

Although the soluble nutrients such as N and K can be accessed by nonmycorrhizal

plants, the less soluble or immobile nutrients like P are more difficult to be attained

by plants. This problem further exaggerates under nutrient deficient conditions.

Indeed, the extensive thread-like extraradical hyphae of AMF act as an extension of

the plant’s root system, extend several meters beyond the depletion zone, explore

more soil volume and acquire both macro-and micro nutrients, therefore, improve

nutrient status of their host plant. The nutritional aspect of plant-AMF interaction

has been studied extensively from both physiological and molecular perspectives

indicating that AMF considerably improve the acquisition of less soluble or immo-

bile nutrients, mainly under stress conditions (Smith and Smith 2011). Neverthe-

less, mycorrhizal plants showed better survival and growth and increased resistance

Table 7.4 (continued)

Plant parasitic

nematode AMF Host-plant Effecta References

Nacobbus
aberrans

G. intraradices Tomato + Marro et al. (2014)

Pratylenchus
brachyurus

G. margarita Cotton No

effect

Hussey and Roncadori (1978)

P. coffeae G. intraradices Banana + Elsen et al. (2008)

Radopholus
citrophilus

G. intraradices Citrus + Smith and Kaplan (1988)

R. similis G. intraradices Banana No

effect/

+

O’Bannon and Nemec (1979),

Elsen et al. (2008)

Rotylenchulus
reniformis

G. fasciculatum Tomato + Sitaramaiah and Sikora (1982)

Tylenchulus
semipenetrans

G. mosseae Citrus + O’Bannon et al. (1979)

Xiphinema
index

G. intraradices Grapevine + Hao et al. (2012)

a+ means reduction in disease severity or reduced growth of the pathogen and � means enhanced

disease severity or growth of the pathogen
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or tolerance to plant pathogens than that of the non-AMF plants, which could be

ascribed to the increased nutrient status of mycorrhizal plants. However, it remains

ambiguous whether the increased resistance against plant pathogens was a direct

consequence of improved nutrient acquisition by mycorrhizal plants (Davis 1980;

Declerck et al. 2002). Till the date, several reviews have been published advocat-

ing improved nutrients supply as one of the main mechanisms of AMF to control

plant diseases (Azcon-Aguilar and Barea 1996; Xavier and Boyetchko 2004;

Wehner et al. 2010; Schouteden et al. 2015), especially root-borne diseases

(Bodker et al. 1998). On the other hand, there are a number of contradictory

reports (Hooker et al. 1994; Linderman 1994). Davis (1980) provided an evidence

of higher tolerance to citrus root rot disease induced by Thielaviopsis in AMF

colonized than non-AMF citrus plants, conversely, non-AMF plants exhibited

similar response to this pathogen when supplemented with additional dosage of

Fig. 7.1 An overview of the processes by which AMF can protect plants from pathogens. AMF

facilitate host plant to acquire mineral nutrients (m) from soil and, in exchange, obtain carbon

(c) from host plant. AM fungal hyphae enters plant root forming appressorium (ap) on the root

surface and eventually vesicles (v) and arbuscules (a) in the root cortical cells by extending its

hyphae. The fungus exerts a competition for photosynthate, infection sites and mineral nutrition

with infectious organisms. AMF can control plant pathogens by increasing tolerance to pathogens,

altering root morphology and rhizosphere interactions, and activating defense responses (ISR,

MIR)
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phosphorus. Declerck et al. (2002) observed higher tolerance to Cylindrocladium
spathiphylli in mycorrhizal as compared to non-mycorrhizal banana plants. The

AMF isolates significantly improved growth and shoot P level of banana, and

reduced root damage by C. spathiphylli, which may be correlated with the direct

interaction between AMF and plant pathogen (Xavier and Boyetchko 2004). Caron

et al. (1986) compared response between AMF and non-AMF tomato plants

exposed to the Fusarium oxysporum Schlecht f. sp. radicis-lycopersici, a soil-

borne pathogen, which can cause severe yield losses in tomato due to crown and

root rot diseases. They observed a reduction in the Fusarium population and root

rot incidences in the rhizosphere soil of AMF-colonized plants as compared to

nonmycorrhizal control plants, and corroborated it with increased antagonistic

activities in the mycorrhizosphere, an area influenced by AMF. They suggested

that the disease suppression by AMF cannot be considered as a mere consequence

of improved P nutrition; instead some other mechanisms may confer reduced

disease incidences. A significant suppression in the symptoms of A. solani was
observed in the mycorrhizal than non-mycorrhizal tomato plants by Fritz et al.

(2006). Pettigrew et al. (2005) observed that plants with better nutrient status,

growing in the cotton fields, which was infested with the sedentary semi-

endoparasitic nematode Rotylenchulus reniformis were able to tolerate higher

PPN population densities in their roots. Such findings indicate that the improved

nutrition of the host plant could influence plant parasite nematode population

densities either positively or negatively, however, no solid data are available to

confirm a direct correlation between AMF-mediated increased nutrient status of

host plant and the higher resistance against plant pathogens.

7.3.2 Changes in the Root System Morphology

The interaction between mycorrhizal fungi and host plant modulates the plant root

system and influence microbial activities in the rhizosphere, especially plant-

pathogen interaction (Atkinson et al. 1994; Scannerini et al. 2001; Hodge et al.

2009). Consequently, the total root length may increase or remain unchanged as has

been reported in Vitis vinifera and Solanum lycopersicum respectively

(Schellenbaum et al. 1991; Berta et al. 2005). The number and length of the roots

vary according to the different AMF associations and in comparison to the main

roots, modifications occur in the lateral roots more frequently. Pre-inoculation with

mycorrhizal fungi increases formation of lateral branching as a result increasing

suitable sites for root colonization, which confers to a high branched root system;

however, changes in the root architecture as a consequence of AMF colonization

could provide a fewer sites for pathogen infection (Norman et al. 1996; Fusconi

et al. 1999; Harrison 2005). The strigolactones, a group of sesquiterpene lactones

have also been found to play an important role in the modulation of shoot and root

architecture. Together with auxins, strigolactones favor lateral root formation and

facilitates the root to explore new areas in the soil. Strigolactones-induced changes
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in root architecture could alter the dynamics of some pathogen infections; however,

further experimentation is required to establish this correlation (Jung et al. 2012).

Mukherjee and Ane (2011) observed that germinating fungal spores of

Gigaspora margarita, G. rosea and Glomus intraradices could induce lateral

roots formation and increase the total length of the root system in M. truncatula,
indicating that diffusible signals released by mycorrhizal fungal spores trigger the

lateral root developmental program. The important role of AM symbiosis in lateral

root development has also been confirmed by Paszkowski and Boller (2002) and

Olah et al. (2005). They revealed that branching inM. truncatula is directly induced
by AMF germinating spores and their exudates. Increased root branching has also

been recorded in the case of monocots and dicots (herbaceous and woody plants)

with a significant difference in the order of the roots involved (Berta et al. 1995;

Scannerini et al. 2001). However, the tap root plants appear to be more benefited

than fibrous root plants in terms of the biomass production and acquirement of

mineral nutrients (Yang et al. 2014). The increased root branching in

AMF-colonized plants may directly be attributed to the production and action of

AMF exudates; while the indirect reason of increasing root branching could be

ascribed to the increased mineral nutrition and modulation of hormonal balance

(Fusconi 2014). Vos et al. (2014) suggested that increased root branching in

AMF-colonized plants could increase the implication for infection by a pathogen;

however, a clear correlation did not establish (Vierheilig et al. 2008).

The higher nutrient uptake capacity of mycorrhizal plants attributes to the

vigorous root growth, which indeed exhibits higher resistance to plant parasite

infection. Elsen et al. (2003a) demonstrated that in banana, migratory endoparasitic

nematodes-Radopholus similis and P. coffeae reduced root branching whereas,

same increased by mycorrhizal fungus, Glomus mosseae. On the other hand, there

is a probability that higher root branching negatively impacts host plant as it

increases potential infection sites, depending on the parasite and host plant species.

Primary roots are the preferential sites of colonization by migratory endoparasitic

nematodes, like Radopholus similis, whereas the sedentary endoparasitic root-knot

and cyst nematodes prefer to infect the root elongation zone and the sites of lateral

root formation (Stoffelen et al. 2000; Wyss 2002; Elsen et al. 2003b; Curtis et al.

2009). Instead, the strawberry plant, bearing highly branched root system, is

primarily infected through the root tips by the pathogenic fungus Phytophthora
fragariae; however, the mycorrhizal roots of strawberry plants showed lower

infection as compared to non-mycorrhizal roots, which was indeed higher in the

case of highly-branched root system. By the way, it is difficult to explain a uniform

impact of altered root morphology in the biocontrol of plant disease, therefore,

substantiates the speculations of the involvement of other mechanisms in the

mycorrhiza-induced biocontrol of plant diseases (Fusconi et al. 1999; Gamalero

et al. 2010).
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7.3.3 Changes in the Rhizosphere Interactions

Lorenz Hiltner (1904), a German agronomist and plant physiologist, who coined the

term “rhizosphere” and described it as an area around the plant root, which is

directly influenced by root secretions and associated population of soil microor-

ganisms (Hiltner 1904). The plant root secretions/exudates comprising of sugars

and organic acids (Hage-Ahmed et al. 2013), amino acids (Harrier and Watson

2004), phenolic compounds (McArthur and Knowles 1992), flavonoids

(Steinkellner et al. 2007) and plant hormones such as strigolactones, Jasmonic

acid, salicylic acid and ethylene (Lopez-Raez et al. 2010; Jung et al. 2012). These

compounds play an important role in plant–microbe interactions in the rhizosphere.

Some of them are crucial for the initial phase of plant-microbes interactions, while

others are required at the later stages of interaction (Bais et al. 2006; Hage-Ahmed

et al. 2013).

Alteration in the root exudation patterns directly impacts the microbial popula-

tion in the mycorrhizosphere. Many studies suggested that AMF alter root exudates

quality and quantity (Bansal and Mukerji 1994) and influence the rhizosphere

microbial communities, which in turn reduce pathogen populations (Citernesi

et al. 1996; Larsen et al. 2003). However, the quality and effectiveness of root

exudation indeed depend on the plant and AMF species involved as well as on the

degree of root colonization (Scheffknecht et al. 2006; Lioussanne et al. 2008; Badri

and Vivanco 2009; Kobra et al. 2009). The findings of Pozo and Azcon-Aguilar

(2007) demonstrate the degree of root colonization, which is typically characterized

by the presence of arbuscules, as an important requirement for the control of plant

pathogen. The root exudates collected from 4 months old AMF-colonized roots was

attractive for the zoospores of Phytophthora nicotianae, whereas concentrated

exudates obtained from 6 months old AMF colonized roots was repulsive for the

zoospores of P. nicotianae, as compared to exudates harvested from

nonmycorrhizal plant roots. This shows that a change in the root exudation pattern

in mycorrhizal tomato plants negatively impacts the infection potential of zoo-

spores of Phytophthora nicotianae, indicating an obvious involvement of root

exudates in the plant-pathogen interactions (Lioussanne et al. 2008). Lioussanne

et al. (2008) suggested that modification in the exudates composition of older roots

due to AMF colonization could provoke the repulsion of P. nicotianae, and

therefore reduce the degree of infection. Nevertheless, a differential pattern was

also observed in the root exudates of mycorrhizal and non-mycorrhizal plants

(Jones et al. 2004; Scheffknecht et al. 2006, 2007). Vos et al. (2013) investigated

the influence of a mycorrhizal fungus, Glomus mosseae and mycorrhizal root

exudates on the Meloidogyne incognita penetration of tomato roots. They found

that exudates from mycorrhizal tomatoes generally minimize nematode penetration

in mycorrhizal plants and transiently inhibited nematodes proliferation as compared

to the root exudates obtained from nonmycorrhizal tomatoes. The study showed

that nematode penetration of tomato roots decreases in mycorrhizal tomato roots.

Moreover, mycorrhizal root exudates could partially affect the motility of
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nematode; therefore reduce the Meloidogyne incognita penetration and subsequent

proliferation in tomato roots. The root exudates obtained from AMF-colonized

plants root served as chemoattractants for plant-growth-promoting rhizobacteria,

Azotobacter chroococcum and Pseudomonas fluorescens (Sood 2003). Siasou et al.
(2009) found that rhizosphere fluorescent Pseudomonas strains produce increasing
amounts of antibiotic 2,4-diacetylphloroglucinol in the presence of AMF,

G. intraradices, which confers plant protection against Gaeumannomyces graminis
var. tritici. This shows that mycorrhizal root exudates positively influence rhizo-

sphere microbial communities and help in the biocontrol of plant pathogens. On the

basis of results of many studies, it could be tempting to speculate that mycorrhizal

fungi show a protective effect against infectious organisms, which is more obvious

in the case of soil-borne diseases, in different plant systems.

7.3.4 Direct Competition with Other Microorganisms

The AMF-host relationship is fundamentally characterized by the development of

arbuscules in root cortical cells (Dehne 1982), which die eventually due to their

short lifespan. The AMF and pathogenic microbes most probably depend on

common resources such as host photosynthate, nutrition, infection-site and space

within the plant root for their survival and multiplication (Smith and Read 1997;

Whipps 2004); hence competition can occur for these resources between pathogens

and mycorrhizal fungi. Indeed, competition can be beneficial in the case of

mycorrhiza-colonized cells for the physical exclusion of pathogens (Xavier and

Boyetchko 2004). Graham (2001) observed that the competition between plant

pathogens and AMF could arise if the availability of carbon is limited, which

further corroborates the observations of Vos et al. (2014). The reduced locations

for pathogen infection within AMF-colonized root system were also observed by

Vigo et al. (2000), which make it plausible that AMF directly compete for coloni-

zation sites with other soil microorganisms (Vos et al. 2014). One of the well-

studied examples in this connection is the study conducted by Cordier and col-

leagues on AMF, Glomus mosseae and pathogenic fungus, Phytophthora parasitica
in tomato plants. The study showed that cortical cells of mycorrhizal root did not

allow pathogen to penetrate roots that demonstrated to be a localized resistance

response (Cordier et al. 1998). Mycorrhizal root system has shown complete

exclusion of the Phytophthora parasitica from arbusculized cells in tomato roots

(Cordier et al. 1996). Therefore, the competition occurring between AMF and

pathogens for acquiring host photosynthate, root space or locations could be a

potential strategy to control microbial infection in AMF-colonized plants; however,

the potentiality of this mechanism to be used as a strategy for control of plant

diseases has not received much attention as the results of various studies conducted

are not consistent (Pozo et al. 1999; Vos 2012).

Since PPN also colonize plant root, therefore, the competition for space and

infection loci appears to be involved in AMF-nematodes interactions. It becomes
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very difficult for migratory endo-parasitic nematodes to survive in the presence of

mycorrhizal arbuscules, which largely develop in the root cortical cells, where these

nematodes feeds upon (Jung et al. 2012; Schouteden et al. 2015). Moreover, the

competition for the space between AMF and sedentary endo-parasitic nematodes

becomes important if feeding cells extend into the host cortical cells. However, cyst

nematodes are meagerly affected by AMF colonization as these nematodes are

restricted to the endodermal cells only (Schouteden et al. 2015). Indeed, the

formation of mycorrhizal fungi may also be affected by PPN infection as the

competition for the nutrients and space arises between them as substantiated by

Hol and Cook (2005) who reported reduced AMF colonization due to the attack of

migratory and sedentary endoparasitic and ectoparasitic nematodes. Elsen et al.

(2003b) observed that mycorrhizal inoculation ofMusa with Glomus mosseae gives
rise to a significantly higher plant growth even in the presence of nematodes under

greenhouse conditions. Although nematodes decreased the root branching, the

population densities of them drastically decreased in the presence of Glomus
mosseae, and a decrease in root branching seems to be compensated by the AMF

inoculation. A negative effect of burrowing nematode Radopholus similis and

Pratylenchus coffeae infection was observed on the frequency of Glomus mosseae
colonized Musa roots (Elsen et al. 2003a, b); however, such effect did not observe

in the case of the intensity. In an in vitro experiment, carried out by Elsen et al.

(2003c), the interaction between AMF and P. coffeae on transformed carrot roots in

root organ culture did not influence the root colonization by mycorrhizal fungus

Glomus intraradices (Elsen et al. 2003c), which substantiate the findings of recent

study on in vitromycorrhizal banana plantlets and R. similis (Koffi et al. 2013). Dos

Anjos et al. (2010) observed that the establishment of mycorrhiza prior to the

nematode infection could reduce both severity symptoms and reproduction of

Meloidogyne incognita. Based on the findings, Alban et al. (2013) concluded that

pre-inoculation of coffee plants with AMF could develop stronger and healthier

plants, which resist Meloidogyne exigua infestation and subsequently reduce the

rate of infestation. Lower nematode infestation in AMF colonized plants could be

attributed to the lignifications of the plant cell wall cuticle, which is not easy to

penetrate by nematodes to enter into plant roots. They highlighted that as compared

to nematodes, AMF colonize plant root faster, giving them an advantage in their

development inside the root, for that reason occupying more root space and

eventually lower the nematode infestation rates.

7.4 The Activation of Defense Mechanisms in Response

to AMF Formation

For the biological control of plant diseases, it is expected that arbuscular mycor-

rhizal fungi could apply more than one mechanism to restrain the adverse effects of

the causal organisms. As above mentioned mechanisms do not elucidate
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satisfactorily the mycorrhiza-induced biocontrol of certain plant diseases, therefore,

researchers have explored possibilities of other mechanism like the activation of

plant defense compounds in response to AMF formation in plant roots. It has been

observed that, in response to mycorrhizal colonization, though a weak or very local

and transient, activation of specific plant defense compounds takes place which,

elicits the specific defense reactions and makes the plants proactive against

attackers/pathogens (Gianinazzi-Pearson et al. 1994; Koide and Schreiner 1992).

The chemicals produced under plant defense mechanism are diversified groups of

biochemicals which are synthesized mostly as secondary metabolites (Singh 2017).

Some of such chemicals like, phytoalexins, chitinases, β-1,3-glucanases,
pathogenesis-related proteins, callose, hydroxyproline-rich glycoproteins, phenolic

compounds and enzymes of the phenylpropanoid pathway have been reported to be

involved in the activation of plant defense as a result of AMF colonization

(Gianinazzi-Pearson et al. 1994; Azcon-Aguilar and Barea 1996).

In the past decades, the changing host plant physiology (including plant nutri-

tion) as a consequence of plant-AMF interactions and the plant signal transduction

pathways controlling this intimate association have largely been the central point of

research. Conversely, a little attention has been paid to understand the contribution

of AMF for non-nutritional benefits, such as suppression of plant diseases or

induction of plant resistance against plant diseases/attackers. It is well established

that plant roots exude different chemical compounds (secondary metabolites),

which usually signaling an array of soil microorganisms, predominantly occurring

in the rhizosphere. The pioneer observations of Akiyama et al. (2005) and succes-

sive publications have established that strigolactones, a group of carotenoids-

derived signaling molecules that are released by the host plant root promote

AMF-hyphal branching and facilitate AMF establishment in the plant root. The

production of strigolactones generally increases in the early phase of root coloni-

zation but, it decreases in a well-established mycorrhizal symbiosis (Jung et al.

2012). The root exudates released by AMF-colonized plants seems to prime

microbial activities in the rhizosphere and thereby induce a ‘mycorrhizosphere

effect’ (Linderman 1988; Giri et al. 2005).

Like certain other soil microbes, mycorrhizal fungi also exhibit the ability to

reduce the impacts of plant pathogens through induced systemic resistance (Pozo

and Azcon-Aguilar 2007). The induced systemic resistance (ISR) is typically a

sustained induction of resistance in plants against pathogens, which is induced by

the non-pathogenic rhizosphere microorganisms such as PGPR, mycorrhizal fungi

or endophytes (Trotta et al. 1996; Cordier et al. 1998; Pineda et al. 2010). ISR

protect plants from the infection of different plant pathogens including bacteria,

fungi, viruses, nematodes and insects and is mediated by the priming of defense

genes that demonstrate a higher expression systemically in the leaves only after the

pathogen attack (van Wees et al. 2008; Pineda et al. 2010). ISR often exhibits

increased plant-sensitivity towards the plant growth regulators such as jasmonic

acid (JA) and ethylene (ET) (Pineda et al. 2010).

In the AMF-colonized plants, both localized and induced systemic resistance has

been observed against detrimental organisms. Cordier et al. (1998), in split root
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experiment observed the protective role of AMF, Glomus mosseae against

Phytophthora parasitica as it hindered the development and proliferation of causal

organisms in tomato roots. They suggested that root cortical cells become immu-

nized on AMF colonization resulting in a localized plant cell resistance, likely due

to the formation of cell wall appositions supported by callose (adjacent to

intercellular hyphae) and phenolic compounds, and plant cell defense responses.

Induced systemic resistance in nonmycorrhizal root parts of the mycorrhizal plants

could attribute to the host wall-thickenings containing non-esterified pectins and

pathogenesis-related (PR)-1a protein and formation of callose rich jacket around

the hyphae of P. parasitica (Cordier et al. 1998). Liu et al. (1995) found more than

ten types of pathogenesis-related (PR) proteins in cotton plants, moreover, the

content of PR proteins increased on AMF inoculation. The growth of hyphae and

conidia of Verticillium dahlia were found to be hampered at certain concentrations

in mycorrhizal plants, which subsequently helped in the reduction of disease

incidences and index of verticillium wilt and in the promotion of seedling growth

and yield of cotton seed. Indeed, the higher MIR response against V. dahlia could be
an effect of the increased content of PR proteins in cotton plants on mycorrhization.

Mycorrhiza-induced resistance (MIR) against many plant pathogens has been

demonstrated by researchers that seems to be based more on the priming of

jasmonic acid-dependent defense (JADD) responses (Pozo and Azcon-Aguilar

2007) than accumulation of salicylic acid (Khaosaad et al. 2007) as there are reports

suggesting negative impact of salicylic acid on mycorrhizal colonization (Hause

et al. 2007; Jung et al. 2012; Miransari and Smith 2014). Priming can be explained

as a pre-conditioning of plant tissues that allows the plant to activate defense

responses faster and stronger against a broad range of plant pathogens/attackers.

Such a pre-conditioning can be elicited by certain chemical compounds and differ-

ent microorganisms (Pineda et al. 2010). Priming seems to be a plausible mecha-

nism operating in MIR. The MIR-regulated bioprotection of crop plants has been

reported in the case of Gaeumannomyces graminis var. tritici, which causes Take-

all disease in barley (Khaosaad et al. 2007). Aberra et al. (1998) also observed

similar results in the case of a sterile red fungus, which suppressed the infection of

wheat roots by Gaeumannomyces graminis var. tritici. Benhamou et al. (1994)

observed strong defense reactions at the sites challenged by Fusarium oxysporum
f. sp. chrysanthemi in mycorrhizal transformed carrot roots. The protective ability

of mycorrhizal fungi in grapevine roots against Meloidogyne incognita, has been
found to be associated with primed expression of a chitinase gene (VCH3) (Li et al.

2006). Moreover, mycorrhiza-induced resistance against Fusarium oxysporum in

mycorrhizal date palm trees and Colletotrichum in cucumber seem to be associated

with the primed-accumulation of the phenolic compounds (Jaiti et al. 2008), and

callose deposition (Lee et al. 2005), respectively.

Fritz et al. (2006) conducted an experiment to understand the influence of

mycorrhizal fungi on the development of early blight in tomato, caused by a

necrotrophic fungus, Alternaria solani. The mycorrhizal tomato plants showed a

significant reduction in disease symptoms as compared to the non-mycorrhizal

plants. Although the increased nutrient supply considerably influenced disease
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severity in mycorrhizal than non-mycorrhizal plants, the defensive role of AMF

against causal organisms could be due to mycorrhiza-induced resistance. Recently,

Cameron et al. (2013) presented a four-phase spatiotemporal model demonstrating

MIR as a cumulative outcome of direct interactions between mycorrhizal fungi and

plant, and responses to ISR-eliciting rhizobacteria present in the mycorrhizosphere.

They highlighted that at the early stage of colonization, strigolactones present in the

exudates of host plant roots, promote hyphal branching and AMF establishment. At

the onset of mycorrhizal symbiosis, microbe-associated molecular patterns

(MAMPs) from the fungus are recognized by the plant’s innate immune system

that leads to a weak and transient MAMP-triggered immunity (MTI) response as

well as the activation of long-distance signals in the xylem, which could prime the

salicylic acid-dependent defense (SADD) responses. The AMF-regulated induction

of the specific effector molecules suppresses MTI locally. Mycorrhizal symbiosis

elicits the production of abscisic acid that systemically transports to the shoot

tissues through xylem and can prime cell wall defense responses. With the devel-

opment of arbuscules in the root cortical cells, the increased supply of sugar and

mineral nutrition, particularly phosphorus modulates root metabolisms and thereby

the chemical composition of root exudates. Such modifications in the root exudates

chemical composition indeed influence mycorrhizosphere populations, which could

allow the selection of growth-promoting rhizosphere microbes/bacteria that metab-

olize AMF root exudates and convey ISR-eliciting signals at the root surface and/or

AMF hyphae, resulting in the long-distance signals, which could credit the priming

of JA-dependent defense and ET-dependent defense responses and eventually

triggers the ISR in mycorrhizal plants (Cameron et al. 2013). Although the well-

defined roles of jasmonic acid in MIR against detrimental organisms are not well

known, Pozo and Azcon-Aguilar (2007) proposed that the active suppression of

components involved in the SA-dependent defense pathway could lead to the

induction of MIR and the priming of JA-dependent defense responses (Pozo and

Azcon-Aguilar 2007; Hause et al. 2007). Although salicylic acid has been proved to

be a key regulator of plant defense against biotrophs (Glazebrook 2005), it could

have negative impact on AMF formation in the host roots (Garcı́a-Garrido and

Ocampo 2002; Lopez-Raez et al. 2010). Therefore, it is possible that AMF suppress

certain components of SA-dependent responses in the host plant in order to accom-

plish a compatible interaction. Dumas-Gaudot et al. (2000) also observed a delay in

the accumulation of PR-1 proteins (common markers of SA-dependent responses)

in mycorrhizal roots. Nevertheless, the beneficial microbes (PGPR)-induced sys-

temic resistance, regulated by JA-dependent and ethylene-dependent signaling

pathways, and associated with priming for enhanced defense against plant patho-

gens has been observed by van Wees et al. (2008). These findings tempting to

consider that the JA is a key regulator in the AMF symbiosis (Hause et al. 2007;

Hause and Schaarschmidt 2009). The higher levels of JA have been confirmed in

mycorrhizal tomato roots (Lopez-Raez et al. 2010), which remains unchanged in

the shoots (Pozo et al. 2010). Pozo et al. (2010) recorded rather low, but a

significant increase in the expression of marker genes for JA responses and a strong

induction of JA-regulated genes in Glomus mosseae-colonized tomato plants.
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Confirming a priming response in tomato plant they further validated the MIR

response against Botrytis cinerea directly related to the priming of JA-dependent

defense responses.

7.5 Conclusions and Outlook

Arbuscular mycorrhizal fungi have been found to protect several plant species

against many pathogens including viruses, phytoplasmas, bacteria, fungi, and

plant-parasite nematodes. The suppression of both necrotrophic and biotrophic

pathogens and consequently reduction in the severity of disease symptoms either

directly or indirectly has also been observed in majority of AMF-colonized plants.

However, soil-borne root attackers appear to be affected more than shoot attackers.

One of the reasons of such a generalization is availability of relatively few reports

pertaining to air-borne pathogens. The protective action mechanism of AMF is not

fully understood and based on the investigations done so far appears to be multi-

targeted. The primary protection mechanism is increased resistance of crop plants

as a result of AMF-mediated improved nutrient status. However, studies indicate

the involvement of other mechanisms such as changes in the chemical composition

of root exudates, modulation of rhizosphere microbial activities and the activation

of plant defense responses in mycorrhiza-induced protection against different

attackers. Indeed, the actual use of AMF as a bio-control agent remains to be

popularized for agricultural practices.
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Chapter 8

Mycorrhizal Fungi as Control Agents Against

Plant Pathogens

Swati Tripathi, Siddhartha Kumar Mishra, and Ajit Varma

Abstract Biofertilizers comprise single or consortia of living microorganisms

which are responsible for the direct or indirect benefits rendered to growth of

various plants. These microbial inoculants are produced from cultures of certain

soil organisms that can improve soil fertility and crop productivity. They solubilise

phosphorous, fix atmospheric nitrogen, oxidize sulfur, decompose organic material

and alter the dynamics and properties of soil resulting in various benefits to plant

growth and crop production. Biofertilizers help to increase access to nutrients thus

providing growth-promoting factors for plants. This increased availability and

efficient absorption of nutrients stimulates plant growth by hormone action and

improves crop yield. One of the most abundant fungi in agricultural soil, the

arbuscular mycorrhizal (AM) fungi, play a very important role as biofertilizers.

They form mutualistic relationships with roots of 90% of plants, promote absorp-

tion of nutrients and water, control plant diseases, and improve soil structure. Plants

colonized by mycorrhizae grow better than those without them and are beneficial in

natural and agricultural systems. The use of AM fungi as biofertilizers is not new;

they have been produced for use in agriculture, horticulture, landscape restoration,

and soil remediation for almost two decades.

8.1 Introduction

Mycorrhiza refers to associations or symbioses between plants and fungi that

colonize the cortical tissue of roots during periods of active plant growth. The

term mycorrhiza (modern Latin of Greek words mykes + fungi, rhiza + root) which

literally means ‘fungus-root’ was first applied to fungus-tree associations described
in 1885 by the German forest pathologist A.B. Frank (Trappe 2005). Generally,

these symbioses are often characterized by bi-directional exchange of
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plant-produced carbon to the fungus and fungal-acquired nutrients to the plant

thereby providing a critical linkage between the plant root and soil. All mycorrhizal

associations are symbiotic, but some are not mutualistic (Brundrett 2004). A vast

majority of terrestrial as well as aquatic plants have been reported to form symbiotic

associations with fungi (Christie et al. 2004; Willis et al. 2013).

The formation of symbiotic association with mycorrhizae significantly changes

the physiology and/or morphology of roots and plants in general (Linderman 1988),

leading to altered root exudation (Bansal and Mukerji 1994). The changes in root

exudates affect the microbial communities around the roots, leading to the forma-

tion of ‘mycorrhizosphere’ which is the zone of soil where the physical, chemical

and microbiological processes are influenced by exudates of plant roots and their

associated mycorrhizal fungi (Ames 1987; Varma and Hock 1998; Giri et al. 2005).

Mycorrhizal plants are often more competitive and exhibit enhanced tolerance

against biotic and abiotic stresses compared to non-mycorrhizal plants (Marler

et al. 1999; Mukerji et al. 2000; Peterson and Massicotte 2004; Zhang et al.

2011). The benefits afforded to the plants from mycorrhizal symbioses can be

characterized agronomically by increased growth, yield and ecologically by

improved fitness (i.e., reproductive ability). These benefit range from absorption

of toxic elements from the soil such as heavy metals to soil restoration, establish-

ment of green cover, disease resistance, drought tolerance etc. (Evelin et al. 2009;

Miransari 2010). These play a significant role in sustaining the ecosystem by

enriching the soil and providing nutrition to the plant for better growth, by seques-

tering the nutrients from the soil, translocating it to the plant and in turn achieving

carbon source from the plant (Rooney et al. 2011; Shi et al. 2013). This in turn

reduces the dependence if not eliminate external chemical inputs and makes the

utilization of the soil nutrient highly efficient and makes them extremely important

for the regions where large chunks of land is degraded and rendered unfertile for

cultivation. Given that the majority of cultivars used for human and animal food

purposes are colonized by mycorrhizae, we can consider utilizing this symbiosis for

the benefit of agriculture, by selecting the best plant-fungus combinations. It is then

possible to promote sustainable agriculture through healthier cropping systems and

reduction of use of chemical inputs (pesticides, fertilizers), while ensuring crop

profitability and environmental quality. Use of AM fungi in the long term would

thus favor an agricultural system that is both production and protection oriented

thus enhancing stabilizing of agro-ecosystems.

8.2 Diversity of Mycorrhizal Fungi

Although mycorrhizae were discovered 200 years ago, they were not seriously

included in the multidisciplinary science of biology until the 1980s. Mycorrhizae

form mutualistic symbiotic relationships with plant roots of more than 80% of land

plants including many important crops and forest tree species and 92% land plant

families (Smith and Zhu 2001; Gentili and Jumpponen 2006; Wang and Qiu 2006;
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Rinaldi et al. 2008; Prasad et al. 2017). More than 6000 fungal species are capable

of establishing mycorrhizae approximately with 2,40,000 plant species (Sharma

2001).

Early morphological classifications separated mycorrhizae into endomycorrhizal,

ectomycorrhizal and ect-endomycorrhizal associations based on the relative location

of fungi in and on roots (Peyronel et al. 1969). These three types were not enough to

describe the diversity of mycorrhizal associations. Brundrett (2004) recommended

that mycorrhizal associations were defined and classified primarily by anatomical

criteria regulated by the host plant. A revised classification scheme for types and

categories of mycorrhizal associations defined main categories of arbuscular mycor-

rhizal associations (AM) as ‘linear’ or ‘coiling’, and of ectomycorrhizal associations

(ECM) as ‘epidermal’ or ‘cortical’. Subcategories of coiling AM and epidermal ECM

occur in certain host plants. Fungus-controlled features resulted in ‘morphotypes’
within categories of AM and ECM. Following this classification, arbutoid and

monotropoid associations had been considered subcategories of epidermal ECM

and ectendomycorrhizas were relegated to an ECM morphotype. Harley and Smith

(1983) and Friberg (2001) recognized seven types that, for the most part, still

comprise the generally accepted classification. These include Ectomycorrhizae,

Endomycorrhizae, Ect-endomycorrhizae, Arbutoid mycorrhizae, Monotropoid

mycorrhizae and Orchid mycorrhizae (Raina et al. 2000; Gentili and Jumpponen

2006; Das et al. 2007; Tao et al. 2008; Zhu et al. 2008) (Fig. 8.1; c.f. Das et al. 2007).

However, different people use different criteria and hence describe different types

and categories of mycorrhizal associations. The following terms are most commonly

used in the mycorrhizal studies.

8.2.1 Ectomycorrhizae (ECM)

The characteristic feature of ectomycorrhizae (“outside” mycorrhizae) is the pres-

ence of hyphae between root cortical cells producing a netlike structure called the

‘Hartig net’ (Scheidegger and Brunner 1993). Hyphae of the Hartig’s net

completely envelope the host cells to provide maximum contact between host and

fungus. The Hartig’s net exhibits a complex labyrinthine growth mode with finger-

like structures termed palmettes and with rare hyphal septations (Blasius et al.

1986).

8.2.2 Endomycorrhizae

Endomycorrhizae (“inside” mycorrhizae) grow within cortical cells and do not

form a mantle around the root, but instead the fungal hyphae establish between

the cortex cells, and often enter them. Mycelia do not enter the vascular system.
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8.2.3 Arbuscular Mycorrhizae (AM)

It is a member of endomycorrhizae. The diagnostic feature of arbuscular mycor-

rhizae (AM) is the development of a highly branched arbuscule within root cortical

cells. The fungus initially grows between cortical cells, but soon penetrates the host

cell wall and grows within the cell. As the fungus grows, the host cell membrane

invaginates and envelops the fungus, creating a new compartment where material of

high molecular complexity is deposited. This apoplastic space/compartment pre-

vents direct contact between the plant and fungus cytoplasm and allows for efficient

transfer of nutrients between the symbionts. The arbuscules are relatively short

lived, less than 15 days. The fungi that form AM were all classified as members of

the order Glomales, which was further subdivided into suborders based on the

presence or absence of vesicles. Schüßler et al. (2001) described a new phylum

Glomeromycota which includes AMF. AM can be divided into two main types, the

Arum-type and the Paris-type (Smith and Smith 1997). In the Arum-type, usually

Fig. 8.1 Types of mycorrhizal fungi, Fs fungal sheath; Eh extramatrical hyphae, Eh extramatrical

hyphae, Hn hartig’s, V vesicle, Sc sporocarp, Ap appresorium, Ar arbuscule, Sc sporocarp, Ap
appresorium (c.f. Das et al. 2007)
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one arbuscule develops through repeated branching of a hypha that penetrates

through the cortical cell wall (Bonfante and Perotto 1995) whereas in Paris-type,
penetration of the cortical cell wall by a single hypha is followed by extensive

coiling of this hypha from which lateral branches are initiated to form arbusculate

coils (Cavagnaro et al. 2001). Originally, the term ‘vesicular-arbuscular mycor-

rhiza’ (VAM) was applied to symbiotic associations formed by all Glomeromycota

mycorrhizal fungi. However, since a major proportion of fungi lacks the ability to

form the vesicles in roots, AM is now the preferred acronym (Varma and Hock

1998).

8.2.4 Ect-endomycorrhizae

The ect-endomycorrhizae form typical ECM structures, except that the mantle is

thin or lacking and hyphae in the Hartig net may penetrate root cortical cells. The

ect-endomycorrhizae is replaced by ECM as the seedling matures.

8.2.5 Ericaceous Mycorrhizae

The term ericaceous is applied to mycorrhizal associations found in plants of the

order Ericales. The hyphae in the root can penetrate cortical cells (endomycorrhizal

habit); however, no arbuscules are formed.

8.2.6 Orchidaceous Mycorrhizae

The association between orchids and mycorrhizal fungi is included in this category.

These fungi enter plant cells by invaginating the cell membrane and forming hyphal

coils within cells of the protocorm and developing root. These coils are active for

only a few days, after which they loose turgor and degenerate while nutrient

contents are absorbed by the developing orchid. The fungi participating in this

type of symbiosis are basidiomycetes similar to those involved in decaying wood

(e.g., Coriolus sp., Fomes sp. andMarasmius sp.) and pathogenesis (e.g., Armillaria
sp. and Rhizoctonia sp.). In mature orchids, mycorrhizae also have roles in nutrient

uptake and translocation. Orchid mycorrhizae support orchid development and

initial root development by delivering nutrients for germination, protocorm and

initial root development (Peterson and Massicotte 2004).
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8.3 Mycorrhizal Functions as Biofertilizers and Biocontrol

Agents Against Plant Pathogens

Mycorrhizal fungi colonize the roots and their rhizosphere and spread out over

several centimeters in the form of ramified filaments. This filamentous network

dispersed inside as well as outside the roots allows the plant to have access to a

greater quantity of water and soil minerals required for its nutrition. In return, the

plant provides the fungus with sugars, amino acids and vitamins essential to its

growth (Bonfante and Genre 2010; Smith and Smith 2012). As a result of its

improved nourishment, a mycorrhiza-colonized plant has better growth. The key

functions of mycorrhizal symbiosis can be summarized as follows: (1) improving

rooting and plant establishment (2) enhancing plant tolerance to (biotic and abiotic)

stresses; (3) improving nutrient cycling; (4) enhancing plant community diversity.

Besides, they are helpful in increased photosynthesis efficiency, increased water

conducting capacity, enhanced nutrient uptake, enhanced plant tolerance to envi-

ronmental stresses including drought, cold, salinity and pollution, providing pro-

tection from harmful soil borne pathogens, changing the supply of mineral nutrients

from soil thereby modifying soil fertility, mycorrhizosphere and aggregation of soil

particles and in promoting growth, fitness and conservation of endangered plants

(Giri et al. 2003; Giri and Mukerji 2004; Kapoor and Bhatnagar 2007; Goltapeh

et al. 2008; Kapoor et al. 2008; Bonfante and Genre 2010; Bothe et al. 2010; Yaseen

et al. 2012).

8.3.1 Plant Growth Promotion

Mycorrhizal colonization highly promotes the plants growth (Cavagnaro et al.

2006; Smith and Read 2008; Nunes et al. 2010). There are several mechanisms to

explain the growth promotion due to mycorrhizal association. These include pro-

duction of metabolites like amino acids, vitamins, phytohormones, and/or solubi-

lization and mineralization processes (Azcon-Aguilar et al. 2002; Bharadwaj et al.

2008; Khan et al. 2009; Meddad-Hamza et al. 2010; Li et al. 2013). Besides

providing nutritional and structural benefits, mycorrhizae also impart other benefits

to plants including improved nitrogen fixation, enhanced photosynthesis rate,

production/accumulation of secondary metabolites, osmotic adjustment under

stress, and increased resistance against biotic and abiotic stresses (Wu and Xia

2006; Khaosaad et al. 2007; Takeda et al. 2007; Schliemann et al. 2008; Sheng et al.

2009; Ruiz-Lozano and Aroca 2010; Selvakumar and Thamizhiniyan 2011; Shinde

et al. 2013). The mycorrhizal fungi symbiosis is responsible for huge fluxes of

photosynthetically fixed carbon from plants to the soil. As mycorrhizae are mutu-

alistic symbiont, they drain up to 20% of photosynthetic carbon (Jakobsen and

Rosendahl 1991) and in return, provide plants with large amounts of nutrients (P, N,

K, Zn etc.) and water from the soil. The carbon inflow to soil attracts soil microbes;
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together producing a functionally diverse and dynamic soil biota (Schreiner et al.

1997), which is fundamental for the plant nutrition in natural systems (Friberg

2001). Mycorrhizal fungi also produce glycoprotein extracellularly on the mycelia

in the bulk soil, which together with the physical network of hyphae, helps to

aggregate soil (Rillig et al. 2010; Singh 2012), thus improving aeration and water

percolation. This also suggests that they mediate significant inter-plant carbon

transfer in nature (Bidartondo et al. 2002). They can also improve crop growth

and yield by alleviating the negative influence of allelochemicals (Javaid 2009).

Mycorrhizal fungi fructify abundantly and, acquire increased resistance to heavy

metals, drought, and salinity, and also protect plants from pathogens (Azcon-

Aguilar et al. 2002; Vivas et al. 2003; Gosling et al. 2006; Marulanda et al. 2006,

2009; Colla et al. 2008).

8.3.2 Phosphate Mobilization and Transport

Mycorrhizal plants accumulate more P than non-mycorrhizal plants (Smith et al.

2000; Burleigh et al. 2002; Chalot et al. 2002; Tibbett and Sanders 2002; Smith and

Read 2008; Baslam et al. 2011). The positive role of mycorrhizal symbiosis on the

use of mineral P by the host plant has been studied (Casarin et al. 2004; Smits et al.

2008 and Liu et al. 2008). Two enzymes, Acid and alkaline phosphatases (ACP and

ALP) are the two forms of the phosphatases which exhibit acid and alkaline pH

optima, respectively. They are ubiquitous in nature, and occur in a variety of fungi

(Arnold 1981; Dhamija et al. 1987; Pedregosa et al. 1991) and plants (Ashford and

Jacobson 1974; Hasegawa et al. 1976; Basha 1984). Mycorrhizal plants have been

reported to show the up-regulation of the secreted acid phosphatase gene which is

mainly involved in uptake of P and responsible for the improved P acquisition

(Ezawa et al. 2005) while ALP has been linked with its assimilation (Plassard and

Dell 2010). Mycorrhizal fungi produce extraradical hyphae that are able to explore

the soil away from the root and provide a conduit to the root where exchanges

between fungal and root cells occur. They considerably increase the volume of soil

exploited by mycorrhizal plants thus improving the phosphate uptake by the host

plant (Sharda and Koide 2010). The gradually increasing proportion of hyphae in

the extra-matrical mycelium exhibits ACP activity, particularly under low P con-

ditions, and indicates an induction of ALP activity by P limitation. These roots and

the extraradical hyphae are the main production areas for ACP activities (van Aarle

and Plassard 2010) and facilitate the uptake of Pi from soil solution occurs through

fungal Pi transporter(s) via two types of high-affinity Pi transporters: Pi:H+ or Pi:

Na+ transporters (Plassard and Dell 2010) localized at the fungal/soil interface.
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8.3.3 Siderophore Production

Siderophores are metabolic product of a fungus which bind iron and facilitate its

transport from the surrounding environment into the microbial cell. They are

involved in the overall enhancement of Fe, Zn and Cu uptake by mycorrhizal

fungi colonized plants (Clark and Zeto 1996; Caris et al. 1998; Liu et al. 2000;

Lee and George 2005; Silvia et al. 2005; Schreiner 2007). Mycorrhizal fungi

establish a hyphal net inside and around the roots. Both, microbes and plant roots

produce siderophores and phytosiderophores respectively, which are low molecular

chelators having high affinity to Fe3+ (Leyval and Reid 1991; Caris et al. 1998).

These are secondary metabolites from inducible genes which are generally

expressed by Fe3+ and to some extent by Zn, Cu and Mn deficiencies (Cakmak

et al. 1994; Zhang et al. 1991). They readily make complexes with other metal ions

such as Zn, Cu, Mn, Cd, Cr, Ni and Al (Romheld 1987; Buyer et al. 1993; Bakkaus

et al. 2006).

Some fungal species are reported to produce more siderophore than bacteria

(Milagres et al. 1999). Ericoid mycorrhizal fungi and ectomycorrhizal fungi,

Cenococcum geophilum and Hebeloma crustuliniforme release ferricrocin or

fusigen as the main siderophores. Arbuscular mycorrhizal fungi have been reported

to enhance Fe-uptake rates of associated host plants which can be taken as an

indication that mycorrhizal siderophores of a yet unknown structure may be

involved (Lee and George 2005; Das et al. 2007; Schreiner 2007).

8.3.4 Defense Responses in Mutualistic Plant/Microbe
Interactions

Defense related gene expression has been intensively studied in mycorrhiza. Mutu-

alistic interactions between host and mycorrhizal fungi require a balance between

the defense responses generated by these defense related gene expressions of the

host plant and the nutrient demand of the fungus. These genes in mycorrhiza are

mainly upregulated during early stages of infestation (Garcı́a-Garrido and Ocampo

2002; Gao et al. 2004; Grünwald et al. 2004) and downregulated as the develop-

ment of the symbioses progresses (Harrison 2005; Hause and Fester 2005;

Paszkowski 2006). Thus, either beneficial fungi do not stimulate extensive defense

gene expression over longer periods or they actively downregulate them after an

initial activation period (Volpin et al. 1994) presumably during haustoria formation

(Harrison 2005). It has been studied that transgenic tobacco plants constitutively

expressing pathogenesis related (PR) proteins can be colonized by the arbuscular

mycorrhizal fungus Glomus mosseae (Vierheilig et al. 1995). Microarray analysis

uncovered that defense genes are moderately up-regulated during early phases of

the interaction in Arabidopsis roots and that their expression declines during later

phases. Activation of defense gene expression can even be detected before the two
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partners attain physical contact and are responsible to control, at least in part, the

intraradical fungal growth (Lambais and Mehdy 1995). The processes determining

the functional integration between the symbionts of mycorrhizal associations are

being obtained by using approaches based on the analysis of the proteins and gene

expressions.

8.3.5 Biocontrol: Plant Protection in the Rhizosphere

Beneficial microorganisms interact with the plant pathogens directly and indirectly

both (Benı́tez et al. 2004; Viterbo et al. 2007; Arabi et al. 2013). The direct

confrontation between both parties involves physical contact resulting in normal

reactions from both of them, such as synthesis and secretion of metabolites (Bais

et al. 2006; Sui et al. 2013). These metabolites can be mainly hydrolytic enzymes,

toxic compounds or certain antibiotics. However, use of organic soil amendments

for improving the antagonistic activity against pathogen has been reported to induce

resistance in the host plant which is an indirect method of interaction (Benı́tez et al.

2004; Pal and Gardener 2006; Viterbo et al. 2007). The important mechanisms of

biocontrol depend upon dynamics and chemical attributes of soil such as temper-

ature and pH. The rhizospheric environment and presence of other microorganisms

(Howell 2003) are other contributing factors. Important principle mechanisms of

biological control include both direct as well as indirect interactions such as

competition, antibiosis, induced resistance, and lysis (Irtwange 2006; Viterbo

et al. 2007; Tripathi et al. 2008).

Antibiosis is the inhibition or destruction of microorganism by metabolic com-

pounds known as antibiotics that inhibit the growth of another microorganism

(Benı́tez et al. 2004, Irtwange 2006; Haggag and Mohamed 2007; Viterbo et al.

2007). These antibiotics play a significant role in disease suppression by ‘static’ or
‘cidal’ mechanisms (Benı́tez et al. 2004; Haggag and Mohamed 2007). In syner-

gistic combination with several other cell wall degrading enzymes, these antibiotics

produce a strong inhibitory effect on many plant pathogens (Benı́tez et al. 2004;

Woo and Lorito 2007; Vinale et al. 2008).

Limited space and nutrition in the rhizosphere compels the microbes to undergo

competition (Lewis et al. 1989; Howell 2003; Benı́tez et al. 2004; Viterbo et al.

2007). Beneficial microorganisms tend to displacement and removal of the patho-

gen due to competition between them. They compete with other pathogenic

microbes for food essential nutrients in the rhizospheric soil (Chet et al. 1990;

Irtwange 2006) and modify the soil dynamics in various ways so that pathogen

growth is inhibited (Benı́tez et al. 2004).

Enzymatic activity from the mycorrhizal fungi holds significant importance in

control of pathogens mainly by lytic mechanism (Viterbo et al. 2007). The lytic

enzymes such as chitinases, proteases, and β-1,3 glucanases (Whipps 2001) lyse

pathogen hyphal cell walls during mycoparasitic activity (El-Katathy et al. 2001;

Khetan 2001). Also β-1,3 glucanases and proteases have been reported to cause
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degradation of cell walls and mycelia growth and spore germination inhibition

which eventually inhibit the growth of pathogenic fungi (Benı́tez et al. 2004; Lin

et al. 2007). They are supposed to deactivate the hydrolytic enzymes produced by

pathogens and thus help in the reduction of disease severity (Elad and Kapat 1999).

In response to pathogen infestation most plants develop kind of resistance

towards them (Harman et al. 2004). These resistances are induced in adverse

situations and based upon type and source of stimulus, can be localized and/or

systematic in nature (Pal and Gardener 2006). Mycorrhizal fungi establish interac-

tion induced metabolic changes and involve genes and expressions known as

systematic acquired resistance, induced systematic resistance or hypersensitive

responses (Handelsman and Stabb 1996; Whipps 2001) in plants which is respon-

sible for increased resistance to various plant pathogens (Benı́tez et al. 2004;

Haggag 2008). Certain metabolites and defense related enzymes such as phenyl-

alanine ammonio-lyase and chalcone synthase have been reported to be involved in

the biosynthesis of phytoalexins, chitinases and glucanases (Benı́tez et al. 2004;

Viterbo et al. 2007) which are responsible for pathogen inhibition. Also, certain

proteins, peptides, and low molecular- weight compounds produced by mycorrhi-

zae may act as elicitors of plant resistance and show plant defense responses

(Benı́tez et al. 2004; Viterbo et al. 2007).

8.4 Production of Mycorrhizal Fungi as Biofertilizers

and Bioprotectants

The criteria for selecting mycorrhizal fungi for their formulation as biofertilizers

and bioprotectants depend on details of the local environment, soil conditions, and

host plants. The mycorrhizal fungi must be capable of rapid root colonization after

inoculation, should efficiently absorb and transfer phosphorus from the soil to the

plant root, should be strong enough to persist and form propagules that remain

viable and re-establish the symbiotic relationship, and it should increase plant

growth (Bagyaraj et al. 2002; Singh and Tilak 2002; Tanu et al. 2006). Increased

populations of propagules by mass production can help to effectively manage and

exploit these beneficial fungi for potential usage as biofertilizer and bioprotectants

(Smith and Zhu 2001; Tiwari et al. 2004; Kapoor et al. 2008).

Mass production of the mycorrhizal inocula has been reported to be achieved by

multiplication of selected fungi in roots of susceptible host plants (Naqvi and

Mukerji 2000; Yeasmin et al. 2007; Marleen et al. 2011) for their application as

spores, or fragments of colonized roots. Spore inocula have been the most resistant

and can survive unfavourable environmental conditions for a long period. The

spores and hyphae at a larger scale after isolation from the soil rhizosphere were

mixed with carrier substrates for application (Gentili and Jumpponen 2006). In

view that the spores inocula colonize new root systems more slowly than other

preparations, both types of inocula, e.g. spores and fragments of colonized roots
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should be combined in commercial products (Marin 2006). Mass production of

mycorrhizal fungi has been achieved with several species such as Acaulospora
laevis, Glomus. clarum, G. etunicatum, G. intraradices, G. mosseae (Chandanie

et al. 2006), Gigaspora ramisporophora and G. rosea (Schwartz et al. 2006) but

Glomus intraradices is the most common inoculum of endomycorrhizae products

(Douds et al. 2000; Adholeya et al. 2005; Wu et al. 2005; Schwartz et al. 2006;

Akhtar and Siddiqui 2008).

Some steps are essential for development of a commercial fungal biofertilizers

once the mass cultivation of the desired organism has been achieved. They include

selection, large scale production, carrier selection and preparation, mixing and

curing, maintenance of appropriate numbers of inocula, and strong quality control

(Malik et al. 2005). Basis of a mycorrhizal formulation to be successful depends

upon its economical viability to produce, stable viability and function of the

inoculum and the ease for efficient and enhanced dispersal during application.

Besides, numerous other factors such as crop species, size and effectiveness of

indigenous mycorrhizal fungi populations, fertility of the soil, and cultural practices

have also been studied for the sustained effects of these biofertilizer preparations

(Adholeya et al. 2005; Hart and Trevors 2005; Tiwari and Adholeya 2005;

Gianinazzi et al. 2010). There are various types of mycorrhiza products comprising

one or multiple mycorrhizal fungal inocula (Singh et al. 2008) from more than

thirty companies involved in their worldwide marketing (Raja 2006; Schwartz et al.

2006).

8.5 Conclusion

The benefits of using mycorrhizal fungi as biofertilizers and bioprotectants include

plant growth promotion, enhanced production of bioactive compounds and second-

ary metabolites, decreased occurrence of plant diseases, pathogen suppression,

disease resistance, increased uptake and availability of nutrients from the soil to

plants, regulation of hormones and enzymes production for plant growth stimula-

tion. All these are beneficial aspects for increased crop production and sustainable

agricultural practices. Exploitation of mycorrhizal fungi as biofertilizers and

bioprotectants at commercial level provide more environmental friendly alternative

approach than chemicals used as fungicides and fertilizers. The efficiency and

success rate of these products can be increased by further research to enhance

their stability, shelf life, mechanism of action, mode of action and certain other

factors which are useful for the sustainable agricultural practices.
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Chapter 9

Management of Fungal Pathogens

by Mycorrhiza

Ram Prasad, Nomita Gupta, Urvashi Satti, Shanquan Wang,

Ahmed IS Ahmed, and Ajit Varma

Abstract Mycorrhiza is a symbiotic association between a fungus and host plant, it

has been reported to be mutually beneficial for both the partners. 90% terrestrial

plant species able to colonize by mycorrhizal fungal species ranging from flowering

to non-flowering plants, 10% terrestrial plants do not form such type of association.

Arbuscular mycorrhizae (AM) are the symbiotic fungi that predominate in the soils

and roots of important crop plants for human mankind. The AM is the major type

that abundant and form beneficial symbiosis with terrestrial ecosystems and crop

production systems. The AM might complete its partial life cycle in host system.

The negative-antagonistic interaction of AM with various soil borne plant patho-

genic fungi is the explanation for their potential use as bio-control agents. Many

researchers have experimentally observed antagonistic effects of AM against some

fungal pathogens. This chapter will highlighting on arbuscular mycorrhiza, types of

mycorrhiza, the interaction between mycorrhizae and plant pathogens, the role of

mycorrhizae in activation of plant defence mechanisms, and effect of some

nanoparticles types on mycorrhizae and pathogenic fungi.
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9.1 Introduction

Fungi are the cosmopolitans; they can survive in different habitats. From two

common groups of fungus, there is one beneficial group like mycorrhizae and

another are harmful like pathogenic fungi (Perotto et al. 2013). Almost all phyto-

pathogenic fungi spent half of their life cycle in host plant and remaining life cycle

outside the host either in soil or in plant debris. Plant diseases arise by the attack of

pathogenic fungi, bacteria, viruses, insects or parasitic plants. The diseases can be

manifested by decayed roots, shrivelled or loss of fruit, wilting leaves, necrotic

lesions on stem or the cankers formation. The survival and performance of most of

the phytopathogenic fungi depend upon the prevailing conditions of temperature,

moisture and presence of water in their environment (Lin et al. 1991).

Beneficial fungi like mycorrhizae (fungi symbiotic association with the higher

plants root) can be used as control agents of pathogenic fungi. There are various

types of mycorrhizae present across the globe but the most abundant in arbuscular

mycorrhizae (AM) which are commonly seen in about 90% of higher plants. Most

of the investigation have been reported that AM fungi have potential to enhance

mycorrhizal colonization and lead to plant growth and yield escalation (Bagyaraj

2014). Metal nanoparticles affect the AM resulting in increase of metallic stress on

plants, some metallic nanoparticles increase the AM growth and some are very

toxic for them.

9.2 Types of Mycorrhizae

Mycorrhiza term was first pointed by a German scientist Frank A.B. in 1885, and

was originated from the “mycos” Greek word that meaning “fungus” while rhiza
meaning ‘root’. Mycorrhiza is a symbiotic describes the relationship between the

soil fungi and the structure which is formed from the complex of both (Muchovej

2001). Most of terrestrial plants root system forms complex with fungi. These are

the ubiquitous symbioses, known as mycorrhizas, and they role as conduits for the

energy flow and matter between soil and plants (Cardon and Whitbeck 2007). The

association is mutualistic which means both organisms get the benefits from each of

them. The fungi receive the required carbohydrates (sugars) and required growth

factors from the plant for its normal metabolism, while the plant receives benefits,

like increased the area of surface for absorption of nutrient. The mycorrhizal

association which is involved in the absorption of nutrients from soil is found

between hyphal fungi and the gametophytes underground organs of many pterido-

phytes and bryophytes, and also the roots of plants as well as the sporophytes of

most types of pteridophytes. The common two mycorrhiza types are

ectomycorrhiza and endomycorrhiza, where they differ considerably in their struc-

ture and physiological relationships with symbionts (Mohammadi et al. 2011).
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The “mycorrhizosphere” term describes properties which are unique to the rhizo-

sphere surrounding and influenced by mycorrhizae (Lin et al. 1991; Giri et al. 2005).

Mycorrhizal fungi stimulate plants to root biomass reducing and simultaneously

expanding uptake of nutrient capacity that is done by extending far of beyond

surfaces of root and then proliferating in pores of soil that are not enough for root

hairs to enter (Mohammadi et al. 2011). The networks of mycorrhizal fungi lead to

connect the plant root systems for broad areas. These fungi frequently comprise the

largest portion of soil microbial biomass (Mohammadi 2011). Mainly mycorrhiza

could be divided to ectomycorrhiza and endomycorrhiza. In ectomycorrhiza hyphae

do not penetrate the cells individually within the root and endomycorrhiza which

the fungal hyphae penetrate it through the cell wall and membrane. The principle

structural features of the main types of mycorrhiza showed in (Fig. 9.1).

Fig. 9.1 The principle structural features of the main types of mycorrhiza (Selosse and Le Tacon

1998) with permission from Elsevier

9 Management of Fungal Pathogens by Mycorrhiza 181



9.2.1 Ectomycorrhiza

Ectomycorrhiza are characterized by fungal hyphae sheath surrounds the root of

host and is pointed as mantle. This mantle covers the root completely leading to

changes in its color and morphology. They have different types of rhizomorph,

cystidia etc. projecting out. Fungal hyphae enter inside the root and arranged

intercellularly surrounding the cortical cells forming a net like structure, called

hartigs net. Both of tertiary and secondary roots then infection root hair production

becomes reduced and root gets coated with hyphae. Hyphae grow in between the

cells either enzymatically or mechanically. Plants belonging to the family

fragaceae, betulaceae, rosaceae, salicaceae etc form ectomycorrhizae. The

ectomycorrhizal fungi belong to the classes basidiomycetes and ascomycetes.

They are not established in woody shrubs and trees having short roots that do not

possesses secondary growth. However they are reported in herbaceous annuals and

perennials (Muchovej 2001; Cumming et al. 2015).

9.2.2 Endomycorrhiza

Endomycorrhizae of root forms both inter and intra-cellular hyphae. When hyphae

enter in cortical cells it forms various types of fungal structures commonly vesicle,

arbuscles and coils are common. Vesicles are actually balloons like structure act as

storage organ while arbuscles are bush like hyphae structure. They were known as

the arbuscular mycorrhizae (AM), are characterized by arbuscules or vesicles in the

plant root cells. Some of these types do not have vesicle, so a common term

arbuscular mycorrhizae is mainly used (Abbott and Robson 1981). They are the

commonest types of mycorrhizae, which develop in the roots of a wide variety of

host plants. AM are considered as obligate biotrophs. They cannot grow and

reproduce in the absence of a host pants. These fungi belong to the class

zygomycetes and order glomales. AM are beneficial in tropical acidic and infertile

soils. Mycorrhizal inoculants are having tremendous value because of their ability

to improve the efficiency and sustainability of crop yields in areas of low soil

fertility. AM is widely present worldwide and with different groups of host plants.

They can be tolerant for wide range of ecological stresses (pH, temperature,

moisture, rainfall etc.). AM fungi have a wide host range but they show host

preferences. The preferential association of AM with certain hosts shows plant

growth stimulation (Moore et al. 2011). Their nutritional requirements may not

very specific so that they have wide host range. However, like other biotrophic

associations, mycorrhizal infections also show compatibility. They differ in their

physiological interaction with different plants, leading to variation in their effect on

plant growth. This leads to the introduction of the term efficient or effective strains.

The efficient strains infect and colonize roots rapidly as compared to effective

strains (Mohammadi et al. 2011).
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9.2.3 Ectendomycorrhiza

These types of mycorrhizal types are similar to ectomycorrhizae but there is

intercellular penetration in between cells. The mantle was covered with mucilage

secreted by less developed roots. This kind of mycorrhizae shares the features of

both endo and ecto-mycorrhizae commonly found in Pinus and Picea in addition to
some angiosperm. The differences between ectomycorrhizae and endomycorrhizae

colonization of plant roots showed in (Fig. 9.2).

9.2.4 Arbutoid Mycorrhiza

These type of fungi found in Ericales basically in genera Arbutus and Pyrola. The
host plant is mostly woody shrub and tree. When the cortical cells have been

penetrates by the fungus where it forms extensive coils of hyphae. Many of fungal

symbionts which form symbiosis in these plant also form mycorrhizae with coni-

fers, it has been reported that a transition between endo and ecto mycorrhizae exist

in the arbutoid type of mycorrhizae accounting for the term ectendomycorrhizae

sometimes applied to this phenomenon. The root system of Arbutoideae, like

mycorrhizal trees, is heterorhozic and is almost differentiated into long and short

roots. The short roots being converted into mycorrhizae with well-defined sheath

Fig. 9.2 Schematic

showing the difference

between ectomycorrhizae

and endomycorrhizae

colonization of plant roots.

© Nature Publishing Group.

Mechanisms underlying

beneficial plant-fungus

interactions in mycorrhizal

symbiosis. Nature

communications (Bonfante

and Genre 2010)
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and a hartig net as in Pinus. They may also have a sparse weft of hyphae on the

surface of root. The short root covered with the weft of hyphae, the thickness of this

varies depending upon the species and root. The Hartig net is formed only in one

tier of the cortex and the cell penetrated by hyphae which form coils. These coils

become enclosed by interfacial matrix and host plasmalemma (He et al. 2003).

Later the fungus and the host cell degenerate. Cortinarius zakii is one which forms

mycorrhiza in Arbutus menziesii. For example, Seedlings of Rhizanthella gardneri
germinated by a mycorrhizal fungus linked to ectomycorrhizae (ECM) roots of a

shrub (Melaleuca sp.) is illustrated in (Fig. 9.3).

9.2.5 Ericoid Mycorrhiza

Plants belongs to Ericaceae, Eonpetraceae involve in these mycorrhizal associations.

Ericoid mycorrhizae find throughout the fine root system. Several genera such as

Epachris, Leuopogn, Monotoa, Rhododendron etc. developed ericoid mycorrhizae

(Dressier 1993). They have usually fine roots on which fungus established out of

corticle cells forming dense intercellular cells. Fungal partner are basidiomycetes or

ascomycetes as for example Pezizella sp. and Claveria sp. This is actually an

endomycorrhizal type. The fungi are slow-growing, septate and mostly sterile.

They are mostly culturable. Both Clavaria vermiculata (Basidiomycotina) and

Pezizella ericae (Ascomycotina) have been isolated from Rhododendrons. During
this form the rootlets of the plants are covered by very loose, sparse, dark, septate

hyphae that penetrate the cortex forming intercellular hyphal coils (Freudenstein and

Doyle 1994). After 3–4 weeks the coils degenerate like arbuscles of AM. Most of the

members of ericaceae grow in acidic soil with less amount of phosphorous and

nitrogen. The fungus improves the mineral uptake and nutrition of the host, especially

phosphorous and nitrogen. Many mycotrophs of Ericaceae showed high resistance to

metals like zinc and copper. The mycorrhizal plants also showed high tolerance to these

metals, which is totally absent in non-infected plants (Geerinck 1992).

Fig. 9.3 Seedlings of Rhizanthella gardneri germinated by a mycorrhizal fungus linked to ECM

roots of a shrub (Melaleuca sp.). These subterranean seedlings are 2–10 mm long with a zone of

brown hyphal coils clearly visible at their base (Moore et al. 2011)
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9.2.6 Orchidoid Mycorrhiza

Orchidoid mycorrhiza is the association between orchid root and fungi. In orchid

the term “mycorrhiza” is used in a broader sense to describe mutualistic plant

fungus associations that can be established at different moments in the plant life

cycle. Here the fungi colonize either the embryo of the minute orchid seeds or the

roots of the chlorophyllous, achlorophyllous orchid species and protocorn. They

penetrate the host cells and form intercellular hyphal network. In nature orchids

germinate only with infected endomycorrhizal fungi that subsequently colonize the

plants, the most common genus Rhizoctonia sp. with perfect state Ceratobasidium,
Sebacina occurring in Basidiomycetes and Ascomycetes. The association in pre

seedling stage is important in establishment of orchids. The fungi enter in the

parenchyma and form coiled structures which looks like arbuscles of AM and

digested in cell within short time (Dressier 1993).

9.2.7 Monotropoid Mycorrhiza

The achlorophyllous plants which belong the family Monotropaceae such as

Monotropa hypopitys, develops monotropoid mycorrhizae. The plant partners

completely depend upon the fungal mycorrhizae for carbon and energy. The root

system of Monotropa has main roots bearing tertiary and secondary branches. The

roots are enclosed in a sheath of fungi, which is connected with Hartig net involving

the outermost layer of host cells. The roots ofMonotropa hypopitys form a ball like

structure throughout which fungal mycelium remifies enclosing the mycorrhizal

roots of neighbouring green plants (Smith and Read 2008). The root ball is the

survival organ of Monotropa sp. During winter and after return of favorable

conditions it gives rise to flowering shoots with root growth, sheath and Hartig

net. A peg like haustoria from the hyphae push into the epidermal and cortical cells

(Yang and Pfister 2006). As the peg grows, glycogen disappears from fungal sheath.

These carbohydrates may be employed for another branching formation of the wall

of the peg which now grows into the cell. These are similar to transfer the cells and

in these transfer regions rough endoplasmic reticulum and mitochondria are plenty.

The peg when matures, the tip burst and the contents are released into the sac

enclosed by plasmalemma. During this time hyphae from fungal sheath invade and

colonize the corticle cells. The functional and structural development of

monotropoid mycorrhiza change with seasonal development of the host plants

(Harley and Smith 1983).
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9.3 Interaction Between Mycorrhizae and Fungal

Phytopathogens

Arbuscular mycorrhiza (AM) is common type of mycorrhizae that has ability to

inhibit fungal plant pathogens (Artursson et al. 2006). Biological control exploits

the antagonistic interactions that reduce the damage caused by fungal pathogen in

plants. Fusarium head blight (FHB) is one of disastrous diseases of wheat (Triticum
aestivum) worldwide, resulted in reduction of grain quality and yield (Parry et al.

1995; Windels 2000). Different species of fungi have been tested for their potential

to reduce the inoculums of Fusarium pathogens, mainly by reduction in biomass of

colonized Fusarium. Tricoderma is one of the fungal species lives in symbiotic

relation with plants reported to have antagonistic abilities against Fusarium. It has
been confirmed by experiments under field conditions that Tricoderma can reduce

FHB up to 50% (Perotto et al. 2013). Gibberella fujikuroi is the causal agent of

bakanae disease in rice especially in seedling stage and overloading with the

gibberellins as its own metabolic product. The endophytic fungi Trichoderma
saturnisporum has maximum inhibitory activity against it (Perotto et al. 2013).

Some Gram positive bacteria were isolated from mycorrhizosphere of Sorgham
bicolor have antagonistic activity towards soil borne fungal pathogens and also

stimulates the mycorrhization. There are many reports regarding the potential use

of AM fungi as biological control agents against soil borne diseases. The discovery

of a Paenibacillus strain that is used as a biological control agent against some

diseases of soil borne fungi and improving the formation of AM opens the possi-

bility of using dual bacterial-fungal inoculation to ensure the high-value plant

production in systems compatible with the environment (Budi et al. 1999). AM

can be reduced the variety of pathogenic fungi in roots by either interacting direct

and indirect mechanism. These have been proposed based on observations of

negative correlations in between the abundance of AM fungal structures and

pathogenic microorganisms in soil, roots and in growth medium (St-Arnaud et al.

1995). Arbuscular endomycorrhiza, hyphae from a germinating spore infect a root

hair and can grow within the root between root cortical cells and also penetrate the

individual cells, forming arbuscules shown in (Fig. 9.4).

AM fungi in multi-species assemblies vary in competitive ability, but the total

level of colonization generally does not exceed that of the most abundant fungus

when grown individually (Abbott and Robson 1981; White 1984; Jansa et al. 2008).

Glomus fasciculatus and Glomus constrictus, when inoculated in combination, did

not increase the frequency of AM fungal root colonization or reduce symptoms of

Phytophthora parasitica on citrus as compared to when each were inoculated in

isolation (Davis and Menge 1981). In another study it has been reported that

inoculation with a multi-species AM fungal assemblage from a field soil increased

the intensity (and, to a lesser extent, the frequency) of AM fungal colonization of

date palm roots, when compared with Glomus monosporus, Glomus clarum, or
Glomus deserticola in isolation, but this did not result in enhanced amelioration of

the negative effects of F. oxysporum f. sp. albedinis on plant growth (Jaiti et al.
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2007). Some previous studies suggested that competition between AM and pathogenic

fungi were occurred for resources and occupation of space within the root system.

The majority of variations in root colonization by AM fungi were explained by the

divergence of the two most species-rich fungal clades: the extensively colonizing

Glomerales and the poorly colonizing Diversisporales (Powell et al. 2009; Hart and

Reader 2002). Surveys on the ability of various AM fungus to reduce the abundance

of F. oxysporum and/or a Pythium sp. in host root systems also suggest, variation in

this trait is largely constrained to this divergence, with low levels of pathogen

abundance in root systems inoculated with various Glomus species relative to those
inoculated with various Gigaspora, Scutellospora, and Acaulospora species (Pow-

ell et al. 2009; Sikes et al. 2009). Some reports suggested that variation in traits

other than the extent of root colonization may be a focus for future surveys. AM

fungal colonization influences root architecture of the host plant, mostly by causing

a more profusely branched root system (Price et al. 1989; Yano et al. 1996;

Paszkowski et al. 2002; Olah et al. 2005; Gutjahr et al. 2009). For several AM

species interactions between changes in root system and protection of plant root

from pathogen attack are established.

Matsubara et al. (1995) reported that eggplants colonized by Glomus etunicatum
or Gigaspora margarita showed higher lignin concentrations in first and second

order roots as compared to non-mycorrhizal plants, when Verticillium dahliae was
present. These AM fungi caused the plant to produce of the third order roots.

G. mosseae induced higher branching of the root system but decreased the root

branching of tomato under high phosphorous conditions if the plant was attacked by

Phytophthora nicotianae (Trotta et al. 1996). Newsham et al. (1995) proposed that

an abundant of lateral root tips and developing meristems make highly branched

root systems more susceptible for pathogen attack, resulting in an increasing

Fig. 9.4 Arbuscular

endomycorrhiza: Hyphae

from a germinating spore

infect a root hair and can

grow within the root

between root cortical cells

and also penetrate

individual cells, forming

arbuscules (Moore et al.
2011)
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demand for AM fungi for their protection. Norman supported this hypothesis as

they compared plants with inherently highly branched root systems and found that

mycorrhizal plants had fewer necrosis compared to non-mycorrhizal plants (Nor-

man et al. 1996). If mycorrhizal fungi frequently cause increased branching of the

roots, but increased branching in itself leads to higher susceptibility to root path-

ogen attack; AM fungi must confer protection through additional mechanisms. It is

difficult to examine the effects of multiple species of AM fungi for this mechanism.

9.3.1 Activation of Plant Defense Mechanisms

There is establishment between the host plant and AM fungi even before physical

contact resulting in specific shifts in the host’s gene regulation (Genre et al. 2009;

Oldroyd et al. 2009) with consequent production of specific multifunctional com-

pounds (involved in transduction pathways and capable to confer disease resis-

tance) (Pozo and Azcón-Aguilar 2007; Liu et al. 2007; Van Wees et al. 2008). For

plants it is an expensive process to constitutively express the defense mechanism

rather than AM fungal establishment which enhances the plant ability to activate

defense mechanism more efficiently when attacked by fungal pathogen. Such

induced pathogen protection may be either systemic within the plants or through

root exudation (Lioussanne et al. 2008). Pozo et al. (2002) has reported that

G. mosseae is very effective in reducing symptoms in P. parasitica through the

induction of hydrolytic enzymes. Liu et al. (2007) compared the transcriptional

response inMedicago truncatula to different AM fungi. A core set of genes some of

them associated with defense mechanisms, were induced in response to the differ-

ent AM fungi, suggesting that gene induction specific to a single AM fungus might

be rare. A diverse AM fungal assembly might be able to induce more defense-

related genes rather than one fungus alone. Mycorrhizae also play an important role

in selection of the microbial community by host and edaphic factors creates a

specialized tree-mycorrhiza-rhizobacterial metaorganism that deploys the genome

resources of all symbionts to explore soils according to (Cumming et al. 2015;

Fig. 9.5).

9.4 Mycorrhizae in Crop Improvement

Beneficial micro-organisms, including soil-borne symbionts, N2-fixing bacteria,

and AM fungi, provide minerals to plants are directly implicated in crop production.

Mycorrhizae provide mutualistic symbiosis between some soil-borne fungi and

plant roots (Frank 1885). Symbiotic fungi are common worldwide in all soil

types and climates; AM fungi (Morton and Benny 1990), have coexisted and

coevolved with plants for about 400 million years (Malloch et al. 1980; Pirozynski

and Dalpé 1989). This means most of the root systems of agricultural/horticultural
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plants and crops are colonized by AM fungi (Harley and Harley 1987; Sieverding

1991).

In order to take advantage of mycorrhizae through innovative cropping systems,

the following three conditions must be met:

1. We need indicators of AM fungi population and AM development on plants. We

need to be able to characterize AM fungi and mycorrhizae as easily as soil

richness in terms of exchangeable cations. This may permit AM fungi charac-

terization to be integrated with an agronomic diagnosis approach (Doré et al.

1997). This would help us to discern when low mycorrhizal development leads

to low production.

2. We need a better knowledge of the relationship between cropping systems and

AM fungi so that mycorhizae can be integrated into crop models. Innovations in

Fig. 9.5 Role of mycorrhizae in selection of the microbial community by host and edaphic factors

creates a specialized tree-mycorrhiza-rhizobacterial metaorganism that deploys the genome

resources of all symbionts to explore soils (Cumming et al. 2015)
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cropping systems will rely more and more on scenarios predicted by models

(Meynard 1998; Meynard et al. 2001; Boiffin et al. 2001); experimentations “in

silico” will allow us to predict the consequences of different combinations of

cropping practices under various climates.

3. We need economic and social conditions to promote sustainable production

instead of short-term solutions that meet immediate needs. Considerations for

a better valorization of mycorrhizae, the separation between cropping and

intensive animal production, sometimes out of ground in some parts of the

world, shows its limits, and the use of pesticides as the preferential means of

controlling the ecosystem, appear to constitute a no-win game of sorcerer’s
apprentice (Plencette et al. 2005).

Ectomycorrhizal inoculum is easily produced for application in forest nurseries,

but the necessity of AM inoculum production via a host plant is still an obstacle to

ample utilization of AM fungi in agricultural crops. Nevertheless, progress is being

made in this area and some commercial inoculum is currently marketed in the USA.

Some of the important practical applications of mycorrhizae are: (a) in soil/sub-

strate (including transplanting media) that are constantly fumigated or receiving

high rates of fungicides to eliminate/reduce soil borne pathogens, such as in

horticultural crops and fruits; (b) in revegetation of eroded or mined areas (extreme

pH; metal toxicity; low organic matter content, natural AM inoculum, and overall

fertility); and (c) in arid and semi-arid regions. With increasing concerns about

excessive nutrient application to the environment, the use of mycorrhizal symbioses

to promote plant growth while reducing the inputs of fertilizer and pesticides may

have great potential for citrus and vegetable crops, which respond very well to

inoculation (Muchovej 2001).

9.5 Effect of Nanoparticles onMycorrhizae and Pathogenic

Fungi

Nanoparticles are tiny particles which measures from 1 to 100 nm in diameter,

having grater surface area, yielding greater proportion of surface atoms and

resulting in greater surface reactivity. Nanoparticles have unique physiochemical

properties resulting in increased use in wide range of technical applications and

consumer products. Silver nanoparticles are currently used in textiles, personal care

products, food storage, home appliances, paints etc. Iron oxide nanoparticles are

widely used in biomedical and environmental applications. Plants are essential

component of terrestrial ecosystem and play crucial roles in the fate and transport

of nanoparticles throughout the environment via uptake and bioaccumulation.

Hence, plant responses to nanoparticles are of great interest and aid in understand-

ing of the consequences of introducing into ecosystem. It has been reported that

silver nanoparticles has potential to decrease plant biomass, reduce the length of

shoots and roots of Triticum aestivum, failure in development of root hairs in
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Lolium multiflorum. It exhibits highly vacuolated and collapsed cortical cells and

broken epidermis and root cap. Arbuscular mycorrhizae are ubiquitous and exhibit

symbiotic association with 90% land plants. it has been found that AM can alleviate

metal stress on Phragmites australis and Iris pseudocorus via transformation of

cationic copper into copper nanoparticles. Silver nanoparticles are toxic to plants

but exhibit growth promoting effect on AM. Feng et al. (2013) found that, the

elevated levels of silver nanoparticles has ability to enhance the effectiveness of

AM for stress elevation in host plants. Glomalin is a glycoprotein produced

abundantly on hyphae and spores of AM fungi. It has been reported that FeO

nanoparticles exhibit potential to inhibit mycorrhizal plant growth by adversely

affecting AM fungi excreted glomalin. Wang et al. (2016) reported that high level

of contamination by zinc oxide nanoparticles causes toxicity to AM symbiotic

association, but AM fungi help in allegation ZnO nanoparticle induced phytotox-

icity by decreasing Zn bioavailability and accumulation, shoot partitioning by Zinc,

ROS production, increasing mineral nutrition and increasing antioxidant capacity.

9.6 Conclusion

Mycorrhizae are the potential tools for environmentally sustainable approach to

decrease pathogenic fungi. Mycorrhizae are play important roles in the growth and

development of plants directly and indirectly through several mechanisms. The

pathogenic fungi and the mycorrhizal fungi compete for the available nutrients and

resources. Pathogenic fungi colonization decreased due to mycorrhizal fungi colo-

nization. Out of all the mycorrhizae studied and discovered, AM is the most studied

type and most of the researches were done on it. The studies have proven that

infected plants when treated with AM fungi its colonization deceases the patho-

genic fungi colonies. The discovery of many traits and genes that are involved in the

beneficial effects of mycorrhizae may result in a better understanding of the

performance of bioinoculants in the field and provides the opportunity to enhance

the beneficial effects of mycorrhizal strains by genetic modifications.
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Doré T, Sebillotte M, Meynard JM (1997) A diagnostic method for assessing regional variations in

crop yield. Agric Syst 54:169–188

Dressier RL (1993) Phylogeny and classification of the orchid family. Cambridge University

Press, Cambridge

Feng Y, Cui X, He S, Dong G, Chen M, Wang J, Lin X (2013) The role of metal nanoparticles in

influencing arbuscular mycorrhizal fungi effects on plant growth. Environ Sci Technol

47:107–118

Frank AB (1885) Uber die auf wurzelsymbiose beruhende ernärhung gewisser bäume durch
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(eds) La gestion des systèmes de culture: regards d’agronomes. ORSTOM, pp 29–54
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Chapter 10

Arbuscular Mycorrhizal Fungi as Biocontrol
Agents for Parasitic Nematodes in Plants

Khursheed Ahmad Wani, Javid Manzoor, Razia Shuab, and Rafiq Lone

Abstract The use of synthetic fertilizers and pesticides has not only caused

damage to environment but has caused detrimental impacts on the health of people.

In order to feed the ever growing population and prevent environmental contami-

nation and decrease the impact on human health organic farming is being promoted

all over the world. The use of Arbuscular mycorrhiza fungi to boost agricultural

productivity is considered a better alternative as it has strong influence on plant

interactions by aiding plants in resource acquisition, disease suppression, and

tolerance to soil pollution and play a decisive role in plant development. It also

enhance the supply of water and nutrients (phosphate and nitrogen), to the host

plant. In return, up to 20% of plant-fixed carbon is transferred to the fungus; hence

the nutritional exchange is bidirectional. AMF acts as a biocontrol agent for various

crops and thus reduces the burden of pesticides in agro-ecosystems. Advance

research is needed to develop farming systems that optimize the use of natural

resources such as mycorrhizal fungi for sustainable agricultural production. The

present chapter is an attempt to study the role of AMF in controlling different plant

parasitic nematodes along with its important advantages for the crop production.

10.1 Introduction

The increase in the yield of agriculture has been achieved by the introduction of

inorganic fertilizers and pesticides (Reddy and Wang 2011). Today, agricultural

practices are dependent on the chemical fertilizers and pesticides and use of
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nitrogen, phosphorus and potassium based fertilizers increased the crop productiv-

ity to large extent. However, increased dosage of chemical fertilizers caused serious

effects on soil fertility that caused not only environmental pollution but also killed

the beneficial microorganisms present in soil and thus increased resistance in pests

against these pesticides. The poisonous chemicals which are applied in agricultural

orchards are absorbed by plants; enter the food chain through vegetables and cereals

causing many health problems. To overcome the problems a sustainable agricul-

tural approach by involving microbial technology such as Mycorrhizae as

biofertilizer and biocontrol agents is required (Dwivedi and Padmanabh 2002) as

they play a fundamental role in nutrients fixing, solubilizing and mobilizing nutri-

ents. Mycorrhizae have significant effect on the rhizosphere as they interact with

other soil biota such as phosphate solubilizing bacteria, plant growth promoting

rhizobacteria, plant pathogens and other bioagents, which results in a significant

positive or negative effects on plant growth (Paulitz and Linderman 1991) hence,

play a important role in sustainable farming system because AMF are efficient

when nutrient availability is low and nutrients are bound to organic matter and soil

particles. Arbuscular mycorrhizal fungi are obligate root symbionts that colonize

more than 80% of all land plant species. They increase plant growth through

improved nutrient uptake in exchange for photosynthetic carbon from their host

(Smith et al. 2010). Hence, AMF has a strong potential to increase the agricultural

productivity and may help in conservation of environment by reducing the burden

of fertilizers and pesticides.

AMF provide their favourable services to almost all terrestrial ecosystems, from

grasslands to forests, deserts and agro-ecosystems as it is present in one or the other

species in these ecosystems. The formation of symbiotic relationships with the

majority of land plants, including many important crops is the key for its establish-

ment in such ecosystems (Smith and Read 2008) and generally provide nutrients,

especially phosphorus, to plants in exchange for plant carbohydrates (Smith and

Read 2008). Further, they can provide protection against pathogens (Sikes et al.

2009) and drought (Auge 2001). With the advent of modern genetic engineering,

AMF is tested for many other crops and success rate is quite appreciable, thus novel

transgenic crop plants with superior yields and improved traits for resistance to

insect pests and pathogens, tolerance to herbicides, and improved ability to endure

environmental stress has been created (Sharma and Srivastava 2008). The improve-

ment in soil structure and soil properties by mixing AMF enhances the sustainabil-

ity of waste lands (Wilson et al. 2009), and by reducing nutrient losses after rain-

induced leaching events that will help in the restoration of wastelands and recla-

mation of barren areas (Van der Heijden 2010) round the year as different species

are active during different seasons. Merryweather and Fitter (1998), that makes it

suitable for different plant species under different environmental conditions

(Ravnskov and Jakobsen 1995). Several studies indicated that diverse AMF com-

munities may improve plant productivity and ecosystem functioning as observed in

(van der Heijden et al. 1998; Vogelsang et al. 2006). AMF may become significant

in escalating crop productivity in acid soils because they may stimulate Phosphorus

uptake in highly P-fixing conditions. Enhanced uptake of P is generally regarded as

the most significant benefit that AMF provide to their host plant, and plant P status
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is often the main controlling factor in the plant-fungal relationship (Graham 2000).

The present necessity in agriculture for high yields as quickly as possible may be an

ongoing necessity for the future of food production. Smith and Read (1997a, b)

pointed out that incorporation of cultural practices will increase AMF diversity.

Sustainable production of food crops in the tropics is often severely constrained by

the fragility of soils, being prone to several forms of degradation. Making better use

of the biological resources in these soils can contribute to enhanced sustainability.

Mycorrhizal fungi constitute an important biological resource in this respect.

Therefore, the aim of the present chapter is to study the role of AMF in controlling

different plant parasitic nematodes along with its important advantages for the crop

production.

10.2 AMF and Organic Agriculture

The association of AMF brings significant changes in the host plant and its

environment by changing the rhizosphere level, soil structure, carbon deposition,

microbial diversity and in part through changes in exudation of roots. The out-come

of plant interactions with other organisms, including pathogens and beneficial

microbes is due to then shifts in the microbial communities of the rhizosphere

(Berta et al. 2002, 2005; Artursson et al. 2006; Lendzemo et al. 2007; Cipollini et al.

2012; Effmert et al. 2012) with multiple modifications in the rhizosphere within the

host plant. Therefore, it is believed that introduction of AMF for organic agriculture

has diverse benefits. Organic farming by AMF will preserve and conserve the

environment’s balance, increases natural resources and develops healthier and

better products. Agricultural systems use large quantities of inorganic fertilizers

and pesticides is a method to alleviate food shortages. However, the introduction of

heavy chemicals in agricultural systems cause serious problems, such as distur-

bance of agricultural ecosystems, and have high environmental costs. The degen-

erative effects of intensive farming practices on soil fertility and ecological balance

are surfacing which needs immediate attention for sustaining the productivity rate

(Narayanan 2005; Dubey and Shukla 2014). However, the major problem in most

developing countries is the poor nutritional status of soils due to less content of the

organic matter (Narayanan 2005; Dubey and Shukla 2014). AMF is seen as an

ecological production management system that will promote and enhance biodi-

versity, biological cycles and soil biological activity. It is based on minimal use of

off-farm inputs and on management practices that restore, maintain and enhance

ecological harmony. The aim of introduction of AMF into agricultural ecosystems

is to optimize the health and productivity of interdependent communities of soil

life, plants, animals and people (National Organic Standards Board 1997). How-

ever, a lot will depend on the efficiency of AMF inputs in the promotion of the

productivity on the organic contents of the soil. Mycorrhizal fungi are now common

in agricultural systems and are particularly relevant for organic agriculture because

they can act as natural fertilisers, enhancing plant yield. Moreover, mycorrhizal
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fungi can directly and indirectly contribute to plant productivity in organic farming

systems (Van der Heijden et al. 2008). Low-input organic farming systems have

increasingly aroused interest due to their focus on natural resource conservation and

reduction of environmental degradation. The characteristics of general principals of

organic farming include: (1) elimination of synthetic biocides; (2) addition of

organic fertilizers to the soil, including farmyard manure, compost and crop

residue, and slow release mineral fertilizers such as rock phosphate; and (3) crop

rotation practices must be encouraged (Van der Heijden et al. 2008). Organic

farming relies heavily on active soil microbial communities and AM fungi play a

vital role in agro ecosystem function. It has been reported that compared to

conventional systems of organic farming, AMF has increases microbial coloniza-

tion, propagule numbers, and species diversity (Eason et al. 1999; Oehl et al. 2004;

Ryan et al. 2000).

10.3 Role of AMF in Soil Improvement

The health of plants is closely linked to soil health, managing the soil in different

ways that conserve and enhance the soil biota can improve crop yields and quality.

Agricultural management also has profound effects on soil communities

(Zadehbagheri et al. 2014b). A varied soil community will not only help prevent

losses due to soil-borne pests and diseases but also speed up decomposition of

organic matter and toxic compounds, and improve nutrient cycling and soil struc-

ture. Microorganisms are the most abundant members of the soil biota. They

include species responsible for nutrient mineralization and cycling, biological

control agents against plant pests and diseases, species that generate substances

capable of modifying plant growth, and species that form mutually beneficial

symbiotic relationships with plant roots (SP-IPM 2004). The most abundant mem-

bers of the vast community of soil organisms that develops mutually beneficial

relationships with plant roots and contributes majorly to plant growth are called

mycorrhizal fungi. They are versatile organisms with complex ecological ramifi-

cations in the soil system that has been complicated to study and understand

(Kapoor et al. 2004; Cavagnaro et al. 2006). The phytocentric concept of AMF

that has prevailed since the naming of these organisms is being replaced by a

holistic vision recognizing that AMF are a key element of soil functioning and

health rather than a plant root component (Zadehbagheri et al. 2014a, b). The most

common and best known of these associations are the AMF (Powell and Bagyaraj

1984). AMF have been suggested to improve biodegradation of persistent organic

pollutants because of the immense size and very high surface interface with soil.

AM fungi are of importance as they play a vital role in metal tolerance (Del Val

et al. 1999) and accumulation (Zhu et al. 2001; Jamal et al. 2002). AMF associa-

tions have a direct effect on soil structure, which is especially important in mixed

culture systems, where cultivations and low levels of soil organic matter tend to

result in damaged soil structure. AMF association with crop components in mixed
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culture systems have been reported to have a great impact in soil structure (Borie

et al. 2000; Franzluebbers et al. 2000; Wright and Anderson 2000; Rillig et al. 2003;

Rillig 2004). The essential ecological role played by AMF is their capacity to

influence directly the diversity and composition of the aboveground plant commu-

nity confirmed that plant species richness can be altered not only by climatic and

edaphic factors, but also by soil microbial assemblages (Van der Heijden et al.

1998; Scheublin et al. 2007; Facelli et al. 2010). In addition, they improve plant

growth, help in contaminant removal, reduce the need for fertilizer application in

commercial plant production, and improve the soil structure and health. Although,

relatively few specific plant-fungus combinations have been studied for their

efficacy and application in remediation and resource conservation, the existing

data on the benefits for mycorrhiza are promising.

10.4 Mechanism of Inhibition by AMF

Different mechanisms are reported to explain bio-control by AMF including bio-

chemical changes in plant tissues, microbial changes in rhizosphere, nutrient status,

anatomical changes to cells, changes to root system morphology and stress allevi-

ation (Hooker et al. 1994). Various workers have demonstrated the protective effect

of mycorrhizal symbioses against root pathogenic fungi (Caron 1989; Dehne 1982).

The complex interactions between pathogens, AMF and plant are consequences of

disease reduction within host plants colonized by AMF (Harrier and Watson 2004).

The damage caused by soilborne pathogens is inhabited by AMF symbiosis

(Azcon-Aguilar et al. 2002). Phytophthora parasitica propagation decreases

when tomato root is colonized by Glomus mosseae and P. parasitica compared

with non-mycorrhizal tomato roots (Cordier et al. 1996). The contribution of

phosphate by AMF lessen the damage caused by P. parasitica in tomato (Trotta

et al. 1996). The time required by Ganoderma boninense to infect and kill oil palm
plant and the seedlings is greatly reduced (Rini 2001). AMF has shown no indirect

interaction with soilborne pathogen through antagonism, mycoparasitism and or

antibiosis (Harrier and Watson 2004). AMF may enhance host tolerance to patho-

gen by increasing the uptake of essential nutrients rather than phosphorus which are

otherwise deficient in the non-mycorrizal plants (Gosling et al. 2006). The nutrient

uptake resulted in more dynamic plants and make the plant itself may be more

resistant or tolerant to pathogen attack (Linderman 1994). The uptake and translo-

cation of nitrogen by hyphal fungus is controlled by host plant’s demand for N

(Hawkins and George 2001). AMF increase host resistance of pathogen attack to

compensate the loss of root functional activities and biomass caused by soil borne

pathogens (Linderman 1994) including fungi and nematodes (Cordier et al. 1996).

AM fungi enhanced uptake of Zn, S and Ca (Clark and Zeto 2000) and also Iron

(Fe) acquisition has been enhanced, apart from phosphorus and Nitrogen uptake. It

is found that AM plants that are grown at low pH had higher Fe gain than AM plants

grown at high pH (Treeby 1992). Manganese gain generally was lower in AM
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plants compared to non AM plants (Azaizeh et al. 1995). Copper and zinc concen-

trations increased in leaves of AM soybean plants, sulfur acquisition was enhanced

in sorghum colonized byGlomus fasciculatum (Raju et al. 1990), boron content was

enhanced in AM maize shoot and calcium (Ca), sodium (Na) and magnesium

(Mg) was also increased compared to the non AM Gigaspora gigantia soybean

plants in low Phosphorus.

Plants colonized by AMF vary from non-mycorrhizal plant in rhizosphere

microbial community that cause changes in root respiration rate quality and quan-

tity of the exudates (Marschner et al. 2001) is another proposed mechanism. Few

researchers believe that that AMF changes the composition of functional groups of

microbes in the mycorrhizosphere, including the numbers and/or activity of path-

ogens antagonists (Secilia and Bagyaraj 1987). Fluctuations in the functional

groups of microbes, including more facultative anaerobic bacteria in

mycorrhizosphere of AMF colonized T. Subterraneum has been observed. The

total number of bacteria isolated from rhizoplane of T. subterraneum and Zea
mays increased due to AMF colonization (Meyer and Linderman 1986). Physical

competition between endomycorrhizal fungi and rhizosphere microorganisms to

occupy more space in the root architecture is one of the mechanism proposed to

explain the interaction between AMF and soil microorganisms (Bansal and Mukerji

1996). Morphological and anatomical changes as observed by Dugassa et al. (1996)

in tomato and cucumber can be one more explanation to inhibit pathogens. A

limited data in support for the carbon compounds received by the root has been

cited in literature (Smith and Read 1997a, b). The higher carbon demand may

inhibit the pathogen growth when AMF have primary access to the photosynthate

(Linderman 1994).

10.5 Arbuscular Mycorrhizae as Biocontrol Agents
of Plant Parasitic Nematodes

Plant-parasitic nematodes, including endoparasitic nematodes and AMF often

survive collectively in the rhizosphere colonizing the same area in roots of

host plants. The association between AMF and nematodes (Hussey and Roncadori

1982; Elsen et al. 2003; de la Pe~na et al. 2006) and nematode reduction

(Sankaranarayanan and Sundarababu 1994; John and Bai 2004; Kantharaju et al.

2005; Siddiqui and Akhtar 2007), no effect (Hasan and Jain 1987) or an increase in

numbers of nematodes (Atilano et al. 1981) has been reported from earlier times.

Various studies confirmed that AMF enhances host tolerance or resistance in many

plant/nematode systems and induce systemic resistance against plant-parasitic

nematodes in the roots (Elsen et al. 2008). Marro et al. (2014) reported that plant-

parasitic nematode Nacobbus aberrans induces gall formation in the roots and

causes severe losses to diverse crops. Few nematodes of this group show inclination

for certain hosts with different behaviour that make nematode management
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difficult. The authors argued that a possible biological control alternative to

decrease the damage caused by this species may be the use of arbuscular mycor-

rhizal fungi (AMF). The consequence of Glomus intraradices on tomato plants

inoculated with the nematode at transplanting. The use of AMF favoured tomato

biomass and decreased the number of galls on the plants inoculated with the

nematode at transplanting.

AMF is used as biocontrol agents to decrease infestation by root-knot nematodes

as it is believed that AMF and plant parasitic nematodes compete with each other

for the same site. The population of Tylenchulus semipenetrans infesting citrus is

controlled by the dose of AM fungus of 500 chlamydospores per tree (Pandey et al.

2004). Rodriguez Romero and Jaizme-Vega (2005) reported that micro-propagated

plants of banana (Musa acuminate) cv. Grand Naine were inoculated with Glomus
manibotis initially and then by Meloidogyne javanica that reduced the number of

galls and the population ofM. javanica with no harmful effect on root colonization

by the mycorrhizal fungus. The interactive effect of mycorrhizal fungus, Glomus
fasciculatum with root knot nematode, Meloidogyne incognita and their effect on

tomato was studied by Shreenivasa et al. (2007). Nematode population, number of

galls and root knot index was significantly reduced by G. fasciculatum and

increased the growth, phosphorous uptake, plant biomass and productivity of

tomato compared to plants inoculated with nematode alone. Hajra et al. (2013)

studied the biocontrol of nematodes by arbuscular mycorrhizal (AM) fungi and

reported significant variations in different parameters. The mycorrhized plants

showed increase in leaf area and plant height than non-mycorrhizal plants, but

mycorrhizal plants exhibited a sharp drop off in nematode- infected plants due to

xylem vessels damage. The capability of mycorrhizal fungi, oil palm bunch refuse

and sawdust mulches on banana growth and nematode infection has been investi-

gated by Omolara (2014). Sawdust mulch enhanced leaf area by 215%, mycorrhizal

fungi by 234% and oil palm bunch refuse by 267%.

Nematodes are diverse group comprising free-living nematodes and plant and

animal parasites that are present all over the world in various habitats (Ferraz and

Brown 2002). Many species of plant-parasitic nematodes (PPN) can act as pests on

a wide range of economically important agricultural crops. The use of biological

control organisms, such as AMF is an environmentally friendly alternative to

manage PPN (Bajaj et al. 2015, 2017). AMF can may alleviate plant stress caused

by abiotic and biotic factors, including PPN (Gianinazzi et al. 2010; Singh et al.

2011; Vos et al. 2012a). The biocontrol effect of AMF was also seen in different

plant species and against many pathogens, although, successful biocontrol has also

been observed against aboveground pathogens such as Alternaria solani in tomato

(Harrier andWatson 2004; Whipps 2004; Fritz et al. 2006; Pozo and Azcón-Aguilar

2007; Jung et al. 2012). Necrotrophic and biotrophic pathogens were reported to be

inhibited by AMF, either directly or indirectly (Veresoglou and Rillig 2012).

Greenhouse and field experiments indicated defensive effects against PPN by

AMF in plants such as banana, coffee and tomato (Calvet et al. 2001; Vos et al.

2012b; Alban et al. 2013; Koffi et al. 2013).
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AMF significantly decreased seed germination of a few obligate root parasitic

plant species like Strigam hermonthica (Lendzemo et al. 2005, 2006; Hearne 2009;

Gworgwor and Weber 2003) and Orobanche Cumana (Louarn et al. 2012) and thus
have a potential in biocontrol against obligate root parasitic weeds. Li et al. (2012)

reported, inoculation with AM fungi inhibited haustorium formation in facultative

root hemiparasitic Pedicularis tricolor. Further, phosphorus transfer from the host

plant into P. tricolor and Pedicularis rexwas significantly decreased. The growth of
hemiparasites was inhibited after AM inoculation, suggesting that AMF have a

potential in the management of Pedicularis species (Li et al. 2013).
The effects of Fusarium oxysporum, a soil-borne biocontrol agent (BCA) was

studied against Striga hermonthica, on fungal and arbuscular mycorrhizal fungal

(AMF) taxa in rhizospheic clay and sandy soil of maize. ‘Foxy-2’ that was used
against S. hermonthica promoted total fungal abundance and stimulated AMF

Gigaspora margarita abundance. No adverse effects were shown by ‘Foxy-2’ on
indigenous rhizosphere fungal communities indicating its environmental safety as

BCA against S. hermonthica (Zimmermann et al. 2016).

Present study deals with the biocontrol of Fusarium wilt of chickpea using

arbuscular mycorrhizal fungi (AMF) Glomus hoi (Gh), Glomus fasciculatum
(Gf) and Rhizobium leguminosorum Biovar. (Rl), which are the important members

of rhizosphere and biological control agents, like AMF, Gh, Gf and RI were studied

on both the patho- system of Fusarium oxysporum f. sp. ciceris (Foc) and chickpea

(Cicer arietinum). The differences were exhibited on colonization and nodulation

of two biocontrol agent reciprocal interactions. The decrease in nodulation of Rl

particularly and colonization of AMF significantly decreased in treatment of Foc

+AMF than control. The single biological control agent inoculations were more

effective than dual inoculations (AMF+Rl) and the morphological parameters of

chickpea showed decrease in treatments which present Foc. In addition to this, all

biological control agent increased total contents of P and N in treated plants

compared to controls (Singh et al. 2014).

The obligate symbionts that colonize the roots of the most cultivated plant

species are known as AMF and almost all types of ecological situations may be

found naturally in most of the species. Endoparasitic nematodes and arbuscular

mycorrhizal fungi, together colonize the same area of the rhizosphere roots of host

plants during interaction. The members of the microbial populations like AM fungi

and root knot of the plant rhizosphere compete with each other for the same site in

rhizosphere. Hence, AM fungi can be used as biocontrol agents to reduce infesta-

tion by root-knot nematodes. Systemic resistance against plant-parasitic nematodes

in the roots of higher plants improved host nutrition.

Antagonism has been demonstrated and believes to be the result of or may be

due to improved host nutrition (Youssef and El-Nagdi 2015). Verticillium dahliae
Kleb is a vascular pathogen that alters water status and growth of pepper plants and

causes drastic reductions in yield. Its control is difficult because it can survive in

field soil for several years. The application of AMF as bioprotector agents against

V. dahliae is an alternative to the use of chemicals which, in addition, is more

respectful with the environment. Some AMF can improve the resistance of
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Capsicum annuum L. against V. dahliae. This is especially relevant for pepper

cultivars (i.e. cv. Piquillo) that exhibit high susceptibility to this pathogen. Com-

pared with non-mycorrhizal plants, mycorrhizal pepper can exhibit more balanced.

A balanced antioxidant metabolism in leaves of mycorrhizal pepper has been

observed after pathogen inoculation that delays the development of disease symp-

toms and photosynthesis decrease in Verticillium-inoculated plants. The higher

deposition of lignin in xylem vessels of stem cells was shown as compared to

non-mycorrhizal plants. AMF has been used as bioprotector agent against V. Dahlia
and improved the resistance of Capsicum annuum L against V. Dahlia.
Non-mycorrhizal plants of the arbuscular and ectomycorrhizae out of the known

mycorrhiza are the most abundant and wide spread that promote plant growth by

enhancing nutrient acquisition and promoting growth hormones. The increase in the

resistance in plants against plant pathogens and surface area of root system for

better absorption of nutrient from soil may be achieved by using AMF, hence may

be used as biofertilizer and as biocontrol agents (Goicoechea et al. 2010).

Sui et al. (2014) observed AM colonization in roots of P. kansuensis, although
much lower than those of its adjacent host species of hemiparasite. The relation

between AM levels and the number of haustoria was negative for field samples of

the hemiparasite. A significant reduction in plant dry weight (DW) with strong

suppression in the production of haustorium and marked reduction in the survival

rate of P. kansuensis after inoculation with AM fungi was observed. On the other

hand, inoculation with G. mosseae enhanced root DW and whole plant DW of

parasitized host plants. A positive repressive effect of AMF on growth performance

of P. kansuensis. Leta and Selvaraj (2013) pointed out that G. aggregatum and

T. harzianumATh1 isolate can block the severity of disease caused by S. cepivorum
in onion. Use of these bio-control agents could be promoted as an active component

of bio-intensive Integrated Disease Management Program (IDMP), under organic

mode. Vigo et al. (2000) confirmed that effects on numbers of infection loci on

tomato root necrosis are one mechanism via which AMF achieve biocontrol of this

pathogen. The rate of spread of necrosis within roots showed no changes caused by

the AMF. Inoculation with the pathogen after 26 days at harvest revealed 61% of

roots of noncolonized plants were necrotic compared with only 31% in

AMF-colonized plants. Dehariya et al. (2015) investigated the effect of individual

and co-inoculation of Trichoderma species and arbuscular mycorrhizal fungi on

growth, mycorrhization, population of Trichoderma, and wilt disease severity in

pigeon pea (Cajanus cajan L Mill sp.). Co-inoculation of Th and Myc gave highest

growth and reduced severity of wilt disease of pigeon pea significantly. Myc alone

was sufficient to promote growth and was effective in terms of disease suppression

before pathogen inoculation. The shoot length, dry weight, phosphorus (P) uptake

of plants, AMF colonization, spore density, and population of Trichoderma. Sig-
nificant physiological changes take place in the host plant upon root colonization by

AMF affecting the interactions with a wide range of organisms. Protective effects

of the symbiosis against pathogens, pests, and parasitic plants have been described

for different plant species, including agriculturally important crop varieties (Jung

et al. 2012). A possible biological control alternative to reduce the damage caused
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by N. aberrans may be the use of arbuscular mycorrhizal fungi. The effect of

Glomus intraradices on tomato plants inoculated with the nematode at

transplanting and three weeks later was tested. AMF colonization was higher in

the presence of the nematode. The use of AMF favoured tomato biomass and reduce

the number of galls and RF on the plants inoculated with the nematode at

transplanting (Marro et al. 2014).

10.6 Conclusions

The minimal and no use of synthetic fertilizers in agriculture and the use of organic

manure, to replenish the soil of its lost nutrients is known as organic farming. The

research oriented towards use of AMF for control of pathogens or plant defence

induction may replace pesticides and fertilizers in near future. The improvement in

crop productivity and disease resistance is an indication for the same. The control of

plant nematodes with the help of AMF will prevent losses arising due to various

nematode pathogens. Changes in architecture, ability to increase the uptake of

phosphorous by plant, metabolic profile fluctuations and defence compound accu-

mulation occurrence makes AMF exceptionally different from other organic

manures. In sustainable and organic agricultural systems, the role of AMF in

maintaining soil fertility and bio-control of plant pathogens may be more important

than in conventional agriculture where their significance has been marginalized by

high inputs of agrochemicals. Therefore, the management and planned applications

of AMF to improve growth of beneficial and important crops particularly in

developing world with an understanding of exploiting AMF payback towards

sustainable agricultural development is very important. It is believed that farming

with AMF will be helpful in developing eco-friendly and cost effective plant

disease management practices, will open and establish new avenues in the field of

agriculture and industry.
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Chapter 11

The Impact of AMF Symbiosis in Alleviating

Drought Tolerance in Field Crops

Jaagriti Tyagi, Eram Sultan, Annu Mishra, Maya Kumari,

and Ramesh Namdeo Pudake

Abstract Recent climate changes are expected to cause more frequent and severe

drought affecting major field crops. Most of the cultivated field crops have a

symbiotic association with the arbuscular mycorrhizal fungi (AMF) which is

present in rhizosphere of these crops. Members of these class of fungi includes

species of Glomus, Gigaspora, etc. have been found to be colonizing roots and

forming an association with field crops for mutual benefits of both the partners. This

symbiosis is known to help the plant to tolerate drought with the positive effects on

plant growth. This chapter provides an overview of possible biochemical and

genetic mechanism involved in AMF assisted drought tolerance in field crops.

The improved water and nutrient absorption with the help of extraradical hyphal

growth of AMF is one the important factor in helping plants to avoid the ill effects

of drought. Along with this, by increased concentration of many biomolecules like

amino acids, polyamines, hormones ; osmotic adjustment with the help of total

soluble sugar (TSS), proline, ascorbic acid, and removing reactive oxygen species

through antioxidant enzymes and antioxidants; AMF helps plant to reduce the

effects of drought. Besides this, the results of some studies have given new exciting

genetic perspectives including cellular water transport by mycorrhized roots.
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11.1 Introduction

Abiotic stresses are the major factors which directly and indirectly influence the

plant development, productivity and cause huge yield losses worldwide (Zhu et al.

2012). Drought stress is the one of the major abiotic stress which is responsible for

inducing the ill effects on plants like ionic and osmotic stress which results in

oxidative stress. This oxidative stress causes the generation of reactive oxygen

species (ROS) that are detrimental effects on plant cellular functions which needed

for healthy cells (Nath et al. 2016). Increased ROS can damage the lipids, proteins

and nuclear acids which can ultimately results in killing the cells (Rasool et al.

2013). Other physiological and biochemical processes affected by drought stress

are photosynthesis, protein and energy synthesis, and metabolisms of lipid

(Fig. 11.1). This scarcity of water also reduces the potential of soil water and

decrease in uptake of nutrients ultimately reduces the biomass.

The majority of crop plants have been found to form association with

rhizospheric fungi including AMF, and this symbiotic association is widely

believed to protect host plants from the adverse effects of drought (Ruı́z-Sánchez

et al. 2011). All members of the Glomeromycota are obligate symbionts on plants,

and are able to mobilize and transport of mineral nutrients (particularly phosphorus)

from the soil which not accessible to roots (Corradi and Bonfante 2012). AMF

produces highly branched fungal structures, arbuscules, within root cortical cells of

their host plants, with which they exchange inorganic minerals, especially phos-

phorus and carbon compounds (Li et al. 2016b; Prasad et al. 2017). Plants are able

to adapt in moisture deficient environment through two major strategies: drought

avoidance and drought tolerance (Bray 1997). Mycorrhiza colonized plant may acts

as drought tolerant as well as drought avoiders (Ruiz-Sánchez et al. 2010).

WWater Stress

Morphological responses
• Leaf movement
• Leaf hairs
• Root-shoot ratio

Physiological responses
• Transpiration
• Root hydraulic properties
• Water use efficiency

Oxidative burst control
• Ascorbate-glutathione cycle
• Secondary metabolites
• Antioxidant enzymes

Catalase
Superoxide dismutase
Polyphenol oxidase
Guaiacol peroxidase
Glutathione reductase
Lipoxygenase

Phenols
Flavonoids
α-tocopherols
Carotenoids

Genetic Regulation
• Transporters
• Osmolite biosynthesis
• miRNA
• Transcription factors
• Hormonal balance

Abscisic acid
Brassinosteroids
Auxin
Cytokinin
Gallic acid 

Fig. 11.1 Schematic representation of plants biochemical, physiological and genetic responses to

water stress under normal growth condition
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The positive role of AMF against various abiotic stresses has been recently

reported by different authors (Evelin et al. 2009; Rapparini and Pe~nuelas 2014). It
plays a multifactorial role by improving water and mineral nutrient uptake from

surrounding soil by extensive extra-radical mycelium (ERM) (Fagbola et al. 2001;

Smith et al. 2009; Goltapeh et al. 2008); and by inducing the accumulation of plant

growth promoting hormones in hosts. It also improves soil properties by secretion

of biomolecules; increase antioxidant enzyme activity in host (Garmendia et al.

2004); enhance the photosynthetic rate (Wu and Xia 2006); stomatal regulation and

transpiration rate (Augé et al. 2015) as compared to non-mycorrhizal plants

(Bárzana et al. 2012; Lee and Luan 2012). The aim of the present chapter is to

outline the recent advances achieved in the study of drought tolerance by AM

symbiosis with a particular focus on field crops. The probable mechanism that may

be effective in improving the plant ability with the help of mycorrhiza to adapt

themselves to drought conditions has been discussed.

11.2 Relation of Water and Nutrient Uptake Through

AMF Hyphae and Plant’s Tolerance to Drought

AMF have the ability to increase the surface area of roots by effectively producing

intraradical and extraradical mycelium for better utilization and effective transpor-

tation of nutrition and water. ERM has great ability to mobilize and transform

unusable inorganic minerals like phosphorus (P), nitrogen (N), zinc (Zn), or copper

(Cu) into organic form which can be readily absorbed by host plants by arbuscules

and vesicles (Smith and Read 2010). Findings on P and N uptake into plants via
AMF, indicates the improvement in tolerance of plants exposed to extreme drought

conditions (Subramanian et al. 1995; Smith et al. 2011). It has been reported that the

comparative increase in green leaf area in AMF plants under drought stress occurs

as a result of nitrogen acquisition by external hyphae that lead to more accumula-

tion of protein in the leaves (Subramanian et al. 1995). The relative participation of

the AMF pathway and plant root direct uptake pathways of P under water scarcity

has not yet been estimated. But it is known that, AMF produces oxalic acid and

phosphatase enzyme helping in solubilizing considerable amounts of phosphorus.

Besides, this the micronutrient especially Zn and Cu uptake was also reported to be

increased by mycorrhizal association (Suri et al. 2011).

This extensive extraradical hyphal network develops an interconnection

between plant and soil. It is able to enter easily into the fine pores of soil, and has

been reported that as low as 4% of water in hyphal compartment was transferred to

the root compartment by ERM due to the presence of these highly specialized

transportation network. AMF hyphal tips are hydrophilic in nature thus facilitate the

water movement from the soil to the hyphal tip and ultimately transport it inside the

plant cells. This extensive mycorrhiza network avoids the water depletion zone

surrounding the roots (Miransari 2011; Smith et al. 2011).

It has been also reported that, AMF symbiosis improved plant fitness under

water stress mainly by improving the plant water status and N uptake. Together it
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improves the activities of N-assimilating enzymes like Glutamine synthetase, and

resulted in increased amounts of proteins and amino acids (Ruiz-Lozano et al.

1996). The role of AMF hyphae in water uptake in water limiting conditions, as

with P uptake, is still a matter of debate (Augé 2001; Smith et al. 2011). To resolve

this dispute, an experimental study was conducted on barley plants inoculated with

Glomus intraradices in a compartmented ‘split plant-hyphal’ chamber with a

specifically adapted online system for monitoring the soil water content. They

concluded that fungal hypha comprises 20% of the total water uptake of the

plant. These findings were similar with earlier results which suggested a direct

uptake and transfer water to the host plants via AMF hyphae (Khalvati et al. 2005).

Along with improved water and nutrient uptake in plants, it may also affect root

hydraulic conductivity in drought stress conditions.

11.3 Biochemical Responses of AMF Plants to Drought

Osmotic adjustment is one of the most important feature adapted by plants to resist

drought stress, this involves accumulation of solutes and thus a decreased osmotic

potential as well as increased pressure potential (Martinez et al. 2007). Osmotic

adjustment helps the plants in maintaining a high relative water content (RWC) at a

low leaf water potential, thereby supporting the plant growth (Farooq et al. 2009). It

has been reported that AMF colonization improved the osmotic balance by accu-

mulation of osmotic solutes and ions such as proline, non-structural carbohydrates,

ionic accumulation (K+, Ca2+ and Mg2+) (Ruiz-Lozano 2003), resulting in the

drought tolerance. Several recognized processes (e.g. ABA and proline accumula-

tion) have been proposed to assist AMF inoculated plants to better alleviate drought

stress. Therefore, mycorrhiza actually enhances the water uptake ability and hence

leaf conductivity, turgor potential regulates osmotic adjustment by keeping stomata

open longer to fix carbon more efficiently (Wu et al. 2013; Wu and Xia 2006).

Under drought conditions, stomata remains close (stomatal resistance) in order to

prevent the leaf-water status from dropping to critical levels (Bago et al. 2003). As

reported earlier that AMF regulate the stomatal conductance and other physiolog-

ical mechanism by triggering the ABA response (Ludwig-Müller 2010) (Fig. 11.2).

11.3.1 Role of Metabolites in Drought Tolerance of AMF
Plants

11.3.1.1 Amino Acids

It has been found that many amino acids accumulate in plants exposed to various

abiotic stresses. Proline is one of the most widely distributed osmolytes, and the

level of which is raised in different abiotic stresses including drought, salinity and
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cold stress (Szabados and Savoure 2010). The relationship between the accumula-

tion of osmolytes and stress tolerance has been discussed because of its role in plant

growth promotion and increment of crop yield (Blum 2016). Similar observations

were reported in maize, groundnut, coriander, soybean with AMF which develops

drought tolerance by increasing the accumulation of some functional amino acids

(Table 11.1).

11.3.1.2 Polyamines

Polyamines are low-molecular-weight cationic nitrogen compounds that interact

with negatively charged molecules like nucleic acids, proteins and phospholipids.

Due to their cationic nature, these commonly occurring compounds have been

frequently related with environmental stresses, including drought, salinity and

chilling stress, as well as UV-B and heavy metals (Groppa and Benavides 2008;

Hussain et al. 2011). Under abiotic stress, polyamines have been attributed to be

involved in the stabilization of membranes protecting them from denaturation,

scavenging free radicals, modulating nucleic acid structures and also enzyme

activities or function (Hasanuzzaman et al. 2013). Citrus plant showed that endog-

enous PAs regulate mycorrhizal development by altering the distribution of carbo-

hydrates to roots (Wu et al. 2013). Various reports suggested that drought in

mycorrhized plants increase in polyamine under water deficient, but it is yet not

clear how endogenous PAs are transferred from AMF to the host plants.

Oxidative burst control
• Increase in SOD, APX and GPX 

activities
• Decrease in H2O2 and MDA

Stress-related gene expression
• Aquaporin (AQP) genes
• ABA responsive genes
• Dehydrin-encoding genes
• Lipoxygenase (LOX) genes

AMF colonization
• Water and nutrient uptake
• Soil water retention
• Expression of fungal AQP genes
• Turgor maintenance
• Root/ shoot ratio
• Increase root surface area and 

absorption capacity
• Influence root and soil architecture

Hormonal balance
• Decrease in ABA

Physiological revamp
• Increase in stomatal density
• Increase in water use efficiency

Aboveground phenotype
Belowground phenotype

Increase in 
Mg2+-Na2+ ratio

Increase in chlorophyll 
content and 

photosynthetic efficiency

Plant growth increase

Osmotic adjustment 

Solutes

Inorganic

Organic

K+, Ca2+, Mg2+

Amino acids, 
Betaine, Sugars

Fig. 11.2 Schematic representation of the role of AMF symbiosis in plant water stress. AMF help

host plants to reduce the detrimental effects of water scarcity through direct or indirect ways by

affecting plant physiological and biochemical processes in both roots and shoots
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Table 11.1 Biochemical and physiological responses of AM on crop plants during drought

Sr.

No Plant

Mycorhizza

species

Biochemical and

physiological characters

studied References

1 Bambara groundnut

(Vigna subterranea)
Glomus
intraradices,
Gigaspora
gregaria,
Scutellospora
gregaria

Mineral content, soluble

sugars and acid

phosphatise was increased

with stress in presence to

AMF, but proline was

decreased

Tsoata et al.

(2015)

2 Barley (Hordeum
vulgare)

G. intraradices Root volume, Phosphorus

content, and phosphatase

enzymes activity was

increased, indicating that

AMF not only regulated

plant water relations, but

also increases P acquisition

and host growth in drought

Bayani et al.

(2015)

Rhizophagus
intraradices

Phosphorus

(P) concentration, leaf

water potential, photosyn-

thetic rate, transpiration

rate, stomatal conductance,

and WUE

Li et al. (2014)

3 Sweet potato

(Ipomoea batatas)
Glomus sp. Found that free proline and

soluble sugars play a key

role in water stressed plants

with AMF symbiosis by

adjusting osmotic potential

Yooyongwech

et al. (2016)

4 Black locust

(Robinia
pseudoacacia)

Funneliformis
mosseae and
R. intraradices

Plant growth, LWC, chlo-

rophyll concentration,

photosynthesis, nutrient

concentration, and fractal

dimension (FD), root colo-

nization percentage

Yang et al.

(2014)

5 Chickpea (Cicer
arietinum)

G. intraradices,
G. etunicatum and

G. versiform

Chlorophyll content, pro-

line, antioxidant enzyme

(POD, CAT, APX, PPO),

MDA content

Sohrabi et al.

(2012)

6 Common bean

(Phaseolus
vulgaris)

G. mosseae or
G. intraradices

Plant growth parameters,

Symbiosis development,

RWC, Shoot nutrient

contents

Franzini et al.

(2010)

7 Common bean

(Phaseolus
vulgaris) and Maize

(Zea mays)

G. mosseae and
G. intraradices

RWC, mycorrhizal root

colonization, N, P and K

content, Total dry weight

(g), Pod dry weight, Root

dry weight, Nodules

(weight, number), Stomatal

conductance

Franzini et al.

(2013)

(continued)
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Table 11.1 (continued)

Sr.

No Plant

Mycorhizza

species

Biochemical and

physiological characters

studied References

8 Coriander

(Coriandrum
sativum )

G. hoi Highest WUE and proline

accumulation were

achieved under stress con-

ditions with AMF

Farahani et al.

(2013)

9 Durum wheat

(Triticum aestivum
durum)

R. intraradices Biomass of grains, and

higher contents of copper,

iron, manganese, zinc and

gliadins in grains was not

affected in drought in

presence of AMF

Goicoechea

et al. (2016)

10 Foxtail millet

(Setaria italica L.)
G. intraradices Greater plant height, collar

diameter, panicle height,

panicle weight and grain

weight, higher enzyme

activities of superoxide

dismutase (SOD), catalase

(CAT), peroxidase (POD)

and glutathione reductase

(GR), and lower concen-

tration of malondialdehyde

(MDA) , H2O2, and O2�

Gong et al.

(2015)

11 Hardy sugarcane

(Saccharum
arundinaceum)

Glomus Spp. Biomass, SWC, RWC,

Root colonization percent-

age, osmotic potential,

proline, TSS, protein,

ascorbate, phenol, MDA,

Glutathione, antioxidant

enzymes (GPOX, SOD,

APX), Chlorophyll

flourescens, photosystem I

and II activities

Mirshad and

Puthur (2016)

12 Lentil (Lens
culinaris L.)

G. intraradices
and G. mosseae

Increased shoot dry weight,

and grain protein with

AMF

Aghayari et al.

(2014)

13 Lettuce (Lactuca
sativa)

G. intraradices
and G. mosseae

RWC, starch, TSS, soluble

proteins, secondary metab-

olites (carotenoids antho-

cyanins, chlorophylls and

phenolics, anthocyanins),

biomass

Baslam and

Goicoechea

(2012)

G. intraradices or
G. mosseae

Antioxidant enzyme activ-

ities (SOD, CAT, and

POD), phosphatase and

nitrate reductase activities,

Solute accumulation

Kohler et al.

(2008)

(continued)
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Table 11.1 (continued)

Sr.

No Plant

Mycorhizza

species

Biochemical and

physiological characters

studied References

14 Maize (Zea mays)
and Tomato (Sola-
num lycopersicum)

G. intraradices Symbiotic development,

Leaf water potential,

RWC, Stomatal conduc-

tance, Photosynthetic effi-

ciency, Hydrostatic root

hydraulic conductivity,

Relative apoplastic water

flow

Bárzana et al.

(2012)

15 Maize (Zea mays) G. mosseae Lipid peroxidation, antiox-

idant enzyme activity, iso-

enzyme expression.

George and

Shaaban

(2015)

G. mossea,
G. intraradices,
G. etunicatum

Has positive effects on

grain yield, and nutrient

concentration

Ghorbanian

et al. (2011)

G. intraradices Led to improve in WUE,

SWC, Grain yield, biologi-

cal yield

Naghashzadeh

et al. (2015)

G. intraradces During moderate drought

stress AMF significantly

improved in quality and

yield of maize

Sajedi et al.

(2010)

G. etunicatum Root colonization percent-

age and plant biomass,

Lipid peroxidation and

membrane permeability,

Proline content, antioxi-

dant enzyme activity

(SOD, CAT, and POD)

Zhu et al.

(2011)

G. etunicatum Root, shoot and total dry

weights, Gas exchange

parameters including

Pn, E, gs, and intercellular

CO2 concentration, chloro-

phyll, Chlorophyll fluores-

cence, RWC, WUE

Zhu et al.

(2012)

16 Mung bean (Vigna
radiata)

G. mosseae,
G. intraradices

Seed and protein yield,

WUE, leaf P, leaf N, har-

vest index of protein, and

WUE

Habibzadeh

et al. (2013)

17 Pigeon pea

(Cajanus cajan)
G. mosseae Physiological parameters,

Chl content, photosynthetic

rate, stomatal conductance,

TSS, MDA, proline, root

oxidase activity

Qiao et al.

(2011)

(continued)
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Table 11.1 (continued)

Sr.

No Plant

Mycorhizza

species

Biochemical and

physiological characters

studied References

18 Rice (Oryza sativa) – Shoot fresh weight, photo-

synthetic efficiency, gluta-

thione, H2O2, MDA

content

Ruiz-Sánchez

et al. (2010)

G. intraradices Shoot water potential,

Photosynthetic efficiency,

Stomatal conductance,

MDA content, proline con-

tent, glutathione and

ascorbate contents, Bio-

mass production.

Ruı́z-Sánchez

et al. (2011)

19 Safflower

(Carthamus

tinctorius)

G. hoi Chlorophyll content, root

and shoot length, shoot and

root dry and fresh weight,

grain yield

Shariati et al.

(2015)

20 Saffron (Crocus
sativus)

G. aggregatum,
G. mosseae,
G. etunicatum

AMF colonization percent-

age, plant growth parame-

ters, carotenoid and

chlorophyll, TSS, mineral

content

Mohebi-

Anabat et al.

(2015)

21 Sorghum

(S. bicolor L.)
G. intraradices Grain yield and its compo-

nents, Harvest index, root

colonization percentage

Afshar et al.

(2014)

22 Sorghum (Sorghum
bicolor) and Pump-

kin (Cucurbita
pepo)

G. intraradices
and Gigaspoa
margarita

Significantly influenced

stomatal conductance

Augé et al.

(2007)

23 Soybean (Glycine
max)

Septoglomus
constrictum, Glo-
mus sp.,
G. aggregatum

Water content, P and N

concentrations, MDA, sol-

uble sugars, chlorophyll

content, proline

Grümberg

et al. (2015)

24 Tomato (Solanum
lycopersicum)

R. irregularis Photosynthetic capacity,

osmolyte accumulation,

root hydraulic conductivity

or aquaporin abundance

and phosphorylation status

Calvo-Polanco

et al. (2016)

Funneliformis
mosseae and
R. intraradices

Plant biomass and AM root

colonization, leaf water

potential (Ψleaf) and gas

exchanges (gs), chloro-

phyll content index, Sto-

matal density, ABA

content, Proline and H2O2

content, and SOD activity

Chitarra et al.

(2016a)

(continued)
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Table 11.1 (continued)

Sr.

No Plant

Mycorhizza

species

Biochemical and

physiological characters

studied References

25 Tomato

(Lycopersicon
esculatum) and Bell

Pepper (Capsicum
annuum)

R. intraradices,
and

R. fasciculatum

Biomass, root length, shoot

length and chlorophyll

content, proline, CAT,

GPOX activity

Tallapragada

et al. (2016)

26 Watermelon

(Citrullus lanatus)
Glomus sp. and
Paraglomus sp.

Fruit yield, WUE, root-N

and -P content ,

Omirou et al.

(2013)

27 Wheat (Triticum
aestivum)

Glomus spp. Plant height, leaf area and

fresh, dry matter yield,

shoot water content, nutri-

ents (N, P, K, Mg and Ca),

photosynthetic pigments,

mycorrhizal colonization

percentage

Abo-Ghalia

and

Khalafallah

(2008)

G. mosseae or
G. etunicatum

Mycorrhizal colonization

percentage , Biomass and

grain yields, nutrient

uptake

Al-Karaki

et al. (2004)

G. claroideum Biomass production,

RWC, leakage of solutes,

leaf chlorophyll and pro-

tein concentrations,

Beltrano and

Ronco (2008)

G. mosseae RWC, osmotic potential,

EL, chlorophyll content

and fluorescence, ROS and

MDA content, antioxidant

enzymes (SOD, CAT,

POD, APOX, Glutathione

reductase), ascorbic acid,

glutathione, proline,

Enzymes of N and P

metabolism, N, P, K

content

Rani (2016)

G. intraradices Specific leaf area (SLA),

relative water content,

WUE, P and N uptake,

plant biomass and grain

yield

Zhang et al.

(2013a)

G. intraradices,
G. mosseae,
G. geosporum,
G. claroideum

Photosynthesis, transpira-

tion and stomatal
conductance

Zhou et al.

(2015)

220 J. Tyagi et al.



11.3.1.3 Carbohydrates

It is well known that water stress lead to accumulation of the non-structural

carbohydrates among many plant species (Bartels and Sunkar 2005). Soluble sugars

play a dual role in the detoxification of ROS, and can either be involved in ROS

producing metabolic pathways, and also regulate NADPH-producing metabolic

pathway such as the oxidative pentose-phosphate (OPP) pathway and thereby

contribute to ROS scavenging. Soluble carbohydrates generated by photosynthesis

performs as osmoprotectants and signaling molecules under stressful environment

(Baslam and Goicoechea 2012), and stabilizes cellular membranes and maintain

turgor pressure and protecting the plant cell from degradation (Grümberg et al.

2015). Similar reports have found in bambara groundnut, lettuce, saffron

(Table 11.1).

11.3.2 Protection of Host from Oxidative Damage by AMF
Under Drought

11.3.2.1 Reduction of Oxidative Stress

ROS are partially oxidized free radicals, produced in all the aerobic organisms as a

by-product of metabolism. In green plants, chloroplast and mitochondria is the most

favourite site for ROS generation, as O2 is continuously generated through water

autolysis and readily available inside the organelle (Garg and Manchanda 2009).

ROS includes both oxygen radicals, like superoxide (O2
�), hydroxyl (�OH),

peroxyl (ROO�), etc., and other non-radicals such as hydrogen peroxide (H2O2),

singlet Oxygen etc. Under minimal concentration they acts as signaling molecules

and involved in the activation of defense responses and in acclimation to

unfavourable environmental conditions, while increased accumulation causes oxi-

dative damage/burst (Suzuki et al. 2012; Nath et al. 2016). Plants developed various

antioxidant mechanisms to maintain this delicate equilibrium by enzymatic and

non-enzymatic systems present in plant cell organelles, which very often form a

common metabolic pathway. Studies in chickpea, foxtail millet, maize and rice

with AMF under drought stress have found similar results (Table. 11.1).

11.3.2.2 Role of Antioxidant Enzymes- SOD, CAT, POX,

Ascorbate- POX in Drought Tolerance

Superoxide dismutase (SOD) is one of the most efficient antioxidant enzymes,

which initiates the detoxification of free radicals. It catalyses the removal of O2�

by its dismutation to H2O2 and O2 (Koc and Ustun 2008), are found in various

locations within the cell. It has been found that drought enhances its activity, and

similar observation was reported in AMF inoculated maize, rice and other field
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crops (Table 11.1). Catalase (CAT) found in the peroxisomes and further dismutase

H2O2 to H2O and O2. It is one of the key defending enzymes for the protection of

photosynthetic apparatus, and hence inhibits the autolysis of chloroplast under

unfavourable environment (Xia et al. 2015). AMF colonization decreased the

H2O2 content in wheat, tomato, bell pepper and rice under water scarcity

(Table 11.1).

Guaicol peroxidases (GPOX) are a diverse group of enzymes which detoxify

H2O2 in cytocol. Increased activity of GPOX was observed in many drought

exposed AMF inoculated plants. It has been found that, there is an increased

activity of POX enzyme in drought stressed foxtail millet (Gong et al. 2015)

when have association with AMF.

Glutathione reductase plays a significant role in Ascorbate-glutathione cycle by

converting the glutathione back into reduced state (Tausz et al. 2004). These

enzymes primarily acts as scavenger for oxidized substances and also participates

in stabilization of structural proteins by modification of (-SH) sulphur groups. It

was reported in AM inoculated soybean plants, that increased activity of glutathi-

one reductase lowers the glutathione level and hence lowers the oxidative tension

inside the membrane (Porcel et al. 2007).

Ascorbate peroxidase enzyme abundantly found in chloroplast of mesophyll

cells. It has been reported that H2O2 detoxification is carried out by ascorbate-

glutathione cycle. The enzyme acts on H2O2 and breakdown it into H2O and O2

(Mittler 2002; Tyagi et al. 2017). Both the enzymes catalase and ascorbate

peroxidise participates in detoxification of H2O2, but former involved in quenching

of ROS and later participates in ROS signaling. Drought assisted enhancement in

APOX activity was observed in many mycorrhiza colonized plants, such as soybean

(Porcel et al. 2003).

Lipoxygenase are a group of enzymes which indirectly participates in defending

action, by detoxification of hydroxyl peroxides and triggers the accumulation of

malondialdehyde content. It is found to be involved in both—biotic and abiotic

stress (Lim et al. 2015). Recent report indicates its defensive role in tomato plants

(Cervantes-Gámez et al. 2016) (Table 11.1).

11.3.2.3 Role of Antioxidant Metabolite in AMF Assisted Drought

Tolerance

Antioxidant metabolite machinery induces the accumulation of secondary metab-

olites such as phenols, flavonoids, carotenoids, α-tocopherols, and ascorbate–

glutathione. These metabolites participate in the ROS detoxification and prevent

the oxidative stress inside the plant cell. As the stress progresses ROS burst

generates oxidative stress and plant inversely activates the antioxidant machinery

(Mittler 2002). It has been studied by various researchers that AM colonization

alleviate the ROS mediated oxidative burst by triggering the antioxidant machinery

inside their host plant cell (Abbaspour et al. 2012; Baslam and Goicoechea 2012).
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AM plants were reported to show diverse antioxidant and also cellular redox status

(Rapparini and Pe~nuelas 2014).
Ascorbic acid is the powerful natural scavenger of OH� that lowers the accu-

mulations of MDA in cell membrane thus stabilizes the membrane integrity (Foyer

and Noctor 2005). Ascorbic acid minimizes the oxidative stress through coopera-

tion with other antioxidant molecules. It has reported that the increment in ascor-

bate content in AM citrus plant (Wu et al. 2010), and similar reports was observed

in chickpea, hardy sugarcane, rice, and foxtail millet under water scare condition

(Table 11.1).

Glutathione is the low molecular weight antioxidant compounds and actively

participates in the various metabolic functions of plant cell (Tausz et al. 2004).

Mycorrhization-mediated rises in photosynthetic performance under water defi-

ciency was correlated with the accumulation of the antioxidant compounds such

as glutathione, which in turn lowered cellular H2O2 and decreased membrane lipids

(Ruı́z-Sánchez et al. 2011). Similar results have found in wheat where G. mossae
confers drought tolerance by increment of glutathione level (Rani 2016).

Phenol and flavonoids was extensively reported to play a role in alleviating

drought stress, and was attributed as one of the ROS scavengers in plants. The AM

inoculated host plant also get protected against oxidative damage (Abbaspour et al.

2012) by induced accumulation of secondary metabolites in wheat, rice under

drought (Table 11.1).

11.4 Improvement in Soil Moisture Holding Capacity

by AMF

The fertility of soil is greatly depends on its compactness which influences the

agronomic yield. Since the mechanical and chemical methods are not very efficient

and economical, use of biological methods to alleviate the soil fertility is

recommended these days. It has been reported that AM fungal hyphae can enhance

soil architecture due to their extensive filamentous hyphal network; also modifies

the soil structure by forming aggregates through the production of the glycoprotein

glomalin (Miransari et al. 2007; Singh et al. 2013). So AMF symbiosis may also

able to increase drought resistance in plants through the improvement of soil

structural stability that in turn increases the water holding capacity of soil and

regulates the transport of nutrients, water flow and limit the loss of hydraulic

conductivity caused by air pores (Augé 2001; Ruiz-Lozano 2003). It has been

reported that mycorrhiza infected soil form more stable aggregates and significantly

higher extraradical hyphal mycelium than the soils of non-inoculated plants.

Glomalin-related soil protein (GRSP) which prevents the loss of water from the

soil exposed to various abiotic stresses (Nichols 2008; Wu et al. 2014), thereby,

regulating the water relations within soil–plant continuum. Glomalin also contains

30–40% carbon containing compounds that protect the soil from desiccation by
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enhance the water holding capacity of soil (Sharma et al. 2017). Thus mycorrhiza

can be considered as the best biological tool for improving soil structure. It has been

hypothesized that hyphal network produces sticky material that causes soil particles

to adhere and form aggregates. It has been proposed that AMF symbiosis increase

the activity of soil phosphatase and hence enhancing tolerance of trifoliate orange

under drought stress (Wu et al. 2013).

11.5 Physiological Response of AMF to Drought Stress

AMF symbiosis regulates the physiological functions such as leaf water potential

(LWP), relative water content (RWC), stomatal conductance, photosynthesis II

efficiency and CO2 assimilation. AMF helps in amelioration of water stress by

physiological modification of the above ground parts of the host plant (Augé 2001;

Bárzana et al. 2012). Many experimental evidences have shown an increased the

rates of gas exchange (stomatal conductance, transpiration, and photosynthetic

rates) in mycorrhiza inoculated plants as compared to non-mycorrhizal plants

under water limited conditions (Augé 2001; Ruiz-Lozano 2003; Khalvati et al.

2005; Lee and Luan 2012). Scarcity of water tends to decrease the stomatal

conductance and increased diffusive resistance to CO2 due to inhibition of

RUBISCO activity, which could lead to increased plant water potential. To main-

tain water uptake from the soil, though, the water potential must be reduced. To

maintain the turgor pressure in plant cell, plants can rely on mechanisms of

‘osmotic adjustment’ or ‘osmoregulation’ that decrease the osmotic potential.

Osmolytic accumulation can also protect cellular components, such as cell mem-

branes and proteins, and sustain the physiological activity of plants (Serraj and

Sinclair 2002). It has been suggested that AMF mediate ABA response to triggers

stomatal conductance and other physiological processes (Ludwig-Müller 2010).

11.5.1 Plant Gas Exchange

AMF have their direct impact in mitigating of water stress in host plant by

regulating the gaseous exchange and maintain the hydration of leaf (Augé et al.

2001). However, the positive effect of AMF symbiosis in the regulation of leaf

water potential as well as foliar gas exchange is still unclear. However, AMF

colonized plant adopt these mechanism to avoid drought stress through maintain

the leaf tissue under higher osmotic potential (Porcel and Ruiz-Lozano 2004;

Bárzana et al. 2012; Bowles et al. 2016).
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11.5.2 Role of Leaf Water Potential and Water Use
Efficiency During Drought

Leaf water potential (LWP) is recognized as an index of the water status of an entire

plant and hence represents an important feature revealing a potentially improved

resistance of plants to drought through better hydration. Water-use efficiency

(WUE) is defined as the ratio of biomass produced to the rate of transpiration. It

was found that mycorrhizal plants imposed to water stress showed greater WUE

than non-inoculated plants (Ruiz-Sánchez et al. 2010). WUE is important in crops

growing in semiarid areas, because of high demand of water. Hence, its measure-

ment provides an integrated assessment of plant water use and thus allows a further

analysis of the plant–water relations of mycorrhizal plants when water is limiting.

The symbiotic relationship between plant and AMF improves water uptake in arid

conditions by improving the stomatal conductance and leaf turgor by effectively

providing roots access to more of the soil water reservoir. As a result, AMF can

protect host plants against drought conditions, and increase the plant growth under

water scarcity. It has been shown that mycorrhizal plants can produce more roots

than non-mycorrhizal plants under drought stress, which may lead to increased

water transport (Li et al. 2014).

11.6 Plant Hormone Regulation by AMF During Drought

AMF have their positive influence on levels of jasmonate, terpenoids and caroten-

oids and phenols; which results in increase the activities of defence related enzymes

like phenylalanine ammonialyase, polyphenol oxidase and peroxidase. In tomato

plant AMF inoculation improved the phenolic acid profile in roots (López-Ráez

et al. 2010). Several signaling molecules have been demonstrated to contribute to

the phenolic synthesis, such as hydrogen peroxide (H2O2), salicylic acid (SA), and

nitric oxide (NO) (Gayoso et al. 2010). AMF symbiosis and methyl jasmonate

avoid the inhibition of root hydraulic conductivity under water stress in Phaseolus
vulgaris plant (Sánchez-Romera et al. 2016). AMF colonized roots have higher

jasmonic acid (JA) contents than control plants (Meixner et al. 2005). The ABA

played an important role in stomatal regulation and has been suggested as one of the

non-nutritional feature of AMF symbiosis under water scarcity. Several reports

suggested that that ABA is increased in colonized plant facing the drought stress

(Doubková et al. 2013). The signalling molecules like SA, H2O2, and NO were

monitored and found that they could be involved in the local induction of phenolic

biosynthesis by AMF in Trifolium repense (Zhang et al. 2013b).
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11.7 Genes Involved During AMF and Field Crops

Symbiosis During Drought

The physiological and biochemical responses of plant to drought stress with

association with AMF are the results of expression of abiotic stress associated

genes. The genes which are involved in signaling and regulatory pathways plays

very important role during this association. The recent molecular studies have

revealed that the membrane transport proteins- like aquaporin and phosphate trans-

porters (Pudake et al. 2017) play important role in symbiotic association with AMF.

Aquaporins are the class of membrane proteins which channels water, uncharged

molecules in roots and leaves cells (Conner et al. 2013). These genes have been

found to increases root hydraulic conductivity in roots and leaf water potential and

decreased transpiration rates in rice and common bean plants with AMF association

(Aroca et al. 2007; Ruı́z-Sánchez et al. 2011). The regulation of aquaporins is

mainly controlled by water scarcity, and may be involved in symbiotic exchange of

water at plant-fungus interface. The AMF regulation of these proteins under

drought stress has been reported to be involved in crop plant status and drought

tolerance in other crops like Medicago (Uehlein et al. 2007) Lettuce (del Mar

Alguacil et al. 2009) and maize (Bárzana et al. 2014). The fungal aquaporins are

also found to be affected by drought stress (Li et al. 2013) and found to be

contributing in maize plants tolerance to drought (Li et al. 2016b). A reduced

expression of aquaporin genes in mycorrhized common bean plants has been

reported when compared to nonmycorrhizal plants under the drought stress

(Aroca et al. 2007), but it was postulated that the transport of other ions by these

aquaporins might have important role in limited water condition. These studies in

field crops and other studies in fruit crops support the potential water transport in

host plants through AM, and helping the host plants in drought tolerance through

aquaporin regulations (Table 11.2).

Recent findings suggest a potential involvement of the other genes were also

involved during drought stress in mycorrhized crop plants. In one study with Pigeon

pea inoculated with G. Mosseea found that 102 genes were upregulated and

40 genes were downregulated, and the putative functions of these genes were

implicated in abiotic stress tolerance (Qiao et al. 2012). And in another study,

genes involved in regulation of stomata development were promoted by a specific

AM fungus (Chitarra et al. 2016a, b). A BiP-encoding gene from the AM fungus

G. intraradiceswas up-regulated by drought stress in mycorrhizal plants, indicating

that AM fungi contribute to better drought tolerance through proteins with

chaperone-like activity (Porcel et al. 2007) (Table 11.2).

The genetic mechanisms of nutrient and water transfer between the AMF and

plants during water scarcity are not well defined, so further studies with new

technologies like transcriptome sequencing and proteomics should provide a better

understanding of genes in enhanced drought resistance of AMF crop plants

(Fig. 11.3).
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Table 11.2 Genetic basis of water relations and other physiological processes involved in AMF

Symbiosis under drought

Sr.

No Plant

Mycorrhiza

Species Genes studied References

1 Carrot (Daucus carota) G. intraradices Two functional aquaporin

genes- GintAQPF1 and

GintAQPF2 were

upregulated for improving

plant water relations during

the drought

Li et al.

(2013)

2 Common bean

(P. vulgaris)
G. intraradices Aquaporin genes—

PvPIP1;2 PvPIP1;3 and

PvPIP2;1 responded differ-

ently to drought stress but

was depended on the AMF

presence

Aroca

et al.

(2007)

3 Lettuce (L. sativa) G. intraradices Enhanced expression of the

PIP2 gene only in presence

of AMF but not with plant-

growth-promoting

rhizobacterium (PGPR)

del Mar

Alguacil

et al.

(2009)

4 Maize (Z. mays) R. intraradices A wide number of aquaporin

subfamily genes were regu-

lated by presence of AMF

and different water level

Bárzana

et al.

(2014)

5 Maize (Z. mays) Rhizophagus
intraradices

Plant genes encoding

D-myo-inositol-3-phosphate

synthase (IPS) and 14-3-3-

like protein GF14 (14-3GF),

which were responsible for

ABA signal transduction,

was found to be involved in

the activation of 14-3-3 pro-

tein and aquaporins

(GintAQPF1 and

GintAQPF2) in
R. intraradices

Li et al.

(2016a)

6 Pigeon pea (C. cajan) G. mosseae 120 upregulated and

40 downregulated genes that

has putative functions

implicated in abiotic stress

tolerances

Qiao et al.

(2012)

7 Soybean (G. max), lettuce
(L. sativa), maize

(Z. mays) and tobacco

(Nicotiana tabacum)

G. intraradices Binding immunoglobulin

protein (BiP) encoding gene

from the AM fungus was

up-regulated by drought

stress

Porcel

et al.

(2007)

(continued)
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11.8 Conclusion

The crop plants use various protective mechanisms to reduce the ill effects of water

scarcity. Significant progress has been made in understanding the role of mycor-

rhizal symbiosis in alleviating drought tolerance, but there are still missing links for

fully decoding its mechanism. Day by day there is an accumulation genetic,

proteomics and metabolomics data recorded during the various biological processes

in many crops; and this new ‘omic’ data will benefit in future to elucidate the

mechanisms of AMF assisted drought avoidance and/or tolerance.

Table 11.2 (continued)

Sr.

No Plant

Mycorrhiza

Species Genes studied References

8 Soybean (G. max), lettuce
(L. sativa)

G. mosseae Δ1-pyrroline-5-carboxylate

synthetase (p5cs) gene was

upregulated in drought

Porcel

et al.

(2004)

9 Tomato (Solanum
lycopersicum)

F. mosseae and
R. intraradices

Expression study of

LeEPFL9- STOMAGEN,

and genes encoding EPF1

and EPF2, two intercellular

signalling factors that func-

tion as antagonists of

LeEPFL9, revealed that reg-

ulation of stomata develop-

ment is promoted by a

specific AM fungus

Chitarra

et al.

(2016b)

Whole Genome Analysis

cDNA Microarray

Quantitative Real-time 
PCR

Proteome Profiling

2-D Gel Electrophoresis

Mass Spectroscopy

Spectrophotometric Biochemical 
Assay

Water Stress

Fig. 11.3 Molecular and biochemical tools that can be used for evaluation of impact of mycor-

rhiza on plant growth during drought stress
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Chapter 12

Arbuscular Mycorrhiza: A Tool for Enhancing

Crop Production

Suvigya Sharma, Anil Kumar Sharma, Ram Prasad, and Ajit Varma

Abstract Soil microbes play a crucial role in determining many key components

such as soil fertility, soil biodiversity and plant health. Due to excessive use of

intensive agricultural practices like high inputs of pesticides, insecticides and

inorganic fertilizers, the existence of these soil microbes having promising charac-

teristics have become marginalized. However, in today’s time introduction of

environmental protection programs have created much awareness in many coun-

tries, including India, and intensive agricultural pattern is shifting towards low

input (sustainable) agricultural regimes. Low input (sustainable) agriculture sys-

tems includes minimizing the use of mineral fertilizers, chemical pesticides and

other such products and promoting organic and low cost methods into the agricul-

tural system for better yield and protection against diseases. It is therefore, of vital

importance for us to understand and manipulate the naturally occurring microor-

ganisms for better crop productivity and establishment of sustainable agro-

ecosystems. Characterization of beneficial soil microbes would be an important

step towards understanding such below ground interactions. The focus of this

chapter is upon understanding the functioning of Arbuscular mycorrhizae, its

ecological significance and possible role in enhancing crop production.
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12.1 Introduction

Crop production all across the globe reached new heights with the onset of green

revolution (between 1930s and late 1960s); which encouraged the development of

new high-yielding varieties of cereal grains, modernization of irrigation infra-

structure, emergence of technology management techniques, availability of

hybridized seeds, chemical fertilizers and pesticides to farmers. Out of many

beneficial effects of this change in agricultural sector and conventional farming

practices, this cannot suffice the human population around the world, as the gap

between the crop production and population kept on increasing which led to food

shortage and food security issues in near future (Tilman et al. 2011). Heavy

inputs of chemical fertilizers and pesticides have led to degradation of soil health

and its biodiversity at all levels. Therefore, lower input sustainable agricultural

practices are the need of the hour, which includes the replacement of conven-

tional intensive agriculture regimes with cost effective planning and implemen-

tation and this can only be achieved by research based strategy of manipulating

soil microbial communities and their interactions with in the agri-ecosystems and

its rhizosphere. In this chapter Arbuscular Mycorrhiza fungi (AMF) and its role in

crop production is discussed.

Decades of research on mycorrhizal fungi have proved that these are the most

widespread and beneficial mycosymbionts and their symbiotic association were

observed commonly with most of terrestrial plant families. Out of different types of

these mycorrhizal fungi, the most commonly found are arbuscular mycorrhiza

fungi. It is observed 70–90% of all land plant species form AM symbiosis

(Brundrett 2009) AM fungi are obligate, bio-trophic and symbiotic in nature, they

colonize the roots of most of the crop plants in natural and agricultural ecosystems

(Leal et al. 2009). The infection zone of arbuscular mycorrhiza (AM) is on the

surface of the plant root or inside the cortical cells, that is how they got their

name—(ancient Greek: μυκης (mykes) ¼ fungus and ριζα (rhiza) ¼ root) (Frank

and Trappe 2005). AM form arbuscules, which are fine and branched hyphae

formed inside the cortical cells, AM hyphae extends outward from the root and

helps in transport of inorganic nutrients such as P, N and micronutrients, water from

the soil to the plant and collect carbon assimilate from the host plants for their

survival (Bucher et al. 2009) also, AMF can strongly enhance the absorption rate of

fertilizers, especially Phosphorous based (Tawaraya et al. 2012). AMF produce a

polysaccharide compound known as glomalin through their external hyphal struc-

tures, which helps in improving the soil structure (Wright and Anderson 2000),

also, they increase water availability to their host plant and helps in disease

suppression (Graham 2001). AMF have positive impacts on plant growth promo-

tion, soil reclamation and phyto-remediation (Leyval et al. 2002) with all these

attributes, AMF can be used as a “Biofertilizer” in a sustainable agro ecosystem.
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12.2 Plant Growth Promotion by Arbuscular Mycorrhizal

Fungi

The AM fungi makes most dominant component of the rhizosphere, it provides plants

with nutrient uptake and many other beneficial inputs for its plant growth promotion,

also, these fungi provide an increased surface area for nutrient absorption as well as to

interact and accommodate many other soil organisms through their hyphae, and thus

the term rhizosphere is widened to as “mycorrhizosphere” (Giri et al. 2005).

AM are considered as the transporters of various elements from rhizospheric soil

to host plant. Elements which are immobile such as phosphorous, copper and zinc

are of special significance as their availability towards plants is limited. Plants

growing under such conditions where they face deficiency of such immobile

elements in soil are greatly benefitted by this plant-fungi association (Chu 1999).

AM fungi also, help plants to sustain under drought conditions by providing

increased water uptake (Augé 2001), under high salt concentrations in soil (Ruiz-

Lozano 2003) and heavy metal contaminated sites such as mine spoils and PHP

contaminated sites (Barea et al. 2005; Boer et al. 2005).

Variety of plants which play host to AM fungi can survive in an environment where

their AM partners are not present, but in natural ecosystem their association is

beneficial to the plant growth promotion by significantly contributing towards nutrient

uptake, increased plant biomass, offering the plant improved resistance towards path-

ogens and stress (Smith and Read 2008). On the other hand, AM fungi are unable to

complete their life cycle without making an association with the host plant as they can

only absorb the carbon assimilates from inside the plant cells; these fungi are dependent

upon their plant partners for their growth and reproduction which makes them obligate

biotrophs. These are asexual fungi, the phenomenon of anastomosis is observed

between genetically distinct AM strains (Croll et al. 2009; Hijri and Sanders 2005).

The hyphae are aseptate and coenocytic in nature, which facilitates the translocation of

free flowing nuclei across the cytoplasmic streams within the hyphae (Bago et al.

1999). Due to these unique characteristics, high levels of heterozygosity and absence of

a uninucleate stage in their life cycle, classical molecular approaches have failed to

provide the basis of their growth and functionality, however, fast evolving tools based

on transcriptomics and proteomics provided a partial approach where it is assumed that

the plants are the determining factors of the symbiotic association.

12.3 Mechanism of Plant Root Colonization by Arbuscular

Mycorrhizal Fungi

12.3.1 Physical

Communication between plant and fungus occurs through morphological changes

in the cell structure of both host and AM (Parniske 2008). Physically diameter of

mycorrhizal mycelium is relatively much smaller than the plant root or root hair,
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hence can explore the soil and soil aggregates much efficiently facilitating the host

in many ways (Rillig et al. 2002; Wilson et al. 2009). The process of colonization

occurs in a number of morphologically well defined stages. The germinating spore

physically approaches the plant root forming a structure called as appressorium,

from which hyphal penetration occurs and the fungus accommodates itself by

proliferating in the cortical parenchyma (Gianinazzi-Pearson 1996). In spite of

accommodating inside the cortical cells of the roots the two partners in this

mutualistic relationship remain separated by a zone of demarcation termed as

Symbiosome, the bidirectional flow of nutrients take place at this site (Bucher

et al. 2009).

12.3.2 Biochemical

The mechanism of AM interaction starts even before the mycelium is physically in

contact with the host roots; in response to plant root exudates the resting spore

germinates a short mycelium which repetitively extends its branches towards

approaching the host roots. The AM symbiosis involves a number of signaling

pathways which are partially characterized and are identical to those shared by

Rhizobium- legume symbiosis (Kuhn et al. 2010). The attachment of pre-symbiotic

mycelium to the plant cell is mediated by the host root exudates recognized as

Strigolactones (Akiyama et al. 2005; Besserer et al. 2006). Diffusion of these

compounds into the soil to short distances leads to the attachment of hyphopodium

to the cell surface and formation of PPA (pre-penetration apparatus) in the cyto-

plasm of epidermal cells and outer cortical cells, the intercellular hyphae profusely

branches along the axis forming branched structures called arbuscules which are the

site of active nutrient exchange (Bonfante and Genre 2010).

12.3.3 Molecular

At least seven genes (SYM genes) are required for the symbiosis to establish in both

cases but none of them is considered responsible for AM fungi only (Parniske

2008). Plants have membrane proteins that code for receptor like kinases

(e.g. LjSYMRK in Lotus japonicas; MtDMI2 in Medicago truncatula) which plays

instrumental role in directly or indirectly recognizing rhizobial and mycorrhizal

signals (Markmann et al. 2008), transduction of these signals occurs by phosphor-

ylation of the kinase domain of an unknown substrate into the cytoplasm. All the

downstream elements involved in the SYM pathway collectively transduce the

signals to the nucleus. However, AM fungi are also known to produce distinct

biologically active compounds which in turn can induce different pathways, as it

was demonstrated through experiments on Rice (Gutjahr et al. 2008) andMedicago
(Kuhn et al. 2010) where SYM-independent regulation of AM induced gene
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expression was observed. AM releases ‘Myc’ factors which are similar to the Nod

factors released by rhizobia during symbiosis are responsible for the host root

colonization (Bucher et al. 2009). It was reported by Kosuta et al. (2003) that

expression ofMtENOD11depends upon the hyphal branching of AM, it implies that

the expression of MtENOD, a Myc factor requires presence of strigolactones.

12.4 Mycorrhizal Role in Sustainable Nutrient

Mobilization and Crop Nutrition

12.4.1 Role of Extended Hyphal Network in Nutrient Uptake

The extraradical mycelium of AM fungi has length that can extend to several

centimeters in soil (Rhodes and Gerdemann 1975) and their total surface area can

be of many folds greater than that of the host root, the large surface area allows the

better acquisition of P and other mineral nutrients (Read and Perez-Moreno 2003).

Mobilization of available nitrogen from the litter to the plants is also facilitated by

AM extraradical mycelium (Hodge et al. 2001). Counting on these primary char-

acteristics of AM symbiosis, it proves to be an even stronger candidate for low input

sustainable agriculture, and through its active network of mycelium it can help in

mobilizing nutrients from the crop residues itself.

12.4.2 Arbuscular Mycorrhizae and P Uptake Kinetics
in Plants

The P uptake kinetics followed by these fungi is very similar to that of plant roots,

but there are no kinetic parameters defined for the uptake of phosphorous by

extraradical hyphae. The AM hyphae is efficient in transporting P even through a

steep concentration gradient and beyond root depletion zones (Harrison and van

Buuren 1995). The P-carrier system is driven by a proton-motive gradient created

by the ATP-demanding transport of protons out of the fungal cells (Beever and

Burns 1980). Sanders and Tinker (1973) evaluated the P flux entering Allium cepa
roots via the hyphae, based on mean number and size of entry points per cm of the

roots; the P flux represented as mol cm�2 s1 was converted into P flux per unit cross

section area of hyphae, this information conveyed a value of 3.8� 10�8 mol cm�2 s1

and indicated the measure of translocated P flux within the mycorrhizal hyphae.

The rate of P absorption per unit area of root measured under standardized

conditions of temperature, concentration; pH etc. is considered as the absorption

capacity, this feature plays an important and deciding role in P uptake. Cress et al.

(1979) reported that mycorrhized roots were more efficient in P absorption by virtue

of greater affinity for P carrier system.
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At the site of nutritional interchange between the host plant and fungus, active

membranes are present which serves as a tripartite structure and are linked to

ATP-ase activities. The intracellular space formed by AM fungi influence the

necessary energy gradients required for active transport for both host and fungal

partners (Fig. 12.1). AMF possess a number of P transporters such as GiPT found in

extraradical mycelium of Glomus intraradices is found to have expressed in low P

situation by the fungi (Maldonado-Mendoza et al. 2001). The process of P uptake

through AMF can prove costly to plants some times as the fungal partners can

switch their roles from being supportive to neutral (Douglas 2008; Kiers and van

der Heijden 2006).

12.4.3 Arbuscular Mycorrhizae and Nitrogen Uptake

Soil consists of volumes of Amino acids that contribute towards the crop nutrition.

Glutamate, Glutamine, Aspartate and Alanine are free amino acids generally found

in soil, in a range of 1–10 μg g�1 of dry soil (Abuarghub and Read 1988). Several

reports suggest that AM hyphae plays important role in utilization of inorganic N

(Cruz et al. 2007; Hodge et al. 2001). Free amino acids were found in the

extraradical hyphae of AM (Finlay 2008) also, maize roots colonized with mycor-

rhizae showed the presence of free amino acids (Cliquet and Stewart 1993)

whereas, (Johansen et al. 1993) reported presence of Asparagine, Aspartate, Ala-

nine, Glutamine and Gutamate in extraradical mycelium of Glomus intraradices.
Through these reports it is evident that glutamine and glutamate have a key role

in incorporation of inorganic N into organic compounds and precursors for the

ATPase

(Re-absorption)

P

Efflux

Fungus
Apoplasm

Fungal Plasma 
membrane

Plant plasma 
membrane

ATPase

Fig. 12.1 Schematic

diagram of membrane

transport process involved

in movement of nutrients

(Smith 1993)
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synthesis of rest of the amino acids in AM fungi. 15N studies have shown that the N

in soil is taken up by the extended extraradical hyphae as NH+
4 –N (MÄDer et al.

2000) and NO�
3 –N (Tobar et al. 1994) and translocated to plants.

12.4.4 Bacteria-AM-Legume Tripartite Symbiotic
Relationship

Bacteria associated with AM also help in nutrient transport. It was observed from

the example of bacteria-AM-legume tripartite symbiotic relationship, where

diazotrophic bacteria fix N not only for plant but also to AM. The presence of

AM fungi increases nodulation and nitrogen fixation in legumes, as AM and legume

symbiosis works synergistically to provide plant growth promotion (Amora-

Lazcano et al. 1998), as AM provides the plant host and rhizobacteria with P

which is essential for the synthesis of enzymes required for establishing legume

symbiosis and nitrogen fixation thus promotes mycorrhizal symbiosis. It is reported

that rhizobium and AM in dual symbiosis can provide plant growth promotion in

many legumes (Zahran 1999).

More research is still required regarding the decomposition processes in soil by

mycorrhizosphere organisms as this could be significant in establishing sustainable

agro ecosystem and can reduce the inputs of chemical fertilizations into fields.

12.4.5 Micronutrients Provided by Arbuscular Mycorrhizae

These fungi play an instrumental role in the translocation of zinc and copper, the

content and uptake is significantly higher in the roots of mycorrhized plants in

normal as well as abiotic stress condition (Porras-Soriano et al. 2009). The effi-

ciency of extraradical hyphae to translocate copper and Zinc is high and it could

contribute nearly 50–60% of the total uptake in white clover and about 25% in

maize (Kothari et al. 1991; Li et al. 1991). A meta analysis of influence of AMF on

Zn uptake showed the mycorrhization has positive influence on Zn concentration of

plant (Lehmann et al. 2014).

High levels of Fe were reported by (Caris et al. 1998) in peanut and sorghum. It

is suggested that like ectomycorrhizal fungi (Szaniszlo et al. 1981). AM also

produce Fe chelating compounds, for example siderophores (Cress et al. 1986). In

soil natural conditions AM compete for the Fe uptake due to presence of other soil

microbes and with the root itself. The contribution towards Fe uptake therefore, is

variable and dependent upon the plant-fungus combination as well as physical

properties of soil. It’s an advantage to AMF host plant, that they get the mineral

nutrition through their fungal partner even in stressed environments (Clark and Zeto

2000).
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12.5 Arbuscular Mycorrhizae Ameliorates Plant Health

Through Improved Resistance to Various Abiotic

and Biotic Stresses

12.5.1 Soil Salinity

Salt affected soils makes about 10% of the global land surface. Phytotoxic effects of

high salinity includes lower water potential in soil solution leading to decreased

water uptake, ion toxicity related to increased uptake of Na+ and Cl� and reduced

mineral uptake and absorption. Several reports have shown the plants have better

sustenance against the adverse effects of high salinity when colonized by AMF.

Case studies have shown increased salt tolerance in banana plants (Yano-Melo et al.

2003) when infected by Glomus consortia, in cotton improved plant growth,

biomass accumulation and P –nutrition varied under fungal isolate as well as

severity of salt stress. Higher diversity pattern of AM fungi were found in the

roots of Lotus glaber, a glycophytic perennial legume frequently growing in saline

habitats (Mendoza and Pagani 1997; Sannazzaro et al. 2004) showed its depen-

dence on AM colonization under P deficit conditions.

12.5.2 Soil Acidity

Soil acidification is considered to be a natural process in soil under humid envi-

ronment. As the soil pH lowers to 5 and less, soluble levels of metal cation may

cross threshold and become biologically toxic (Goulding 2016). Due to precipita-

tion and adsorption, availability of P gets reduced under acidic conditions in soil.

Other factors contributing soil acidification are combustion of fossil fuels, applica-

tion of ammonium fertilizers, mining practices and other such human activities

leads to anthropogenic soil acidification. Many reports suggest most of these soils

are found in tropical agro-ecosystems, the role of AM is important as most of the

crops in tropics are highly mycorrhiza-dependent in a low P status in acidic soil.

The use of commercial AM inoculums can be prompted to reclaim vegetation cover

having highly acidic substrate (Arines and Vilari~no 1991; Corbett et al. 1996).

12.5.3 Extreme Temperature

Temperature controls the rate of all metabolic reactions; hence, temperature is a

very important factor deciding the distribution of microorganism in soil around the

earth. Members of Glomales are found in all kinds of temperature zone on earth and

with climate their species composition is also influenced (Koske 1987). Due to

slower metabolism rate at sub optimal temperature, AMF growth limits.
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Extraradical mycelium of certain AM isolates can sustain freezing temperature and

can reinitiate the colonization (Gavito et al. 2000, 2003). Varying temperature

conditions of extreme cold to extreme high may pose adverse effect on AM and

its enzymatic responses (Chen et al. 2014).

12.5.4 Water Stress

Application of AM inoculums to field is one of the research strategies used to curb

the water deficiency and sustain the crop yield. During drought conditions the plant

undergoes a number of changes such as physiological responses which are regu-

lated by gene expression (Ito et al. 2006). AM symbiosis with plants has shown to

improve plant productivity under water stress (Augé 2001; Ruiz-Lozano 2003;

Ruiz-Sanchez et al. 2010). The extraradical hyphae of AM serves as extension to

plant root and due the thin structure it can explore the soil pores and reach to the

water source not available plant root not colonized by AM. Also, the hyphal

assistance in water transport to plants was reported by (Khalvati et al. 2005).

Some reports also support that in AM fungi the root hydraulic properties (Barzana

et al. 2012; Ruiz-Lozano et al. 2009; Sanchez-Romera et al. 2016), stomatal

conductance (Auge et al. 2015) and protection against oxidative damage (Ruiz-

Lozano 2003). Genes putatively involved in plant response to water stress such as

P5CS, encoding rate limiting enzyme of Pro synthesis (Porcel et al. 2004),

aquaporin genes (Porcel et al. 2006), a gene (NCED) plays key role in ABA bio

synthesis (Aroca et al. 2008) have been reported for AM colonized plants.

12.5.5 Protection Against Pathogen

A number of AMF-induced resistance was reported against the attack of microbial

pathogens (Appoloni et al. 2008). Phytohormones like salicylic acid and jasmonic

acid play crucial role in providing ISR (induced Systemic resistance) during

pathogen invasion (Bari and Jones 2009); mycorrhization have shown to enhance

the levels of these hormones significantly (Meixner et al. 2005). Besides improving

uptake of nutrients, AM fungi contribute towards improved resistance to plant

against soil borne pathogens. The altered resistance is manifested in physiological

responses in plant metabolism through enhanced chitinolytic activity and increased

rates of photosynthesis and respiration efficiency. A number of mechanism are now

known such as altered exudation of plant roots contribute to change in P nutrition,

production of lower molecular weight-phytoalexins, lignification of cell wall and

exclusion of pathogen. Mycorrhized plants show a strong vascular system having

increased flow of nutrients, higher mechanical strength and decreased effects of

vascular pathogen (Huang et al. 2003). The arbuscules formed by AM fungi in plant

root gets degraded during digestion of the fungus by the host that increase the
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chitinolytic activity, which are effective enzymes against other fungal pathogens.

Many researchers suggested production of PR proteins like chitinases (PR type 3)

and β 1-3 glucanases (PR type 2) are result of this increased activity and can even

work synergistically during plant-microbe interaction.

12.6 Mycorrhizal Inoculum Production and Management

12.6.1 AMF Mass Multiplication Through Trap
and on Farm Production

Mass production of AM fungi is now possible using trap culture techniques using

suitable host plants and different substrate such as sand, peat, expanded clay,

vermiculite, per lite, soil rite, rock wool, glass beads etc. Through trap culturing

the small scale production of spores is possible with in a time period of 2–3 months.

This can be further used to produce large scale inocula which may involve addition

of a carrier material such as charcoal or expanded clay types, where the spore can be

embedded into substrate particles and can be used as direct inoculums to crops in

field. Another technique of similar basis is trap culturing where the plant is uprooted

from a site washed and all the traces of external soil particles are removed and then

this plant can be grown in suitable sterile substrate. These types of cultures provide

a mixed population which can be purified by subsequent monospore pot culturing.

On site production of inoculum can be an alternative to using commercially

available inoculum.

In field experiments, it was reported on farm produced inocula performed better

during field trial on tubers and yield was increased to 33–45% as compared to

control treatment and commercial inoculums (Douds et al. 2005).

12.6.2 AMF Mass Multiplication Through Aeroponic
and Hydroponic System

Aeroponic culturing involves growing plants under a moist environment, closed or

semi-closed, where continuous spray of nutrient rich solution is facilitated for roots

to profusely proliferate and giving AMF to multiply at a mass level. It is a soil less

technique which provides a large number of propagule numbers even higher than

the soil based inoculums. Most of all this method allows uniform and higher amount

of oxygen in the rhizosphere zone. Aeroponic inoculum can be efficiently stored,

transported and applied in different crops like: legume, cereal, grass, vegetable and

any other herbaceous or woody plant roots. This method of inoculums production is

environmentally and ecologically safe and economically viable (Coelho et al.

2014).
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Another technique of AM mass multiplication is growing the fungus in a

hydroponic solution. It provides the AM propagation under controlled and soil

less condition. Nutrient film cultures allow the flow of large scale of fluid flowing

over the plant root. MacDonald reported a system for the production of axenic

culture of Glomus caledonium and Trifolium parviflorum. This system of mass

multiplication faces the major challenge of limited proliferation of AM under

waterlogged conditions.

12.6.3 Root Organ Cultures

The established root organ cultures were first described by White (1943). The root

organ cultures have greatly improved our understanding of AM-root behavior in a

compartmented system, as the propagating fungus in a dual culture system with

transformed host roots can be easily studied under inverted and compound

microscope. This technique can be used as a tool for AMF mass multiplication as

it allows only fungus and root to grow and is free from other microbes inhabiting

the rhizosphere (Fortin et al. 2002). The fungal propagules produced can be stored

at 4 �C and dark for a longer period of time and can be used as inoculums for green

house or field level application.

12.7 Conclusion

Enhancing crop production involves identifying factors favorable for the yield of

crops and developing strategies for low input environment friendly agricultural

practices. Use of biofertilizers is undoubtedly a better option over chemical fertil-

izers which, if not used in control amounts can, be a hazard to the soil and

environment. AMF plays a key role in maintaining the soil health and its use is

encouraged in agricultural practices in past many decades. Out of the major

nutrients required for crops for better yield like NPK, two (N and P) can be

supplemented by co inoculation of AM and rhizobacteria. Commercial inoculums

is better option for field level application, higher concentration of inoculums can

enhance the effects of decreased disease incidence, hence promoting yield. It is

important to select the appropriate combination of plant-fungus and other organism,

as this can largely influence the proliferation of extraradical hyphae, which is an

important factor in plant growth promotion. An inoculum containing consortia of

AM species is more robust and sustaining than inoculums with single species and

helps in soil aggregation more consistently.
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Chapter 13

Comparative Analysis of Metal Uptake

Potential of Hyphal Fusion Progenies of AMF

and Their Parents

Rajalakshmi Muralidharan, Prasun Ray, and Alok Adholeya

Abstract The main objective of the present study was to compare 15 arbuscular

mycorrhizal fungal isolates (8 parents representing 3 Glomus species under the

same genera Glomaceae and their 7 stable hyphal fusion progenies) for their heavy

metal uptake potential so that they can be recommended for soil reclamation,

environmental protection, and enhanced agricultural production. In vitro studies

were conducted with AMF cultures grown in jars with minimal media amended

with or without coal ash containing heavy metals. The experimental design was

completely randomized with three replicates per treatment. Uptake of ten metals

namely Al, Cd, Co, Cr, Cu, Mn, Ni, Pb, Si and Zn was analyzed by atomic

absorption spectrophotometer. Study results showed that heavy metal uptake by

hyphal fusion progenies and their parental isolate differs considerably among

themselves and also for different metals. Hyphal fusion progeny 14 and parental

isolate P46 showed high tolerance for a wide range of metals.

13.1 Introduction

Coal based thermal power stations in India use low grade coal with high ash content

(40–50%). Toxic elements like As, Cr, Pb, Zn, Ni, Co, Cu, Cd and Mn have been

reported to be present in bottom ash. Reviews have focused on the role of mycor-

rhizal fungi in the uptake of heavy metals from the polluted soils and their transfer

to the plants (Leyval et al. 1997). Particularly, the enhanced uptake of phosphorus

(Bolan 1991) and other less mobile nutrients such as zinc, copper, and ammonium
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is well established as the main fungal benefit to the plant (Smith and Read 1977).

There is a considerable proof that mycorrhizae protect the roots against heavy metal

toxicity (Gildon and Tinker 1983; Dueck et al. 1986; Jones and Huchinsson 1988).

From very few investigations, it is clear that, in general, the metal-ameliorating

effect strongly depends on the fungal species. Hence screening for selection of

suitable isolates for reclamation of ash affected sites remains an essential criterion

(Ray et al. 2005). Numerous environmental factors including climate, soil condi-

tion, and species interactions simultaneously determine symbiont function

(Chagnon et al. 2013). The response of mycorrhizal fungi to toxic metals is of

importance for their capability in the reclamation of polluted sites and their

influence on plant growth and productivity (Blaudez et al. 2000). The decrease of

metal phytotoxicity by mycorrhizal fungi has been widely demonstrated (Jones and

Hutchinson 1986; Dixon and Buschena 1988; Colpaert and Van Assche 1993).

Binding of metals to cell walls, sequestration of metals either by binding proteins or

polypeptides, or by complexation in vacuoles could alleviate the toxic effects of

free metal ions in cells by effectively lowering their intracellular concentration

(Ortiz et al. 1992; Gadd 1993; Galli et al. 1994; Leyval et al. 1997). All organisms,

including micro-organisms, can achieve resistance to heavy metals by “avoidance”,

or by “tolerance” (Joho et al. 1985; Baker 1987; Turnau et al. 1996). Medeiros et al.

(1993) speculated that plant host dependence on AM fungi would increase with a

corresponding increase in hyphal growth.

The toxicity of Ni generally manifested by interference with other essential

metal ions and induction of oxidative stress, resulting in restricted cell division

and expansion, disruption of photosynthesis, inhibition of root growth and brand-

ing, leaf chlorosis, necrosis and wilting, modification in uptake of other cations etc.

(Chen et al. 2009; Nagaajyoti et al. 2010). Cadmium is one of the most toxic,

non-essential and mobile metallic element found in soils (Qadir et al. 2004;

Rahmanian et al. 2011) and is discharged into the soil at the rate of 22,000 tons

per year globally (Anjum et al. 2008). Cadmium is a particularly dangerous

pollutant due to its high toxicity and great solubility in water (Lockwood 1976).

At low concentrations, Cd is not toxic to plants, but at high concentrations it is a

toxic and inhibits root growth and cell division in plants such as onions (Avanzi

1950; Fiskejso 1988; Liu et al. 1992) and beans (Oehlkar 1953). The study carried

out by Jiang et al. (2001) indicated that Cd+ can significantly (P< 0.005) inhibit the

root growth of garlic only above 10�3 M, and has a stimulatory effect on root length

at lower concentrations of 10�6 to 10�5 M (P < 0.005). Florijn and van Beusichem

(1993) found that shoot Cd concentration was positively correlated with Cd con-

centration in xylem exudates of maize inbred lines, suggesting that shoot Cd

concentration in the maize was determined by root characteristics including root

Cd concentration and Cd loading into xylem. Binding of Cd onto cell walls and

accumulation of Cd in the vacuolar compartment may be regarded as two essential

metal-detoxification mechanisms (Blaudez et al. 2000).

It has been demonstrated that the hyphae of the fungal symbionts permeate the

soil and uptake scarce and relatively immobile elements, especially phosphorus,

and also nitrogen, potassium, copper and zinc, more effectively than the root hairs
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on a non-mycorrhizal plant (Gerdemann 1968; Kleinschmidt and Gerdemann 1972;

Mosse 1973). Zaefarian et al. (2013) reported that in the triple-metal-contaminated

soil with Cd, Co and Pb, inoculated plants had greater Co (32.56 mg kg�1) and Pb

(289.50 mg kg�1) concentration and G. mosseae enhanced the translocation of

heavy metals to shoot. They have concluded that AMF are able to enhance plant

bioremediation ability and tolerance to heavy metal contamination by increasing

plant growth and P uptake and heavy metal sequestration by increasing P uptake,

affecting heavy metal compartmentation in the plant, and altering root exudates.

Arbuscular mycorrhizal fungal effects on mycorrhizosphere mediation differ and

probably depend on the kind and concentration of heavy metals in the soil. Accord-

ingly, AMF can be efficiently used for cleaning up multi-metal-contaminated soil,

indicating practical applications in phytoremediation of such soils. Rhizofiltration is

a process where metals are precipitated within the rhizosphere and therefore it helps

to retain the contaminants in the soil and prevent further dispersal. Since, AMF are

obligate symbionts and increase the surface area of the host plant roots, they play an

important role in rhizofiltration of metals in contaminated soils.

AM fungi can facilitate the survival of their host plants growing on metal-

contaminated land by enhancing their nutrient acquisition, protecting them from

the metal toxicity, absorbing metals, and also enhancing phytostabilization and

phytoextraction (Ho-Man et al. 2013). Environmental restoration of metal/salinity

polluted soils by traditional physical and chemical methods demands large invest-

ments of economic and technological resources (Susarla et al. 2002). In contrast,

methods based on plants are becoming more popular as these methods are safer and

cheaper (Raziuddin and Hassan 2011). Recently, novel strategies for bioremedia-

tion of heavy metal-polluted soils and waters by phytoextraction and/or

phytomining with (hyper) accumulator plants have led to a surge of interest in the

physiology of (hyper) accumulating plant species (Haag-Kerwer et al. 1999).

Environmental pollution by heavy metals is a major global problem and because

of its toxic effects on human, animal health and environment, there is an urgent

need to develop eco-friendly technologies to alleviate this problem. Metal tolerance

of plants is generally increased by symbiotic, root-colonizing AMF, through metal

sequestration in the AMF hyphae. The main objective of the present study was to

find out the metal uptake potential of seven hyphal fusion progenies and their eight

AMF parents in vitro so that the best metal accumulating AMF can be further

utilized for phytoremediation and phytostabilization of metal contaminated soil.

13.2 Materials and Methods

In vitro study was conducted at Centre for Mycorrhizal Research Centre, The

Energy and Resources Institute (TERI), New Delhi, India. Seven stable hyphal

fusion progenies and their eight parental isolates of AMF were selected from The

Centre for Mycorrhizal Culture Collection (CMCC), TERI, India. The eight paren-

tal AMF isolates selected for the study were Glomus proliferum P46, Glomus
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proliferum P57, Glomus proliferum P61, Glomus lamellosum L7, Glomus
lamellosum L11, Glomus lamellosum L36, and Glomus lamellosum L37 and Glo-
mus intraradices I20. Seven stable hyphal fusion progenies were developed by

hyphal fusion of three parental species viz., Glomus proliferum, Glomus
lamellosum and Glomus intraradices. The seven hyphal fusion progenies selected

for the study were Progeny 1 (P46xL7), Progeny 6 (P57xL7), Progeny 7 (P57xL37),

Progeny 9 (P61xL36), Progeny 12 (P61xI20), Progeny 14 (L11xI20) and Progeny

16 (L36xI20). The AMF cultures [Agrobacterium mediated Ri T-DNA transformed

colonized carrot roots-Daucas carota cv. Pusa Kesar, transformed using Ri T-DNA

of Agrobacterium rhizogenes (strain A4, ATCC) dual culture at CMR, TERI, India]

were raised on Petri-plates (Tarsons 90 mm) as well as on glass jar bottles (jam

bottles 200 ml). The minimal (M) media was prepared using different chemicals

and vitamins as per the standard protocol of Becard and Fortin (1988). AMF were

grown on M medium as well as on M medium amended with coal ash collected

from Super thermal power Station, Korba, Chattisgarh, Central India.

13.2.1 Experimental Design

After autoclaving and cooling to room temperature, jars with ash amended minimal

medium were inoculated with 2 cm square blocks of stubs of inoculum containing

spores and colonized roots from the edges of actively growing AMF monosporal

cultures of selected AM fungi. The inoculated jars were maintained in a B.O.D

incubator at 24 �C. The experimental design was completely randomized with three

replicates for each treatment. Representative experiment unit with growing mycor-

rhizal symbiosis is shown in Fig. 13.1.

All jars were harvested after a period of 14 weeks growth by deionization of

solid media using 100 ml of Sodium Citrate buffer (Doner and Becard 1991) at

37 �C in a shaker (Lab-therm-Adolf Kuhner AG, Schweiz) at 150 rpm (Biofuge

Stratos, Heraeus) for 6–8 h. The culture suspension containing the spores and roots

was recovered from the deionized media by wet sieving and decanting (Gerdemann

and Nicolson 1963). The sieved roots with spores and hyphal biomass together were

then thoroughly washed under running water to remove all traces of sodium citrate

buffer as well as bottom ash. Spores and extrametrical fungal mycelium were

completely separated from the roots using a brush under a stereo-zoom microscope

(Leica M 10, Germany). Root samples were oven dried; dry weight was measured

and ground into fine powder using a mechanical grinder. 0.2 g of powdered root

samples were digested with 5 ml of HNO3 and 1 ml of HF in a closed vessel at

170 �C (Kalra et al. 1989) using Microwave Accelerated Reaction System

5 (MARS 5), CEM Corp. USA for heavy metal analysis. The digested samples

were analyzed for aluminium, nickel, cadmium, cobalt, chromium, copper, man-

ganese, lead, silicon and zinc concentration within the colonized roots. The analysis

was carried out by TJA Solutions AAS software version 1.14 (Unicam) Model

SOLAAR M Series with GF 95 graphite furnace equipped with FS 95 auto sampler

and the software SOLAAR M Data station version 8.12.
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13.2.2 Statistical Analysis

The data was statistically analyzed with one-way Analysis of Variance (ANOVA—

SAS Institute Inc. 1991), and differences among treatments were compared using

probability of significance using Duncan’s Multiple Range Test (DMRT) in Costat

Statistical Software (Cohort, Berkeley, Calif) using ANOVA as p ¼ 0.05 and least

significant difference (LSD) values. Data was plotted to get graphical representa-

tion of results using the Microsoft Excel 2003 version. Means were separated by

Least Significant Difference (LSD) at P � 0.05. After analysis of variance, results

were plotted to get graphical representation of results using Microsoft Office

Excel 2003.

13.3 Salient Observations

Comparative analysis of Metal uptake potential of seven AMF hyphal fusion

progenies and their eight parents for selected ten metals in bottom ash amended

medium is given at Table 13.1.

Fig. 13.1 AMF culture

in jar
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13.3.1 Uptake of Aluminium (Al)

Among the eight parental isolates, maximum Al uptake was recorded by P61

(2771.18 mg/kg) followed by P57 (2443.4 mg/kg) and P46 (1598.78 mg/kg) respec-

tively. Least Al uptake was recorded by L36 (513.307 mg/kg). Among the seven

hyphal fusion progenies, maximum Al uptake (6824.42 mg/kg) was recorded by

Progeny 16, followed by Progeny 7 (1939.997 mg/kg) and Progeny 6 (1542.93 mg/

kg); least uptake was observed in roots colonized with Progeny 1 (550.13 mg/kg).

Highest Al uptake was observed in roots colonised with Progeny 16 followed by P61

and P57 (Fig. 13.2); when data of all 15 treatments in the ash amended mediumwere

analysed together, least Al uptake was recorded by roots colonized with L36. Pair

wise comparison between roots colonised with individual hyphal fusion progeny

with their respective parents was done, roots colonised with hyphal fusion progeny

14 and 16 showed higher Al uptake than their both parents whereas roots with

Progeny 6 and Progeny 7 recorded higher Al uptake than one of their parents.

13.3.2 Uptake of Cadmium (Cd)

Among the eight parental isolates, maximum Cd uptake was recorded by roots

colonised with L37 (16.051 mg/kg) followed by P61 (10.867 mg/kg) and I20
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Fig. 13.2 Uptake of Al by roots colonised with 7 AMF hyphal fusion progenies and their parents

in bottom ash amended medium. Letters represent Analysis of Variance (ANOVA) with signifi-

cant difference at P � 0.05
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(10.767 mg/kg) and the least uptake was recorded by P57 (6.510 mg/kg). Among

the seven hyphal fusion progenies, maximum Cd uptake was recorded by Progeny

14 with 24.187 mg/kg followed by Progeny 6 with 13.576 mg/kg and Progeny

16 with 11.507 mg/kg; least Cd uptake was observed in roots colonized with

Progeny 1 with 6.556 mg/kg. Among all 15 AMF isolates, highest Cd uptake was

observed in roots colonised with Progeny 14 followed by L37 and Progeny 6 and

the least Cd uptake was recorded in roots colonized with P57 (Fig. 13.3). Though no

significant level of variance was observed in the ANOVA analysis of roots

colonised with hyphal fusion Progeny 1 and its parents P46 and L7, the uptake by

Parent L7 was considerably higher than that of Progeny 1 and the other parent

i.e. P46. Progeny 6, 14 and 16 showed higher Cd uptake than their both parents

whereas roots with Progeny 1, 6, 7, and 9 recorded higher Cd uptake than one of

their parents.

13.3.3 Uptake of Cobalt (Co)

Among the seven hyphal fusion progenies, maximum Co uptake was recorded by

Progeny 14 with an uptake of 22.33 mg/kg followed by Progeny 7 showing an

uptake of 8.77 mg/kg and Progeny 16 with 5.72 mg/kg uptake; least Co uptake

(2.83 mg/kg) was observed in roots colonized with Progeny 1. Among eight

parental isolates used in the study, P46 showed highest uptake (15.3 mg/kg)
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followed by P61 (10.19 mg/kg) and L37 (9.63 mg/kg), and the least uptake was

recorded by L11 (2.173 mg/kg). Highest Co uptake was shown by Progeny

14 followed by P46 and P61; least uptake was recorded by roots colonized with

L11 (Fig. 13.4). When data of all 15 treatments was analysed together, pair wise

comparison of individual progeny with their parents for Co uptake was done.

Progeny 14 showed higher uptake than its both parents whereas Progeny 7 and

Progeny 16 showed higher Co uptake than one of their parents.

13.3.4 Uptake of Chromium (Cr)

Among the eight parental isolates, maximum Cr uptake was recorded by P46

(96.258 mg/kg) followed by P61 (52.551 mg/kg) and I20 (24.664 mg/kg); least

uptake was recorded by P57 (7.651 mg/kg). Among the seven hyphal fusion

progenies, maximum Cr uptake was recorded by Progeny 12 (P61xI20) with an

uptake of 81.5297 mg/kg followed by Progeny 14 (L11xI20) with 19.671 mg/kg

and Progeny 16 (L36xI20) with 18.792 mg/kg; least uptake was observed in roots

colonized with Progeny 7 (P57xL37) with a value of 7.034 mg/kg. Highest Cr

uptake was shown by P46 followed by Progeny 12 and P61; least Cr uptake was

recorded by roots colonized with Progeny 7 when data of all 15 treatments in the

ash medium were analysed together (Fig. 13.5). Progeny 6 (P57xL7) and Progeny
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12 showed highest Cr uptake than their both parents whereas Progeny 1 (P46xL7),

Progeny 14 and Progeny 16 showed higher Cr uptake than one of their parents.

13.3.5 Uptake of Copper (Cu)

Among the seven hyphal fusion progenies, maximum Cu uptake was recorded by

Progeny 7 (129.683 mg/kg) followed by Progeny 9 with 117.52 mg/kg and Progeny

16 with 114.31 mg/kg; least uptake was observed in roots colonized with Progeny

1 with 39.99 mg/kg. Among eight parental isolates used in the study, L36 showed

highest uptake (143.497 mg/kg) followed by P61 (125.46 mg/kg) and I20

(116.14 mg/kg), and the least uptake was recorded by L7 (91.72 mg/kg). Highest

Cu uptake was observed in roots colonised with L36, followed by Progeny 7, and

P61; least Cu uptake was recorded by roots colonized with Progeny 1 when data of

all 15 treatments was analysed together (Fig. 13.6). Metal uptake data for individual

hyphal fusion progenies were compared with their parents. Progeny 7 recorded

highest Cu uptake than its both parents (P57 and L37); Progeny 14 recorded more

uptake than one of its parents (L11); Progeny 1 recorded least Cu uptake than its

both parents; Progenies 6, 9, 12, and 16 recorded least Cu uptake than their both

parents. Statistically no significant level of variance was observed in Cu uptake

when Progeny 9 and 14 were compared with their parents.
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13.3.6 Uptake of Manganese (Mn)

When the Mn uptake was compared among the eight parental isolates, maximum

uptake was recorded by L11 (45.89 mg/kg) followed by P61 (40.59 mg/kg) and I20

(33.25 mg/kg) respectively; least uptake was recorded by L37 (10.38 mg/kg).

Among seven hyphal fusion progenies, maximum uptake was recorded by Progeny

14 (L11xI20) with an uptake of 60.359 mg/kg followed by Progeny 12 (P61xI20)

with 52.49 mg/kg and Progeny 9 (P61xL36) with 32.10 mg/kg; least uptake was

shown by roots colonized with Progeny 1 (P46xL7) with 11.14 mg/kg. Highest Mn

uptake was recorded by Progeny 14 followed by Progeny 12 and L11 when data of

all 15 treatments were analysed together, (Fig. 13.7); least uptake was recorded by

roots colonized with L37 (10.39 mg/kg). Progeny 12 and Progeny 14 recorded

maximumMn uptake than their respective parents; Progeny 6, 7, 9 and 16 recorded

maximum Mn uptake than one of their parents.

13.3.7 Uptake of Nickel (Ni)

Among eight parental isolates, maximum Ni uptake was recorded by L11

(33.22 mg/kg) followed by P61 (43.28 mg/kg) and I20 (42.163 mg/kg) respectively;

and least uptake was recorded by L37 (25.79 mg/kg). Among the seven hyphal

fusion progenies, maximum Ni uptake was recorded by Progeny 6 (P57xL7) with
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92.54 mg/kg followed by Progeny 9 (P61xL36) with 44.1 mg/kg and Progeny

7 (P57xL37) with 38.2 mg/kg; and least uptake was observed in roots colonized

with Progeny 14 (L11xI20) with 21.67 mg/kg. Highest Ni uptake was recorded by

Progeny 6 followed by Progeny 9 and P61; least uptake was recorded by roots

colonized with Progeny 14 when data of all 15 treatments were analysed together,

(Fig. 13.8). When each hyphal fusion progeny was compared with its parents,

Progeny 12 and 14 recorded maximum Ni uptake than their parents; Progenies

6, 7, 9 and 16 recorded higher uptake than one of their parents; Progeny 1 recorded

least Ni uptake than its parents.

13.3.8 Uptake of Lead (Pb)

Among the eight parental isolates, maximum Pb uptake was recorded by P61

(48.41 mg/kg) followed by L7 (40.03 mg/kg) and P57 (39.507 mg/kg) respectively;

and least uptake was recorded by L37 (16.21 mg/kg). Among the seven hyphal

fusion progenies, maximum Pb uptake was recorded by Progeny 16 (L36xI20) with

an uptake of 55.60 mg/kg followed by Progeny 14 (L11xI20) with 48.493 mg/kg

and Progeny 7 (P57xL37) with 45.22 mg/kg; least Pb uptake was observed in roots

colonized with Progeny 6 (P57xL7) with 17.377 mg/kg. When data of all 15 treat-

ments in the ash medium were analysed together (Fig. 13.9), highest Pb uptake was

observed in roots colonised with Progeny 16 (55.60 mg/kg) followed by Progeny
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14 (48.493 mg/kg) and P61 (48.413 mg/kg); and least Pb uptake was recorded by

roots colonized with L37 (16.21 mg/kg). When each hyphal fusion progeny was

compared with its parents, Progenies 7, 14 and 16 recorded maximum uptake than
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their respective parents; Progeny 12 recorded higher uptake than one of its parents;

Progenies 1, 6 and 9 recorded least Pb uptake than their respective parents.

13.3.9 Uptake of Silicon (Si)

Among the seven hyphal fusion progenies, maximum Si uptake was recorded by

Progeny 12 (5526.43 mg/kg) followed by Progeny 9 (4233.93 mg/kg) and Progeny

16 (2771.99 mg/kg) respectively; and least uptake was recorded by Progeny

6 (1667.193 mg/Kg). Among the eight parental isolates of AMF, maximum Si

uptake was recorded by P46 with an uptake of 5695.4 mg/kg followed by P61 with

4635.323 mg/kg and I20 with 4364.66 mg/kg uptake; least uptake was observed in

roots colonized with L37 (658.37 mg/kg). When data of all 15 treatments were

analysed together (Fig. 13.10), highest uptake was recorded by P46 followed by

Progeny 12 and P61; and least uptake was recorded by roots colonized with L37.

When each hyphal fusion progeny was compared with its parents for Si uptake,

Progeny 7, 14 and 16 recorded maximum uptake than their respective parents;

Progenies 1 and 6 recorded less uptake than their both parents; and Progeny

12 recorded more Si uptake than one of its parents.
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13.3.10 Uptake of Zinc (Zn)

Comparison of Zn uptake among the eight parental isolates showed that maximum

uptake was recorded by L7 (2017.27 mg/kg) followed by L36 (1702.389 mg/kg) and

P46 (1526.84 mg/kg); lowest uptake was recorded by L37 (1068.85 mg/kg). Among

the seven hyphal fusion progenies, maximum uptake was recorded by Progeny 9 with

an uptake of 1710.08mg/kg followed by Progeny 14with 1541.91mg/kg and Progeny

16 with 1540.97 mg/kg; least uptake was observed in roots colonized with Progeny

1 with 628.28 mg/kg. When data of all 15 treatments were analysed together, highest

uptake was recorded by L7 (2017.12mg/kg), followed by Progeny 9 (1710.08mg/kg)

and L36 (1702.389 mg/kg); least uptake was recorded by roots colonized with

Progeny 1 (Fig. 13.11). When each hyphal fusion progeny was compared with its

parents, it was observed that Progenies 14 and 16 recordedmaximumuptake than their

parents; and Progenies 1, 6 and 7 recorded maximum uptake than one of their parents;

Progenies 9 and 12 recorded less Zn uptake than their respective parents.

13.4 Interpretation

AMF are commonly occurring soil microbes that have a symbiotic association with

their host plant and hence significantly affect its activities and growth (Klironomos

2003). The function of AMF depends on the efficiency with which the fungal
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symbiont absorbs inorganic and/or organic available nutrients from soil (Marschner

and Dell 1994). Zaefarian et al. (2013) have reported that kind and concentration of

contamination affected the response of G. mosseae to added heavy metals. In the

control treatments where plants absorbed more Pb, Cd, and Co than inoculated

ones, AMF might have selectively contributed to the exclusion of toxic and

nontoxic elements (i.e., mycorrhizoremediation). Metals may be sequestered in

the hyphae and not translocated to the plants and these results are in agreement

with reports of Zhou (1999). Leyval et al. (1997) reported that inconsistent results

on the effects of AMF on heavy metal uptake may be a consequence of a wide range

of factors such as the inherent heavy metal uptake capacity of plants, plant root

density, corresponding fungal properties and soil adsorption/desorption character-

istics. Results presented in this study agree with these reports, because selected

hyphal fusion progenies and their parents showed varying effect on metal uptake. In

the present study, Progeny 16 showed highest Al and Pb uptake potential; Progeny

14 showed maximum effect for Cd, Co and Mn uptake; parental isolate P46 had

highest effect for Cr and Si uptake; parental isolate L36 best for Cu uptake; Progeny

6 for Ni uptake; and parental isolate L7 best for Zinc uptake. Among the seven

hyphal fusion progenies, highest effect was shown by Progeny 16 for Al and Pb

uptake; Progeny 14 for Co, Cd and Mn uptake; Progeny 6 for Ni uptake; Progeny

12 for Cr, Mn and Si uptake; Progeny 7 for Cu uptake; and Progeny 9 for Zn and Ni

uptake. When metal uptake efficiency among the eight parental isolates was

considered, P61 was best for Al and Ni; L37 for Cd; P46 for Co, Cr, Fe and Si;

L36 for Cu; and L11 for Mn. On the basis of the metal uptake data, Progeny 14 and

parental isolate P46 can be considered as good candidates for various metal uptake,

in the current study.

These results are significant in view of the report of Zaefarian et al. (2013) that

heavy metal uptake by plants from artificially contaminated soils often differs from

the uptake in geogenic contaminated soils with the same level of contamination.

Chaudhry et al. (1998, 1999) have also reported that mycorrhizae have been found

in plants growing on naturally heavy metal–contaminated lands. Khan (2005) has

reported that it is important to use indigenous AMF strains, which are best adapted

to actual soil and climatic conditions, to produce site-specific AMF inocula. Hence

these study results are to be tested in actual contaminated sites for verification and

confirmation. As reported by Gaur and Adholeya (2004) there is need to develop

new methods and optimize the conditions to grow in large quantities and charac-

terize, develop and screen large number of AM fungi for tolerance to metals.

Our results revealed that a single hyphal fusion progeny or parental isolate

cannot be identified as the best AMF for uptake of a variety of metals but its

potential vary for each metal and is also dependent on the medium in which it is

grown. This is in agreement with Weissenhorn et al. (1995) who reported that

influence of AM on plant metal uptake depends on plant growth conditions, on the

fungal partner and on the metal, and cannot be generalized. Therefore, it is

concluded that Progeny 14 and P46 showed high tolerance for a wide range of

metals and are best suitable for heavy metal uptake in polluted sites and reclamation
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areas. It is important to use these results for application purposes in metal polluted

soils. Further research is required to be undertaken to substantiate these findings.
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Chapter 14

Role of Mycorrhiza in Phytoremediation

Processes: A Review

Manab Das, Vijay Sandeep Jakkula, and Alok Adholeya

Abstract Mycorrhizal fungi has been explored for several purposes including

enhancement of crop production in marginal soil, improvement of soil health and

also for providing protection to crops under environmental stress conditions.

Through this chapter an attempt is made to highlight some aspects on worldwide

uses of mycorrhiza for phytoremediation processes, case studies have been

presented highlighting TERI’s phytoremediation work across various sectors in

India and abroad.

14.1 Introduction

Biosphere pollution with organics and heavy metal is accelerated dramatically

during last few decades due to industrial activities such as mining, smelting,

manufacturing, amendments of agricultural soils with agro chemicals etc. While

our demand for new chemicals and petroleum derivatives has produced a broad

spectrum of hydrocarbon contaminants, mining and associated activities have

produced inorganic contaminants with rapid and wide translocation potential in

the environment. On the other hand, with the increasing use of agrochemicals to

maintain and improve soil fertility, unwanted elements (e.g. Cd) enter into soils due

to contaminated sources of fertilizers. Accumulation of metals and metalloids in

our agricultural soil pose threat to food safety issues and potential health risk due to

soil to plant transfer of metal. Contaminants can also cause a detrimental effect on

soil ecosystem. Thus, the needs of the hours are not just to stabilize soil and

vegetation in disturbed areas but to reconvert them into productive agricultural

and forest land compatible with pre-disturbed terrain, providing an integrated range

of end uses. In this increasing demand for sustainable, long term approaches for the

rehabilitation of disturbed soil, physico-chemical and biological remedial technol-

ogies in general have been the subject of considerable research over the last three

decades. Biochemical processes such as bioleaching, bio sorption, bio oxidation or
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reduction, bio methylation of metal contaminants have shown some promises and

could be used for soil sediment systems. Several other technologies including

chemically enhanced soil flushing by extracting solution such as organic and

inorganic acids, and complexation agents have also been proposed for remediation.

But all these methods in many cases are expensive, labor intensive, and resulted in

significant changes to the physical, chemical, and biological characteristics of the

treated soil. High treatment cost and extensive labor requirement of such technol-

ogies have prompted to develop alternative and cheaper technologies to recover the

contaminated soil or waste material. Current research in this area now includes

plants to remediate polluted soils and to facilitate improvement of soil structure, the

innovative techniques being known as phytoremediation. However, often physico-

chemical properties of waste or contaminated soil prevents plant establishment due

to absence of adequate nutrients and microbial activities. In such cases, use of

plants as phytosymbiont and associated mycorrhizal fungi as mycosymbiont is

appeared as an alternative strategy for safe and efficient management of contami-

nated soil or solid waste. The mycorrhizal symbiosis has strongly co-evolved over

time such that each partner depends on the other for survival and fitness in existing

ecosystem. The fungi act as extensions of the root system and improve host

nutrition by their ability to take up nutrients such as nitrogen, phosphorus and

water more efficiently than roots alone. More interestingly, mycorrhizal fungi

protect the plant from certain abiotic and biotic stresses, and produce phytohor-

mones while fungi get benefits from plant photosynthates. Such symbiosis extends

beyond the hosts as hyphal webs in the rhizosphere and can promote the transfer of

nutrients to neighboring plants. To highlight the use of mycorrhizae in

phytotechnologies and their potential outcomes, present article present a brief

overview of some phytoremediation studies involving mycorrhiza.

14.2 Mycorrhizal Fungi and Environmental Stress

The arbuscular mycorrhizal (AM) symbiosis, an ancient interaction between plant

roots and zygomycetous fungi (Morton and Benny 1990), is recognized to benefit

plants under environmental stress conditions (Audet and Charest 2006; Charest

et al. 1997; Subramanian and Charest 1998). They expand the interface between

plants and soil environment through extraradical fungal mycelium (ERM) radiating

from the colonized root cortex far into the surrounding soil and contribute to plant

uptake of macronutrients such as phosphorus, nitrogen as well as micronutrients

copper, and zinc. Mycorrhiza not only provide the plants with water and mineral

compounds and help to improve the structure of soil, but have also been shown to

act as filters, blocking xenobiotics within their mycelium resulting into reduced

toxicity to the plants. They influence the physiology of their host plants making

them less vulnerable to pathogens, soil pollution, salinity, drought and a number of

other environmental stress factors. Furthermore, AMF also directly help the plant to

escape from the build-up of phytotoxic concentrations of certain pollutants by
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secreting specific detoxifying compounds (organic acids). Such plant-AMF medi-

ated remediation mechanism is also supported by secreting plant exudates,

e.g. short chain organic acids, phenolics, and small concentrations of high molec-

ular weight compounds (enzymes and proteins) to stimulate bacterial transforma-

tions (enzyme induction); by building up of organic carbon to increase microbial

mineralization rates (substrate enhancement) or by providing habitat for increased

microbial populations and activity (Korade and Fulekar 2009).

However, the specific role of AMF in the host exposure to environmental stress

and in the progression of the host stress response depends on a variety of factors,

including the plant species and ecotype; the fungal species and ecotype; contami-

nants and its availability; soil edhaphic conditions, including soil fertility; and plant

growth conditions, such as light intensity or root density (Pawlowska and Charvat

2004). Recent studies on application of mycorrhizal fungi in contaminated envi-

ronments are presented in Table 14.1. Among the rhizosphere microorganisms

involved in plant interactions with the soil, the Plant Growth Promoting

Rhizobacteria (PGPR) and Arbuscular Mycorrhizal Fungi (AMF) have gained

prominence all over the world to treat different kind of soils (Ma et al. 2011).

Mycorrhizal fungi have greatest impact on elements with narrow diffusion zones

around plant roots, including heavy metals and phosphorus. An important

arbuscular mycorrhizal genus is Glomus, which colonize a variety of host species,

including crops and tree species. Mycorrhizal fungi are a direct link between soil

and roots, and consequently of great importance in phytoremediation.

14.3 Mycorrhiza and Organic Pollutants

Mycorrhiza contributes to phytoremediation of organic contaminants loaded sites

through biodegradation of respective contaminants. AMF have been reported for

dissipation of organic contaminants such as atrazine (Huang et al. 2007), polycyclic

aromatic hydrocarbons (PAHs) (Joner et al. 2001; Joner and Leyval 2003; Xu et al.

2006; Wu et al. 2008a), DDT (Wu et al. 2008b) and weathered p,p-DDE in soils

(White et al. 2006). ECM (Ectomycorrhiza) have also been reported to degrade

polychlorinated biphenyls (PCBs) and for depression in PAH dissipation (Joner

et al. 2006; Genney et al. 2004). In their study, Joner and Leyval (2003) found

higher dissipation rates in soil contaminated with a PAH level of 2000 mg/kg when

ryegrass and white clove were colonized by AMF. Similarly, Liu et al. (2004)

observed that presence of AM increased the degradation rates of benzo [a] pyrene in

soils planted with alfalfa. However, PAH concentration of 100 mg/kg was found to

have negative effects on degradation rate.

Till date, exact mechanisms involved in interactions between AMF and organic

contaminants in soil remain unclear. It is reasonable to expect that soil microbial

activity enhanced and soil microbial communities modified by AMF play a key role

in the degradation of organic contaminants. In a study by Joner and Leyval (2003),

PAH degradation followed a radial pattern positively correlated to root proximity,

14 Role of Mycorrhiza in Phytoremediation Processes: A Review 273



supporting the hypothesis of rhizosphere microflora stimulation. Once arbuscular

mycorrhizal association has developed, AMF hyphae influence the surrounding soil

that has been termed the mycorrhizosphere (Linderman 1988; Giri et al. 2005),

resulting in the development of distinct microbial communities in the rhizosphere

and bulk soil (Andrade et al. 1997; Cheng and Baumgartner 2006; Purin and Rillig

2008). Phospholipid fatty acid (PLFA) analysis has revealed an important qualita-

tive difference in microbial community structure in mycorrhizosphere soil as

affected by AMF in PAH-spiked soil (Joner et al. 2001). Furthermore, the AM

fungal hyphosphere, the zone of soil affected by the extraradical in hyphae

(Marschner 1995), may support a distinct microbial community within the

Table 14.1 Recent studies focusing on mycorrhizae in contaminated environment

Plant species

Mycorrhizal

inoculum Contamination type References

Pisum sativam (Pea) Glomus
intradices

Alkaline clay loam laden with Cd

(100 mg/kg)

Rivera-

Becerril

et al. (2002)

Lolium perenne (Perennial
ryegrass)

Glomus
mosseae

PAH-contaminated industrial soils

(400–2000 mg/kg)

Joner and

Leyval

(2003)

Trifolium repens (White

clover)

Glomus
mosseae

PAH-contaminated industrial soils

(400–2000 mg/kg)

Joner and

Leyval

(2003)

Glomus
mosseae

Innert soil less substrate spiked

with Cd

Vivas et al.

(2003)

Zea mays (Maize) Glomus
caledonium

Calcareous sandy soil and loam

soil, spiked with Zn (0–600 mg/kg)

Chen et al.

(2004)

Quartz sand spiked with Cu and Cd Liao et al.

(2003)

Glomus
intraradices

Sand spiked with Pb Malcova

et al. (2003)

Glomus
etunicatum

Soil spiked with atrazine Huang et al.

(2009)

Medicago sativa (Alfalfa) Glomus
caledonium

Soil spiked with benzo[a]pyrene

(0–100 mg/kg)

Liu et al.

(2004)

Alnus glutinosa (Common

alder)

Glomus
intraradices

Soil from an acetylene and

polyvinylchloride factory

Oliveria

et al. (2005)

Pinus sylvestris (Scots
pine)

Paxillus
involutus
(ECM)

Growth substrate spiked with Cd

(0–100 mg/kg)

Kim et al.

(2004)

Leymus cinereus (Basin
wild rye)

Site specific

AM

Silica sand spiked with arsenic Knudson

et al. (2003)

Eucalyptus rostrata
(Eucalyptus)

G.
deserticola

Sandy soil spiked with Pb Bafeel

(2008)

Triticum aestivum (Wheat)

and Vigna radiate
(Mungbean)

Glomus
mosseae

Agricultural soil spiked with

Polycyclic aromatic hydrocarbons

(500 mg/kg)

Rabie

(2004)
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mycorrhizosphere and exert effects on degradation of organic compounds in soil

through enzymatic activities.

Based on various observations, researchers have examined five plant enzyme

systems in sediments and soil namely dehalogenase, nitroreductase, peroxidase,

laccase and nitrilase. Such release of exudates and enzymes that stimulate microbial

activity, biochemical transformations and enhancement of mineralization in the

rhizosphere (the root-soil interface) has been attributed to AMF and the microbial

consortia (Schnoor 1997). AMF can also increase the activities of soil enzymes

such as phosphatase and dehydrogenase (Dodd et al. 1987; Kothari et al. 1990;

Vazquez et al. 2000). Dehydrogenase, a soil oxidoreductase, is an intracellular

enzyme catalyzing oxidoreduction reactions of organic compounds. Several studies

have demonstrated that the dehydrogenase enzyme activity of microorganisms is

one of the most sensitive parameters available for toxicity evaluation and alkaline

phosphatase is involved in the process of phosphate acquisition in mycorrhizal

plants (Gianinazzi et al. 1992). For example, degradation of Atrazine, which is one

of the agricultural herbicides most frequently detected in soils and waters, is

associated with higher dehydrogenase (Seibert et al. 1991; Singh et al. 2004) and

phosphatase activities (Perucei et al. 1988; Bielinska and Pranagal 2007, Kazemi

et al. 2008). In another study, the role of mycorrhiza during the remediation of PAH

in mixed sward of clover and ryegrass was examined and found enhanced losses of

chrysene and dibenz(a,h)anthracene in planted soil containing a mycorrhizal inoc-

ulum (Joner et al. 2001). Different mechanisms have been proposed to explain the

effect of the plant rhizosphere on PAH dissipation such as an increase in microbial

numbers, an improvement in the physical and chemical soil conditions, increased

humification and adsorption of pollutant in rhizosphere. However, the relative

contribution of each process has not been clearly elucidated.

14.4 Mycorrhiza and Heavy Metals, Radionuclide

Heavy metals are the main group of inorganic contaminants and a considerable

large area of land is contaminated with them due to mining, industry, agriculture

and defense activities. Although metals are present naturally in the earth’s crust at
various levels and many metals are essential for cells (e.g. copper, iron, manganese,

nickel, zinc), all metals are toxic at higher concentrations. Specifically, any metal

(or metalloid) species may be considered a “contaminant” if it occurs where it is

unwanted, or in a form or concentration that causes a detrimental human or

environmental effect (McIntyre 2003).

Metal concentrations in soil typically range from less than one to as high as

70,000 mg/kg. Irrespective of the origin of the metals in the soil, excessive levels of

many metals can result in soil quality degradation, crop yield reduction, and poor

quality of agricultural products (Long et al. 2002). Since heavy metals are not

biodegradable and may enter the food chain, they are a long-term threat to both the

environment and human health (Jarup 2003). It includes the metals/metalloids, such
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as arsenic (As), cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), mercury

(Hg), nickel (Ni), selenium (Se), silver (Ag), and zinc (Zn). Other less common

metallic species that can be considered as contaminants include aluminum (Al),

cesium (Cs), cobalt (Co), manganese (Mn), molybdenum (Mo), strontium (Sr), and

uranium (U) (McIntyre 2003). Pb, one of the most persistent metals, was estimated

to have a soil retention time of 150–5000 years and was reported to maintain high

concentration for as long as 150 years after sludge application to soil (Nanda Kumar

et al. 1995). The average biological half-life of Cd has been estimated to be about

18 years (Forstner 1995) and 10 years once in the human body (Knasmuller et al.

1998). Another concern with toxic heavy metals causing concern is that the metals

may be transferred and accumulated in the body tissues of animals or human beings

through food chain, which will probably cause DNA damage and carcinogenic

effects by their mutagenic ability (Knasmuller et al. 1998). For example, some

species of Cd, Cr, and Cu have been associated with health effects ranging from

dermatitis to various types of cancer (Das et al. 1997; McLaughlin et al. 1999).
Phytoremediation, as a sustainable and inexpensive technology based on the

removal of heavy metals from the environment by plants, is becoming an increas-

ingly important objective in plant research. However, as phytoremediation is a slow

process, improvement of efficiency and thus increased stabilization or removal of

heavy metals from soils is an important goal. Arbuscular mycorrhizal fungi (AMF)

provide an attractive system to advance plant-based environmental cleanup. There

are two main strategies in phytoremediation, either to bind heavy metal in the soil

(phytostabilization) or to import and store heavy metal in the plant’s aboveground
tissues (phytoextraction). AMF fungi occur in the soil of most ecosystems, includ-

ing polluted soils. By acquiring phosphate, micronutrients and water and delivering

a proportion to their hosts they enhance the nutritional state of their hosts. Similarly,

heavy metals are taken up via the fungal hyphae and can be transported to the plant.

Thus, in some cases mycorrhizal plants can show enhanced heavy metal uptake and

root-to-shoot transport (phytoextraction) while in other cases AM fungi contribute

to heavy metal immobilization within the soil (phytostabilization). Protection by

AMF that colonise plant roots and considerably reduce the uptake of heavy metals

into plant cells may be one of the means that allow metallophytes to thrive on heavy

metal polluted sites (Hildebrandt et al. 2007). Even, in a study by Hildebrandt et al.

(1999) it was reported that the AMF isolate G. intraradices Br1 consistently

conferred heavy metal tolerance on a variety of plants like tomato, maize or

Medicago truncatula, in diverse heavy metal contaminated soil under optimum

fertilization. The symbiotic combination with AMF could enhance ability of

hyperaccumulator plants to grow on highly contaminated soil (Hall 2002; Vogel-

Mikus et al. 2006). It was also reported that AM development in hyperaccumulating

species is favoured at elevated nutrient demand such as during the reproductive

stage (Turnau and Mesjasz-Przybylowicz 2003; Vogel-Mikus et al. 2006).

The result of mycorrhizal colonization on clean up of contaminated soils

depends on the plant–fungus–heavy metal combination and is influenced by soil

conditions (Gohere and Paszkowski 2006). The degree of bioavailability of heavy

metal is also a critical factor and will affect the outcome of the application (whether
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revegetation and or remediation). The work of Chen et al. (2004) illustrated that

well, the growth of maize (Zea mays) in an alkaline soil was best when the plants

were colonized by G. caledonium. When no Zn was added to the calcareous soil,

inoculated plants likely benefited from improved uptake via mycorrhizal-mediated

mechanism. Moreover, at high concentrations of Zn (600 mg/kg), AMF alleviated

Zn toxicity, but its translocation from roots to shoots was reduced, even with the

combined use of chelating agent like EDTA. In some instances heavy metal may

negatively impact the establishment of symbiosis between mycorrhiza and host

plants. For example, in a study by Kim et al. (2004), it was found that the extent of

colonization of P. sylvestris by the ecto-mycorrhiza P. involutus was reduced when
the host plant had been previously exposed to Cd dose 10–100 mg/kg. A mycor-

rhizal alleviation of heavy metal toxicity to host also observed in a study by Rivera-

Becerril et al. (2002). G. intradices alleviated the symptoms of Cd toxicity in pea

(P. sativum). AMF enhanced soil P availability also plays an important role in metal

tolerance of plant in soil. While As uptake can be fatal to plants by eventually

disrupting ATP formation the presence of adequate available P in the soil has been

shown to prevent cell death by competing with As for P binding sites in the Basin

wildrye seeds (Knudson et al. 2003). Besides the enhanced uptake and metal

binding phenomena, the mycorrhiza was also shown to change soil structure by

stabilizing aggregates, thereby enhancing soil-heavy metal retention capacity

(Bearden and Petersen 2000).

Audet and Charest (2007) in their study on dynamics of AM symbiosis in heavy

metal phytoremediation in meta-analytical and conceptual perspectives reported

that AM mediated plants accumulates greater heavy metal than non-AM plants at

the low soil-heavy metal level, and the reverse at the high soil-heavy metal levels.

Plant growth was greater for AM than non-AM plants at high soil-heavy metal

level, whereas there were no significant differences between the AM and non-AM

plants at the low to intermediated soil-heavy metal level. Although little research

has been carried out on the effect of AMF on plant uptake of radionuclides, plants

with mycorrhizal associations are often found more effective than non-mycorrhizal

plants at the uptake of radionuclides (Entry et al. 1994). Plants inoculated with a

specific mycorrhizal fungus have been shown to increase their ability to acquire

necessary nutrients while removing large quantities of 137Cs from soil (Varskog

et al. 1994). A study done by Entry et al. (1999) included three fast growing grass

species: bahia grass (Paspalum notatum), johnson grass (Sorghum halpense), and
switchgrass (Panicum virgatum). These grasses were inoculated with two species of
arbuscular mycorrhizae: G. mosseae and G. intraradices were grown in the green-

house for 6 months. The AMF inoculated plants were found to accumulate 41.7 to

71.7% of the total 137Cs that had been added to the soil while noninoculated plants

accumulated 26.3 to 45.5%. The inoculated plants took up 42.0 to 88.7% of the total
90Sr and the noninoculated plants only took up 23.8 to 52.6%. Plants inoculated

with G. mosseae resulted in the highest above ground biomass and percent accumu-

lation of both radionuclides. Recently, Goncharova (2009) reported that when plants

like pea, soybean and oats were inoculated with AM, above-ground plant biomass,

concentration of 137Cs, above-ground plant biomass, concentration of 137Cs in plant
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tissue, % accumulation of 137Cs from soil and the TF in all three harvests increased

compared to plants growing in the control soil (not inoculated with AM).

14.5 TERI’s Efforts in Reclaiming Waste Dumps

and Saline Soil Using Mycorrhiza Assisted

Phytoremediation Techniques

14.5.1 Case Study 1: Reclamation of Fly Ash Dykes

When coal burns, it produces fly ash-fine solid particles of ash, dust, and soot

containing lead, arsenic, cadmium, cobalt, silica, mercury, and other toxic elements.

Disposal of fly ash (FA) as landfill is under pressure from environmental concerns and,

increasingly stringent environmental regulations are progressively increasing the cost

of disposal. Many applications have been identified for fly ash. Major uses are in:

cements, concrete, bricks, wood substitute products, soil stabilization, road base/

embankments and consolidation of ground, land reclamation and as a soil amendment

in agriculture. Despite this, a significant amount of fly ash (at least 70%) is still being

disposed in lagoons and landfill. The bulk of fly ash generated in Thermal Power

Plants, has been disposed of by wet and dry methods. In dry disposal, the fly ash is

dumped in landfills and fly ash basins. In wet methods, the fly ash is washed out with

water and piped as slurry into artificial dams, lagoons or settling ponds. This ash is

often referred to as pond ash and over time the water is allowed to drain away. Both

methods effectively lead to dumping of the fly ash in landfills on open land. It becomes

a deadly source of health hazards when carried into the atmosphere by wind; hydro-

sphere and biosphere through leaching and surface run-off.

Researchers at TERI came up with the mycorrhizal mediated reclamation tech-

nology. Different strains ofmycorrhizal fungi were collected from diverse regions of

India and abroad. These were then isolated, selected, multiplied, and tested under

greenhouse/nursery conditions to find out their growth pattern on fly ash dumps.

Strains offering high tolerance, assisting in survival, and providing nutritional

support to plants were selected for the purpose. With additional doses of organic

and mycorrhizal fertilizer to optimize the impact, the mycorrhizal strains were then

applied with selected plants on fly ash dumps. TERI has successfully established

three major demonstrations of fly ash reclamation in fly ash overburdens. When put

to application, life sprouted on grey, degraded, toxic wastelands in the form of green

vegetation (Fig. 14.1). In a long run such green vegetation unfolds a series of

physiological changes through bio-geo chemical cycle leading to enrichment of

the surface and subsurface ash to promote natural ground cover (Das et al. 2013).

Mycorrhiza technology when put to application, life sprouted on grey, degraded,

toxic wastelands in the form of green vegetation. In a long run such green vegetation

unfolds a series of physiological changes through bio-geo chemical cycle leading to

enrichment of the surface and subsurface ash to promote natural ground cover.
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14.5.2 Case Study 2: Reclamation of Chlor-alkali Sludge
Laden Wasteland

The chemical wastes formed out of alkali and chloride rich sediments from indus-

trial discharge poses a health hazard for the residents of the areas nearby. Due to

high wind in coastal areas, those sludge particles blown away from the dump site to

nearby residential areas causes breathing and skin problems, decolourization of

clothing and even heavy corrosion of metallic structures. The site had extremely

high pH and electrical conductivity and devoid of any vegetation. Moreover, sweet

water scarcity in those coastal areas worsened the condition drastically. The

mycorrhiza-based reclamation technologies developed by TERI becomes very

relevant in this context, reclamation of these waste lands using mycorrhiza tech-

nology becomes strategically important to tackle solid wastes. TERI technology has

found to be effective in development of green belt on mixed waste (chlor alkali

sludge + waste from cement industry) dumps.

Despite of environmental stresses in the region, some microbes were found to

sustain there. When those microbes were isolated, mass multiplied and finally

applied along with mycorrhiza, they showed excellent result. Even, oil seeds,

planted during earlier unsuccessful trials, started germinating. Although, initially

irrigation was carried out with sweet water but after a few days, surprisingly all the

plants became able to withstand sea water. Moreover, establishment of such

vegetation significantly changed the physico-chemical properties of substrate

such as pH, increase in organic matter, Nitrogen and Phosphorus. Significant

alteration in substrate properties resulted in natural establishment of native grass

species in and around the study site. The reclamation technology based on mycor-

rhiza organo-biofertilizer is promising enough to metamorphose the overburdens

dumps into environmentally benign plantation. The reclaimed overburdens will

create a positive impact in terms of people’s health and environmental amelioration

in addition to other social benefits such as generating large- scale employment, and

revenue generation.

Fig. 14.1 Ash pond (a) Abandoned (1999) (b) After reclamation (2010)
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Over a period of 12 years, from 2002 onwards, with careful tending and

experimentation, this is exactly what happened (Fig. 14.2). It started with plants

sturdy enough to sustain living in the hostile substrata with only sea water for

irrigation. As the plants took root, secondary growth of grasses and plants began to

take place. The nature of the sediment slowly changed- it began taking on soil like

qualities even in physical appearance. Over time, an ecosystem began to grow:

butterflies, ants, rats, snakes, insects and a variety of small birds appeared. More-

over, establishment of such vegetation significantly changed the physico-chemical

properties of substrate such as pH, increase in organic matter, N and P. Significant

alteration in substrate properties resulted in natural establishment of native grass

species in and around the study site.

14.5.3 Case Study 3: Reclamation of Wasteland Laden
with Distillery Effluents

Distilleries generate huge amount of organic rich effluent and when it is dumped

into low land areas, it causes percolation of pollutants to nearby fields, damage soil

texture and health and lastly but not the least results ground water pollution.

Breweries are facing such type of problem with their effluent dumpsite. Due to

Fig. 14.2 Chlor-alkali sludge dump (a) Abandoned (2000) (b) Reclaimed (2014), Mixed waste

dump (c) Before (2008) and (d) After reclamation (2014)
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that dumping site the color of ground water in neighboring villages got changed,

during monsoon nearby lands got flooded with effluents and an intolerably foul

smell from the site perpetually hung in the air. Beside that the organic sludge

deposited in the dumping site had alkaline pH and very high salt content. When

mycorrhiza mediated High Rate Transpiration System (HRTS) was applied to that

dump site, it changed to a lush green landscape (Fig. 14.3). HRTS is a land

application system where effluent from breweries is disposed in a specially

designed landscape with wide ridges and furrows, and mycorrhiza mediated trees

that are bestowed with high transpiration capacity. The mycorrhiza was selected on

the basis of physico-chemical properties of the effluent loaded soil that was used for

ridges preparation. Application of certain species of mycorrhiza along with HRTS

technology made that site a commercially viable area with economic plantations.

14.5.4 Case Study 4: Production of Green Vegetable
in Hyper-saline Desert Land

The hyper-saline area of Dukhan, located in the western part of Qatar has extremely

adverse land and water conditions making farming difficult. Moreover, the climate

is hot subtropical characterized by hot humid summers and semi short winters with

scanty and infrequent rainfalls. The soil salinity level is very high and accumulation

of white salts (soluble chloride and sulfates of Ca, Mg, Na and K) on soil surface

(white encrustation) is a common phenomenon. When mycorrhiza based organic

farming was applied to that area it changed to a productive land having plantations

of tree species, ornamentals, medicinal plants, vegetables, grasses and legumes

(Fig. 14.4). Beside that adaptation of such simple, farmer and eco-friendly practices

resulted in enhancement of soil organic matter, improvement of pH, reduction in

soluble salts (chlorides and sulfates), establishment of microenvironment for ben-

eficial soil microbes, appearance of earthworms in plant basin and other ecosystem

components such as birds, insects, snake, lizard and rabbits.

Fig. 14.3 (a) Distillery effluent laden land (b) Reclaimed land
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14.5.5 Case Study 5: Reclamation of Phospogypsum Waste

The Phosphogypsum (PG) is a byproduct from phosphoric acid manufacturing

plants. During the production of phosphoric acid, huge amounts of solid calcium

sulphate is produced as a waste by product. Solid calcium sulphate, more techni-

cally known as phosphogypsum are considered as waste material and discharged

into the retention pond as slurry after mixing with sea water. Globally as well as in

India, disposal of PG (open yards or stack yards) has drawn considerable attention

due to likely threat to the environment (e.g. air borne dust and leachates). As

expected, the phosphogypsum waste at abandoned retention pond is acidic in nature

and rich in phosphate, fluoride and chlorides. Several attempts have been made

using top soil, chemical fertilizer, plantation of shrubs and grasses etc. over many

years but nothing could give a tangible solution to that.

The mycorrhiza-based reclamation technologies developed by The Energy and

Resources Institute (TERI) for environmentally vulnerable sites becomes very

relevant to tackle phosphogypsum waste to establish green belt. As expected,

within a year of intervention the grey barren land get converted into lush green

landscape (Fig. 14.5).

Fig. 14.4 (a) Hyper saline desert land (2007) (b) Reclaimed site (2009), Cultivation of (c) Fodder

grass and (d) Sunflower
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14.6 Conclusion

It was our intention with this chapter to draw attention to research illustrating the

utility of AMF in soil remediation and its success stories with different substrates

through a series of case studies and research findings. Although reports by various

researchers are evident of potential role of AMF in phytoremediation, still there is a

need to completely understand the ecological complexities of the plant-microbe-

soil interactions and their better exploitation as consortia in remediation strategies

employed for contaminated soils. To understand and explore properly, these

multitrophic root microbial associations deserve multi-disciplinary investigations

using molecular, biochemical, and physiological techniques.
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Chapter 15

Conventional Methods for Mass Multiplication

of AMF

Murugan Kumar and Anil Kumar Saxena

Abstract Numerous cultivation techniques have been developed in the last few

decades for mass multiplication of AM fungi. Major challenges in AM fungi

propagules production are the obligate nature of these fungi and non-availability

of identification techniques to identify AM fungi at growth stages. Several sub-

strates based and substrate free production techniques have been attempted for large

scale production. In the present compilation we describe major conventional

methods for mass multiplication of AM fungi. Different critical parameters of

substrate based and substrate free techniques and the advantages and disadvantages

of both the techniques have been dealt elaborately.

15.1 Introduction

Mycorrhizal fungi are ubiquitous group of fungi which are distributed worldwide,

and over 90% of terrestrial plants exhibit a mutualistic symbiosis with this group of

fungi forming a unique association called mycorrhizal association (Cairney 2000;

Strack et al. 2003; Prasad et al. 2017). Although a wide array of mycorrhizas exist

the most wide spread and ancient form of mycorrhizal association is arbuscular

mycorrhiza which forms symbiosis with more than 80% of the plant species and are

represented by more than 150 species of Zygomycota (Allen 1996; Strack et al.

2003). In this association the fungus acts as extension of root system taking up the

role of plant’s root hairs and influence beneficially to plants supporting better

growth of the host plants (Garg and Chandel 2010). The various roles played by

arbuscular mycorrhizal fungi (AMF) are increased mobilization and transfer of

many nutrients like P, N, Zn, Fe, Cu and etc (Smith et al. 2011; Hawkins et al. 2000;

Ryan and Angus 2003; Chen et al. 2004; Liu et al. 2000), production of plant

growth hormones (Hause et al. 2007), increased water uptake (Wu and Xia 2006),

protection of plants against soil borne pathogens through physical barrier in the root

hair and secretion of antimicrobials (Pozo et al. 2002), increased overall absorption
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capacity of roots and protection of plants against abiotic stress like drought, salt and

heavy metals (Ruiz-Lozano et al. 1995; Porcel et al. 2012; Gohre and Paszkowski

2006). The multifunctional roles played by AM fungi has contributed to its recog-

nition as inoculum in agriculture and horticulture for increasing plant growth and

yield and also in forestry programs and environmental reclamation activities

thereby reducing the application of agrochemicals (Schwartz et al. 2006; Rouphael

et al. 2015; Urgiles et al. 2014; Moreira et al. 2016). Despite their potentials,

commercial utilization of arbuscular mycorrhizal fungi is still in its infancy as

compared to agrochemicals; the main reason being the obligate biotrophic nature of

these AM fungi (Ijdo et al. 2011). Obligate requirement of live tissue for its

multiplication means development of cost-efficient technologies for production of

large quantity of high quality AM fungal inoculum is a tough task cut out for

microbiologists. Conventional methods for mass multiplication of AM fungi inoc-

ulum includes substrate based production systems (nursery beds, pots, concrete

tanks etc) and substrate-free (aeroponics) production systems (Mukhongo et al.

2016). Recent methods of inoculum production include root organ culture which

requires sophisticated equipment’s and are often costly. There are several tech-

niques developed from time to time for mass culturing of AM fungi. The present

compilation deals with conventional methods of mass multiplication of AM fungi.

15.2 Substrate Based Production of AM Fungi

In this system of mass production, large scale inoculum can be produced in pots,

medium sized bags or in beds (raised or grounded), generally under controlled

conditions like green houses or under more sophisticated growth chambers where

one can have a say about parameters like humidity and temperature. Large scale

production can also be done in open air and in field condition depending on the

climate condition and host plant used for colonization. Different production strat-

egies employed by various group of researchers for substrate based mass cultivation

of AM fungi are given in Table 15.1. Important production parameters to be

considered are AM fungi, host plant species in which the AM fungi is multiplied,

substrates which anchor the host plants and nutrition and other amendments for the

growth of both host plants and AM fungi.

15.2.1 AM Fungi

AM fungi starter inoculum is one of the most important production parameter in

any substrate based production system. It generally consists of isolated spores

(Tanwar and Aggarwal 2013), mixture of spores of different identified AM fungal

species and mycorrhizal root pieces (Akhtar and Abdullah 2014). Wet sieving and

decanting is the most widely used method to obtain individual spores (Pacioni
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1992; Tanwar and Aggarwal 2013; Selvakumar et al. 2016). Mixed inoculums are

generally used for the mass multiplication of fungal species, producing intra-radical

spores and vesicles (Klironomos and Hart 2002). Roots are dried and chopped into

fine pieces to obtain mixture/consortium of inoculum. In addition to monospores

and mixed inoculum other available options for starter inoculum are soils with

mixed AM fungal spores (Gaur and Adholeya 2002) and precolonized plantlets

(Douds et al. 2006). Spores used as initial inoculum are generally disinfested with

streptomycin (200 ppm) or 2% chloramine T. But it is necessary to standardize the

type of disinfecting agent and concentration for different AM fungi (Schenck

1982).

15.2.2 Host Plants for AM Fungi Multiplication

The most commonly used host plants for mass multiplication of AM fungi is maize

(Zea mays). Features of a suitable host plants for AM fungi include, short life cycle,

good colonization by a wide variety of AM fungi, adequate root system develop-

ment, ability to grow well in low level of phosphorus, resistance to an array of stress

factors like, pests, pathogens, drought and temperature extremes (Millner and Kitt

1992; Ijdo et al. 2011). A number of other plant species like Allium sp., Hordeum
vulgare, Triticum aestivum, Phaseolus vulgaris, Phaseolus mungo, Paspalum
notatum and others have been tried as host plant for mass multiplication of AM

fungi by various researchers (Chaurasia and Khare 2006; Douds et al. 2005).

Bagyaraj and Manjunath (1980) studied on the suitability of eight different grasses

as host for mass multiplication of Glomus fasciculatus and found that Panicum
maximum is the best host under the conditions prevailing in Bangalore India.

Struble and Skipper (1988) evaluated four different host plants viz., Zea mays,

Glycine max, Paspalum notatum and Sorghum vulgare for mass multiplication of

various species of the genera Glomus and Gigaspora. They found that Glycine max
was not a suitable host for AM fungi multiplication and gave ranking of plant

species based on their suitability for mass multiplication of AM fungi. i.e.,

Paspalum notatum>Zea mays>Sorghum vulgare>Glycine max.

15.2.3 Substrates Anchoring Host Plants

Substrates chosen for anchoring host plants can directly influence the production of

inoculum. It should contain an optimum level of nutrients in such a way that it

should support the growth of host plant and at the same time induce AM fungi to

sporulate and multiply (Coelho et al. 2014). The most common substrate used is

soil, preferably sandy textured (Bagyaraj and Manjunath 1980; Struble and Skipper

1988; Simpson and Daft 1990; Chaurasia and Khare 2006; Saranya and Kumutha

2011; Sadhana 2015). When soil is used as substrate, wet sieving and decanting
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method is followed to harvest spores and when soil is not used as a carrier for

inoculum it often creates problem in harvesting and formulation (Ijdo et al. 2011).

To overcome this problem many researchers started using inert materials like sand,

glass beads, charcoal, perlite, biochar and vermiculite as substrates (Sylvia and

Schenck 1983; Millner and Kitt 1992; Gaur and Adholeya 2000; Gryndler et al.

2003; Douds et al. 2005, 2006; Saranya and Kumutha 2011). Substrates used are

generally treated to avoid contamination by undesirable microorganisms. The sub-

strates used in closed systems like in pots and bags can be sterilized by steam or

irradiation, while the substrates in raised beds can be sterilized by fumigation

(Douds et al. 2005, 2006; Sadhana 2015). Some novel substrates have also been

tried for AM fungi mass multiplication. Saranya and Kumutha (2011) evaluated

biochar, vermiculite and vermicompost with 10% soil and without soil as a sub-

strate for mass multiplication of Glomus intraradices with maize as host plants and

found vermiculite +10% soil as the suitable substrate. Sugarcane baggase was used

in three forms viz., fresh, dry and compost to mass multiply Funneliformis mosseae
with onion as host. It was found that composted sugarcane baggase performed best

among the three forms as substrate (Tanwar and Aggarwal 2013).

15.2.4 Nutrition and Amendments

The nutrient content of the substrate along with the added macronutrients and

micronutrients influence the AM fungi directly and by inducing plant response,

again influence AM fungi indirectly. Optimal nutrient content should support initial

colonization, promote adequate plant growth and optimize the AM fungal propa-

gule production (Ijdo et al. 2011). AM fungi colonization is induced by low levels

of phosphorus (P) in the substrates hence, the substrates are manipulated accord-

ingly to optimize the P status (Smith and Read 2008). Smith and Read (1997)

suggested that the optimum P content for better mycorrhization and plant growth

ranges from 0.01 to 0.02 mg P ml�1. Generally nutrient rich soils are mixed with

inert substances to optimize nutrient status of the substrate (Lee and George 2005;

Douds et al. 2005, 2006; Saranya and Kumutha 2011; Sadhana 2015). When using

inert material like sand as substrate nutrient solutions are added to support the

growth of host plants and for multiplication of AM fungi. Nutrient solutions without

P or with very less amount of P are often used to correct the nutrient deficiencies of

inert materials (Sylvia and Schenck 1983; Douds and Schenck 1990; Millner and

Kitt 1992; Gaur and Adholeya 2000; Lee and George 2005; Gryndler et al. 2005). In

addition to nutrient solution certain amendments are also done to substrates to

correct the nutrient status to optimum level. Compost and peat have been used with

nutrient deficient soil (Gaur and Adholeya 2000). Organic amendments like chitin

(Gryndler et al. 2003) and humic substances (Gryndler et al. 2005) have been shown

to increase AM fungal colonization and hence a positive effect on mass multipli-

cation of AM fungi, whereas cellulose was found to have negative effect on

colonization (Avio and Giovannetti 1988). Application of formononetin to the
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substrate increases the root colonization and density of arbuscles and vesicles

(da Silva and Siqueira 1997).

15.2.5 Advantages and Disadvantages

The major advantage with the substrate based production system is that it is the

least automated system and hence the cost involved is less when compared to other

systems. It suits for mass multiplication of a wide array of AM fungal species either

alone or as mixed inoculum (Ijdo et al. 2011). Generally substrate based production

systems are convenient to produce inoculum densities of up to 80–100 propagules/

cm3 (Feldmann and Grotkass 2002). One of the major inconveniences with sub-

strate production system is that it is not completely free from unwanted contami-

nants like pests and pathogens. This system of mass production consumes more

space as compared to other systems. The system also warrants multiple stages of

post-production purification to separate propagules from substrate or clay particles

and organic debris attached to it (Millner and Kitt 1992). Separation of roots, spores

and hyphae from substrate is difficult, besides there is problem of nutrient manage-

ment to keep the P levels optimum for both proper growth of host and multiplication

of AM fungi (Sharma et al. 2000).

15.3 Substrate-free Production of AM Fungi

Although the AM fungi inoculum is most commonly produced in solid matrixes

like soil, sand or the mixture of two, inoculum can also be produced in a non-solid

matrix. Production of AM fungi in non-solid matrix termed as substrate-free AM

fungi production includes a wide variety of solution culture techniques

(Table 15.2). These include stationary solution technique, flowing nutrient film

technique (both constitutes hydroponics) and aeroponic technique (Ijdo et al. 2011).

In flowing nutrient film technique plants are supported in a structure such ways that

their roots come in contact with continuous flow of nutrient solution like Hoagland

nutrient solution. The use of nutrient film improves gas exchange in a wider area

and hence overcome the problem of deficient aeration as in the case of static culture

techniques. This technique was used for inoculum production and in laboratory

level mycorrhiza studies. Here the plants used for multiplication of AM fungi

inoculum is either pre-colonized in a substrate based method or they become

mycorrhizal after they are introduced into the apparatus (Howeler et al. 1981,

1982a, b; Mosse and Thompson 1984; Elmes and Mosse 1984). Stationary solution

technique also uses low concentration of nutrient solution and is similar to the

nutrient film technique except for the fact that here the nutrient solution is fre-

quently aerated. Here continuous aeration is avoided to curb the damages to delicate

hyphae caused by strong movement of nutrient solution (Crush and Hay 1981;
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Dugassa et al. 1995; Hawkins and George 1997). These two techniques; stationary

solution technique and flowing nutrient film technique constitutes hydroponics

techniques for AM fungi inoculum production.

Another form of substrate-free production system exists, called aeroponics

wherein the plant nutrients are supported in a structure and roots are continuously

bathed using nutrient solution mist in a closed chamber (Jasper et al. 1979).

Aeration is improved by spraying of microdroplets of nutrient solution thereby

allowing increased gas exchange in the roots (Ijdo et al. 2011). The mist can be

Table 15.2 Substrate free production of AM fungi

Plant host AM fungi Method Reference

Maninot
esculenta

AM fungi* Flowing nutrient film technique Howeler et al.

(1981)

Maninot
esculenta,
Oryza sativa,
Zea mays,
Vigna
unguiculata,
Phaseolus
vulgaris

AM fungi* Flowing nutrient film technique Howeler et al.

(1982a, b)

Phaseolus
vulgaris

Glomus
mosseae,
Gomus
fasciculatum

Flowing nutrient film technique Mosse and

Thompson

(1984)

Zea mays Glomus
mosseae

Flowing nutrient film technique Elmes and

Mosse (1984)

Trifolium
repens

Gigaspora
margarita

Stationary solution culture technique Crush and Hay

(1981)

Linum
usitatissimum,
Paspalum
notatum

Glomus
intraradices

Stationary solution culture technique Dugassa et al.

(1995)

Triticum
aestivum,
Sorghum
bicolor

Glomus
mosseae

Stationary solution culture technique Hawkins and

George (1997)

Ipomoea
batatas,
Paspalum
notatum

Glomus
deserticola,
Glomus
etunicatum,
Glomus
intraradices,
Glomus
etunicatum,
Glomus
intraradices

Aeroponic using home humidifier for propel-

ling nutrient solution on the root surface

Hung and

Sylvia (1988)

Sorghum
sudanense

Glomus
intraradices

Aeroponic using Atomizing disc and Ultra-

sonic nebulizer

Mohammad

et al. (2000)

* indicates a mixture of AM fungi is used for mass production
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applied through various aeroponic devices like atomizing disk, micro irrigated

nozzle and an ultrasonically generated fog. Jarstfer and Sylvia (1995) reported

the nozzle spray system was the best for AM fungi inoculum production, while in

another study it was reported that ultrasonic method was the best for inoculum

production (Mohammad et al. 2000). Inoculum production of AM fungi in

aeroponic culture has many advantages like easy extraction of inoculum (spores,

hyphae or infectious roots) and the roots may be sheared to produce inoculum that

has high spore count and efficient to handle (Sylvia and Jarstfer 1992a, b).

Various production parameters to be considered in substrate free production

systems are AM fungi, host plants, nutrition and other additional factors.

15.3.1 AM Fungi

In the initial studies on substrate free production system not much of importance

was given to the identity of AM fungi, for instance Howeler et al. (1981, 1982a, b)

used nutrient film technique for production of AM fungi inoculum employing

different host plant in which there was not even a mention on the species of AM

fungi used for inoculum production. But with the improvement in the taxonomy of

AM fungi researchers started giving importance to the species of AM fungi for

production of inoculum. Several species of AM fungi have been used to set up

substrate-free inoculum production. Glomus mosseae, Gomus fasciculatum,
Gigaspora margarita, Glomus intraradices and Acaulospora levis have been used

to produce incolum by both nutrient film technique and stationary solution culture

technique (Mosse and Thompson 1984; Elmes and Mosse 1984; Crush and Hay

1981; Dugassa et al. 1995; Hawkins and George 1997). Glomus deserticola,
Glomus etunicatum, Glomus intraradices, Glomus etunicatum, Glomus
intraradices and Entrophosphora kentinensis have been used to produce inoculum

employing aeroponic technique (Hung and Sylvia 1988; Wu et al. 1995;

Mohammad et al. 2000, 2004). Tajini et al. (2009) reported the suitability of

Glomus intraradices which has grown successfully in a hydroaeroponic system in

what is called tripartite hydroaeroponic system. The study also reported the failure

Glomus rosea to grow using this system but there was not any attempt to find out

why G. intraradices grew and G. rosea failed to grow.

15.3.2 Host Plants for AM Fungi Multiplication

Several host plants used in the substrate based production system have been found

suitable in substrate production system also. For nutrient film technique of hydro-

ponic system, plants tried as host are Maninot esculenta, Oryza sativa, Zea mays,
Vigna unguiculata, Phaseolus vulgaris and Zea mays (Howeler et al. 1981; 1982a,
b; Mosse and Thompson 1984; Elmes and Mosse 1984). Triticum aestivum,
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Trifolium repens, Sorghum bicolor and Linum usitatissimum have been used suc-

cessfully for static system of hydroponics (Crush and Hay 1981; Dugassa et al.

1995; Hawkins and George 1997). Among the plants suggested for aeroponics are

Ipomoea batatas, Paspalum notatum and Sorghum sudanense (Hung and Sylvia

1988; Wu et al. 1995; Jarstfer and Sylvia 1995; Mohammad et al. 2000). Coloni-

zation level of AM fungi may be influenced by the choice of host plants and the

nutrient requirement of any production system may vary with the combination of

type of host plants and AM fungi species (Ijdo et al. 2011).

15.3.3 Nutrition

Major considerations in this parameter are better quality water and concentration of

nutrients solution. Deionized or distilled water is often recommended to use

considering the pH, buffering capacity of nutrient solution which should be free

from any micronutrient in potentially toxic concentrations. As the roots are in direct

contact with nutrient solution the concentration of nutrient solution should be

optimum (Jarstfer and Sylvia 1995). Existing nutrient solutions like Knop’s,
Hoagland’s and Long Ashton were used as such or with some modifications in

many studies of substrate free production system (Ijdo et al. 2011). As in the case of

substrate based production system concentration of P is crucial in the nutrient

solution (Elmes and Mosse 1984; Jarstfer and Sylvia 1995; Hawkins and George

1997). Hawkins and George (1997) recommended a phosphorus concentration of

1–50 μM, a concentration found in natural soil solution. But in general a concen-

tration of 0.5–10 μM available P is often used by various groups of researchers (Ijdo

et al. 2011). Overall concentration of nutrient solution as recommended by Jarstfer

and Sylvia (1997) is<1–24 μM. Though there is a generalization of P concentration

optimum concentration of nutrient solution have to be optimized depending on the

combination of host plants and AM fungi species.

15.3.4 Additional Factors

The other additional factors to be considered are pH of the nutrient solution,

temperature and relative humidity. Elmes and Mosse (1984) have found the pH in

the range of 6.5 to 7.2 as optimum for hydroponic system. Jarstfer and Sylvia (1995)

maintained a pH near neutral and temperature between 15 �C and 35 �C for

optimum colonization of AM fungi. Superficial illumination was given to plants

during cultivation for proper growth and hence better colonization by AM fungi

(Jarstfer et al. 1988; Jarstfer and Sylvia 1995; Hawkins and George 1997;

Mohammad et al. 2000; Tajini et al. 2009). It is proposed to use adequate wave-

length (400–700 nm) and high photosynthetic photon flux density (Jarstfer and

Sylvia 1997). Hawkins and George (1997) used a relative humidity of 60%. Hung
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and Sylvia (1988) have maintained a temperature range of 24–35 �C and photo-

synthetic photon flux density of 1725–1850 μEm�2S�2 for mass multiplication of

Glomus deserticola and Glomus etunicatum with Paspalum notatum as host plant.

Martin-Laurent et al. (1999) maintained a temperature of 26–28 �C, high relative

humidity of 80–850% and high illuminance of 550–1100 μEm�2S�2 for aeroponic

production of Acacia mangium saplings associated with AM fungi. Though several

workers have used varying level of pH, temperature, RH and other factors, addi-

tional works have to carried out to study the effect of pH, RH, temperature and other

plant growth regulators.

15.4 Conclusion

Mass multiplication of AM fungi is a prerequisite to fundamental research as well

as for application purposes. There are numerous custom-made methods available

for mass production of AM fungi for lab-scale and large fields. With the present

level of technology AM fungi propagules cannot be produced without a host.

Further the species of AM fungi cannot be identified in their active stages. This

creates a problem with quality control. In the present scenario, hydroponics,

aeroponics and nutrient flow techniques are the most widely used production

technologies under conventional method of mass multiplication of AM fungi.

Among these techniques aeroponics is most appropriate technique for production

of pure strain of AM fungi. The major risk involved in inoculating AM fungi in the

field is the inoculation of unwanted microorganisms along with AM fungi when

production techniques are inferior where along with AM fungi unwanted microor-

ganisms are also mass produced unintentionally. Such introduction of undesirable

microorganisms can be avoided only when mass production is done under strict

in vitro conditions. Root organ culture is one such in vitro production technology

but it does not come without high cost of production. We are in an era where

inoculation of other beneficial microorganisms outcompete AM fungi inoculum

primarily due to difficulties involved in mass cultivation of AM fungi. AM fungi

inoculation are often more beneficial as compared to other beneficial microorgan-

isms. But having said that, to realize the actual potential of AM fungi mass

production techniques should be economically feasible with technical ease.
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Chapter 16

Biological Hardening of Micropropagated

Tomato Plantlets: A Case Study

with Piriformospora indica

RK Gupta, VS Verma, Anil Bhushan, and Vijay Raina

Abstract Aseptic cultures were established from explants (cotyledons, shoot-tips

and hypocotyls) in six genotypes (two hybrids—TH802 & TH2312; respective

parents Haelani � Accession-2 and VFN8 � Punjab Chuhara) and three male

sterile (ms) lines (EC251735, EC 251692 and EC 251752) in tomato (Solanum
lycopersicum L.) on MS medium with different concentrations and combinations of

hormones. Maximum number of shoots in six genotypes initiated on cotyledons as

explants on MS medium supplemented with BAP (2.0 mg/l) while only three male

sterile lines initiated on medium with BAP (0.5 mg/l) þ Kinetin (0.5 mg/l).

Multiple shoot formation on subsequent subcultures was observed on medium

with BAP (1 mg/l) þ Kinetin (0.5 mg/l). The separated shoots (4–5 cm) in

hybrids/parents/ms lines resulted in profuse rooting on half basal MS medium

(0.5� MS media) containing 15 g l�1 sucrose (without hormones). Hardening of

in vitro raised plantlets in hybrids/parents/ms lines was done using bioagents and

antitranspirants. Maximum survival was recorded on treatment of plantlets with

Piriformospora indica (86.6%) followed by Trichoderma viride (75.0%), while

minimum survival was observed in untreated control (36.6%). The hardened plant-

lets were successfully transferred to field and expressed true-to-type traits (includ-

ing male sterility). This paper reports an efficient and reproducible protocol for

in vitro multiplication and biological hardening of diverse genotypes in tomato.
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16.1 Introduction

Tomato (Solanum lycopersicum L.) belongs to the family Solanaceae, which contains

more than 3000 species. Tomato was introduced to Europe in the fifteenth century and

in the Indian subcontinent about 200 years ago. It has now become one of the most

popular vegetable crops of the world. Its genetics is well studied and genomemapped.

S. lycopersicum cerasiforme was considered as an ancestor of the cultivated tomato

because of its abundant existence inCentral America (Bai and Lindhout 2007). Recent

studies have revealed that the closest relative of the cultivated tomato is

S. pimpinellifolium (The Tomato Genome Consortium 2012). In short history of

tomato, hybrid and transgenic cultivars have now been developed for higher yield

and other useful traits. Traditionally, production of hybrid seed involves hand emas-

culation and pollination leading to high cost of seeds, while male sterility has not been

exploited because of difficulty of maintenance of ms lines. Plant tissue culture

techniques that help plant breeders include micropropagation for rapid multiplication,

embryo-rescue for wide hybridization, somatic hybridization to combine

non-crossable species and transgenic to introduce genes from other organisms. Plant

tissue culture also holds potential for multiplication of true-to-type and virus-free

planting material and genetic transformation in tomato. But the stunted growth/poor

survival of in vitro raised plantlets upon direct transfer to ex vitro conditions or in the

field (without hardening) has hampered the progress due to prevalence of relatively

lower humidity, higher light intensity and harmful soil microorganisms and/or inef-

ficient stomata, weak root system and poorly developed cuticle.

At the same time, antitranspirants and biopriming have shown varying degrees

of success in improving ex vitro survival or performance. The leaf-surface covering

agents such as glycerol, paraffin and grease have been used to promote ex vitro

survival in many herbaceous plant species (Selvapandiyan et al. 1988). Arbuscular

mycorrhizal fungi (AM) has also been used for biological hardening of micro-

propagated plantlets, but lack of an authentic AMF axenic culture limits its appli-

cations. P. indica—a root endophyte resembles AMF in morphology, physiology

and mode of inter- and intracellular invasion of the mycelium to the cortical region

of the root (Prasad et al. 2005), because of ease of culture and plant growth

promotional effect. P. indica has been used for hardening of micropropagated

plantlets in various crops (Sahay and Varma 1999, 2001; Varma et al. 1999,

2001, 2012; Prasad et al. 2013).

Development of efficient micropropagation and hardening protocol has opened

new vistas for multiplication of disease-free planting material in hybrids or that of

male sterile lines for further use in hybrid seed production (Bhushan and Gupta

2010). Plantlets are usually developed in vitro on Murashige and Skoog (MS)

medium under low light intensity and high humidity levels require acclimatization

or hardening, both under in vitro and ex vitro conditions for improving survival and

establishment in field. In this chapter, we report a case study on micropropagation

of tomato hybrids/ms lines and hardening using glycerol, ABA and P. indica in

different treatment combinations for true-to-type and disease -free multiplication

plantlets in tomato.
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The technique in which propagules are cloned from tissue (small explants) taken

from a single plant is known as micro-propagation. During multiplication phase,

mostly, the initiated shoots are in clusters and these are separated and roots induced.

After plantlets have been developed, various steps are taken to prepare them for

adaptation to the external environment. In order to boost shoot and root develop-

ment, the individual plantlets are transferred to a standardized medium or potting

mixture for 3–4 weeks. The utmost care is taken in moving plantlets from sterile

and artificially controlled environment to gradually increasing light intensity and

reducing humidity for the purpose of acclimatization to facilitate successful field

transfer of in vitro raised plantlets.

The various studies on in vitro multiplication of tomato often display problems

concerning survival and establishment on direct transfer from in vitro conditions to

pots or in field under open environment. The plantlets developed in vitro from

hybrids/ms lines under low light intensity and high humidity levels are exposed to

minimal stress and require acclimatization (physical/chemical/biological) both

under in vitro and ex vitro conditions. Attempts to multiply disease-free planting

material of tomato hybrids/ms lines using explants (cotyledon, shoot tip, leaf and

hypocotyls) in vitro and hardening by our group have revealed some useful

information.

16.2 Protocol

The seeds of two tomato hybrids (TH802 and TH2312) with their respective parents

(Haelani � Accession-2 and VFN8 � Punjab Chuhara) were obtained from the

Department of Vegetable Crops, PAU, Ludhiana, India and three ms lines

(EC 251735, EC251692 and EC251752) from NBPGR, New Delhi, India. MS

medium (Murashige and Skoog 1962) was prepared and adjusted to pH 5.8, filled

into culture bottles and sterilized by autoclaving at 15 psi for 20 min.

16.2.1 Seed Sterilization and in Vitro Germination

After testing different combinations, for optimum sterilization, tomato seeds were

surface sterilized by quick dip (30s) in 70% ethanol (v/v) followed by treatment

with 4.0% NaOCl for 3 min and then washed three times with sterilized distilled

water. The seeds were inoculated on MS medium with 30 g/L sucrose and 8.0 g/L

agar (pH 5.8) in culture tubes or Petri dishes sealed and kept in dark for 3 days at

25�2 �C. Subsequently, these cultures with germinating seeds were kept in culture

room on the same temperature with fluorescent light and 16 h light/8 h dark

photoperiod for 10–14 days.
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16.2.2 Establishment of Aseptic Cultures and Shoot
Initiation

About 2-week old in vitro grown seedlings served as source of explants (cotyle-

dons, leaf, shoot tips, hypocotyls). The explants excised under aseptic conditions

were put on MS medium supplemented with different concentrations and combi-

nations of Benzyl Amino Purine (BAP) and Kinetin. These cultures were

maintained in culture room with around 1500–2000 lux fluorescent light and 16 h

photoperiod and maintained at 25 � 2 �C temperature. The percentage response

towards shoot emergence/initiation was recorded after 4 weeks, while that of shoots

per culture after second subculture.

16.2.3 Maintenance/Multiplication of Shoots and Rooting

The regenerated shoots obtained after 4 week of first sub-culture were maintained

for multiplication on MS medium fortified with 2 mg/l BAP for hybrids and

0.5 mg l�1 BAP and 0.5 mg/l Kinetin for ms lines. Rooting in regenerated

shoots was induced on basal MS medium (without hormone) solidified with agar-

agar (6 gl�1) after about 10–15 days in hybrids or ½ basal MS medium (without

hormone) in ms lines.

16.2.4 Hardening/Acclimatization

The plantlets were transferred to small plastic pots containing potting mixture

(sand, soil and FYM in ratio of 1: 1: 1) fortified with T. viride. The P. indica
cultures with the help of loop were applied at the base of the stem and pots kept for

about 10 days near window in the room with indirect sunlight and then transferred

to bigger pots or field.

16.3 Essential Items Needed

16.3.1 In Vitro Hardening of Plantlets

Before transfer of plantlets from the cultured vessels to small plastic pots, the caps or

tops of the culture vessels containing growing plantlets were removed and cultures

kept in indirect natural light near windows in closed rooms or Greenhouse for a

period 7–10 days for the purpose of in vitro acclimatization. In vitro rooted

pre-hardened plantlets obtained from the culture vessels were gently washed to
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remove the adhering medium from the roots so as to avoid the growth of disease-

causing micro-organisms. After washing thoroughly under running tap water, plant-

lets were left in the tray full of water or placed over cotton soaked in water under high

light conditions for 3–4 h. These plantlets were then used for ex vitro hardening.

16.3.2 Ex Vitro Hardening of Plantlets

In another experiment, different treatment combinations of chemicals with biolog-

ical agents were tested for ms lines. Each treatment combination contained

60 plants. The plant survival was calculated after 1 and 3 weeks and observations

on agro-biological features were recorded at various growth and maturity stages.

16.3.3 Antitranspirants: Preparation and Use

The stem and leaves of micropropagated plantlets were dipped in solution of

glycerol (0.5%) and ABA (7 ppm) for 5 min and transferred to small plastic pots

kept in green house and then transferred to bigger pots or field.

16.3.4 Piriformospora indica: Preparation and Use

The culture of P. indica was obtained from Ajit Varma of Jawaharlal Nehru Univer-

sity, New Delhi, India and maintained and multiplied in a culture bottle or Petri plate

containing minimal agar medium (pH 4.8) and incubated for 7 days at 30 �C in dark

(Prasad et al. 2005). Further multiplication of P. indica using one small agar disc

(about 1 cm in diameter) loaded with hyphae and spores and placing the same in a

Petri plate (90 mm containing modified minimal agar medium). A layer of P. indica
inoculum was either mixed in a small amount of fine sterile soil or compost and then

placed as a top layer in small plastic pots containing potting mixture and the plantlets

were transferred. The inoculum was added at a rate of 1% of the total fine compost in

the pot (w/v). Alternatively, the inoculum was kept near base of the stem of the

transferred plantlet in small plastic pot under controlled conditions.

16.3.5 Trichoderma viride: Preparation and Use

The cultures of T. viride were obtained from Indian Institute of Integrative Medi-

cine (CSIR), Jammu. The sterilized potting mixture (Soil: Sand: FYM ::1:1:1) was

treated with T. viride powder @ 2 g/Kg of pot mixture and then poured into small
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plastic pots where in vitro raised plants were transferred and kept under controlled

conditions.

The pre-hardened plantlets were then transferred to small plastic cups containing

sterilized potting mixture directly or after treatment with chemicals (Glycerol 0.5%

and ABA 5 ppm) and/or biological hardening agents using nine combinations with

detail as under:

T1 ¼ T. viride (2 g/Kg of soil mix)

T2 ¼ P. indica (one slice per plant)

T3 ¼ ABA (7 ppm)

T4 ¼ T. viride (2 g/Kg of soil mix) þ ABA (7 ppm)

T5 ¼ P. indica (one slice/plant) þ ABA (7 ppm)

T6 ¼ Glycerol (0.5%)

T7 ¼ T. viride (2 g/kg of soil mix) þ Glycerol (0.5%)

T8 ¼ P. indica (one slice/plant) þ Glycerol (0.5%)

T9 ¼ Control (untreated)

The small plastic pots containing plantlets under different treatment combina-

tions were kept initially near window in the room and later transferred to green-

house with partial shading or reduced light by 50% using shade net or hardening

facility and watered with 20–50 ml of 0.5�MS salts solution. These plantlets were

gradually exposed to increasing light intensity and reducing humidity for 3–4

weeks and then transferred to bigger pots or in the field in full sun.

16.4 Observations and Interpretations

Efficient and easily reproducible micropropagation protocol and hardening proce-

dure for hybrids and ms lines developed in our laboratory have been given in

Figs. 16.1 and 16.2.

16.4.1 Micropropagation

The cultures were initially established from explants (cotyledon, shoot-tip and

hypocotyl) in six genotypes (two hybrids—TH802 & TH2312; respective parents

Haelani � Accession-2 and VFN8 � Punjab Chuhara) and three ms lines

(EC251735, EC 251692 and EC 251752) using MS medium with different concen-

trations and combinations of hormones.
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Tomato seeds (hybrids and parents) germinated 

on MS medium for 10-12 days

Explants excised (Cotyledon, Shoot tip and Hypocotyl)

Shoot initiation/emergence on MS medium + BAP 2.0 mgL 
-1

Maintenance/ multiplication of shoots 

(MS medium + BAP 2.0 mgL
-1

)

Rooting on half basal MS medium without hormones   

Hardening of plantlets using anti transpirants

Plantlets dipped in 0.5% Glycerol Plantlets dipped in 5ppm ABA

Transfer of plantlets to pots under green house conditions (Under gradually 

increasing light intensity and decreasing humidity)

Field transfer of plantlets

Fig. 16.1 Schematic diagram of protocol for micropropagation and hardening using

antitranspirants in hybrids
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16.4.2 Establishment of Aseptic Cultures and Shoot
Initiation

Five génotypes (two hybrids and three parents) gave maximum shoot induction/

émergence response onMSmediumcontaining 2.0mg�1 BAP. TheAccession-2 gave

maximum shoot induction response (100%) onMSmediumwith 2.5 mg�1 BAP after

4 weeks of transfer. The shoot induction/emergence response revealed significant

genotypic differences when cotyledons were cultured on medium with different

concentrations of BAP (0.0, 0.5, 1.0, 1.5, 2.0 and 2.5 mgl�1) in these genotypes.

Tomato seeds (ms lines) germinated on 

MS medium for 10-12 days

Explants excised (Cotyledon, Shoot tip and Hypocotyl) 

Shoot initiation/emergence on MS medium + BAP 0.5 mgL
-1

+Kinetin 0.5 mgL
-1

Maintenance/ multiplication of shoots

(MS medium + BAP 1.0 mgL
-1

+Kinetin 0.5 mgL
-1

)

Rooting on half basal MS medium without hormones   

Biopriming and hardening of plantlets

P.indica treatment  
(1 agar disc - 6mm per plantlet) 

T.viride treatment

(2 g/Kg potting mixture)

Transfer of plantlets to pots/ field Transfer of plantlets to pots/ field

Field transfer of hardened plantlets 

Fig. 16.2 Schematic diagram of protocol for micropropagation and biological hardening for ms
lines
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The optimum response towards shoot initiation/emergence in ms lines was

observed from the cotyledons of all the three ms lines (EC251735, EC251692 and

EC251752) on MS medium with BAP (0.5 mg/l) þ Kinetin (0.5 mg/l). The

genotypic differences were also observed in ms lines with relatively better response
recorded in EC251692. In present studies, the success has been found to depend

largely on the genotype, explant source and choice of plant growth regulators used.

The genotypic differences for the requirement of specific level of cytokinins

individually or in combination were also observed (Bhushan and Gupta 2010;

El-Farash et al. 1993; Gupta and Khere 2002; Newman et al. 1996). Plant regen-

eration has also been reported using different explants like cotyledons, shoot tips

(Newman et al. 1996; Narayanswamy and Ramaswamy 1995; Soniya et al. 2001;

Venkatachalam et al. 2000).

16.4.3 Maintenance/Multiplication of Shoots and Rooting

The shoot buds or small shoots initiated on cotyledon as explants on MS medium

containing 2 mgl�1 BAP were sub-cultured on the same medium with different

concentrations of BAP for shoot elongation and multiple shoot formation. Best

response was again observed on MS medium with 2 mgl�1BAP. The maximum

number of shoots per explant was observed in hybrid TH802 (5.17) when compared

with its parents, Accession-2 (5.05) and Haelani (4.22). Similarly, hybrid TH2312

also gave maximum number of shoots per explant (5.11) when compared to its

parents VFN8 (5.01) and Punjab Chuhara (4.94). The separated shoots were sub-

cultured on MS medium supplemented with different concentrations and combina-

tions of BAP and Kinetin and the best response was observed on the same medium

supplemented with BAP (1 mg/l) þ Kinetin (0.5 mg/l). Almost all the five ms lines
responded towards establishment of cultures and their further multiplication. How-

ever, the line EC251692 exhibited relatively better response towards multiple shoot

formation with 5.3 numbers of shoots per culture.

The separated shoots (4–5 cm) of hybrids and ms lines, when transferred to basal
or half basal MS medium (without hormones), resulted in profuse rooting. How-

ever, genotypic differences were observed with respect to rooting. Among hybrids

and parents, maximum number of roots per shoot and root length was recorded in

hybrids (TH802 and TH2312). The plantlets have been produced in thousands in

various cycles through reproducible and dependable micropropagation protocol

developed in our laboratory.

16.4.4 Hardening and Field Transfer

In tomato hybrids and parental genotypes, plantlets after antitranspirant (Glycerol

and ABA) treatments were transferred in small plastic pots containing pot mixture.
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Glycerol (0.5%) and ABA (5 ppm) gave the best response after 3 weeks in hybrids

with 71% and 58% survival, respectively. In ms lines, glycerol (0.7%) and ABA

(5 ppm) proved best after 3 weeks with 68% and 66% survival, respectively. The

better survival of acclimatized or primed tomato plantlets may be due to higher

relative water content resulting from lower initial stomatal conductance and/or

reduced transpiration losses.

Biological hardening data with different treatment combinations of P. indica,
T. viride and antitranspirants in micropropagated plantlets of male sterile lines indi-

cated usefulness of bioagents. The treatment with P. indica gave maximum survival

(86.6%) followed by T. viride (75.0%) with minimum survival (36.6%) recorded in

untreated control. The data recorded on plant height, number of branches, number of

leaves, leaf length and leaf breadth has shown relatively better results in treatmentwith

T. viride and comparablewithP. indica.However,P. indica and T. viridewhen used in
combination, showed synergetic effects for survival and growth under field condi-

tions. The better survival ofmicropropagated plants on treatmentswithP. indica could
be attributed to its growth promoting or antifungal property (Varma et al. 1999, 2001;

Singh et al. 2003). T. viridewhen used alone or in combination with glycerol was also

effective in improving survival, growth and vigor. The better compatibility ofT. viride
with antitranspirants over P. indica with antitranspirants could be attributed to rela-

tively poor colonization of the latter with the roots of micropropagated plantlets or

relatively better role of T. viride in control of soil borne pathogens or both. The role of
Trichoderma in control of soil borne pathogens in plant kingdom has been reported by

various workers (Sivan and Chet 1986).

The in vitro raised and hardened plantlets in hybrids/parents/ms lines were

successfully transferred to field and expressed true-to-type characters in hybrids/

parents. Male sterility was also expressed at maturity in micropropagated ms lines
transferred to pots in the hardening facility or field. Acclimatized plants, though

showed relatively better survival over direct transfer, yet the maximum survival did

not exceed 41.66%.

16.5 Conclusion

The micropropagation and hardening protocol developed by our group for hybrids

and male sterile lines in tomato (otherwise difficult to propagate through conven-

tional means) using antitranspirants and bioagents is both reproducible and depend-

able and can be scaled up with minor modifications for commercial applications for

specific genotype (hybrid or ms line or transgenic).
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Chapter 17

Piriformospora indica (Serendipita indica)
Enhances Growth and Secondary Metabolites

in Cucurma longa

Diksha Bhola, Ruchika Bajaj, Swati Tripathi, and Ajit Varma

Abstract Since Vedic times, haldi has been used as an important spice and in

medicinal remedies. Haldi as commonly known in North India is the powdered

form of dried rhizomes obtained from Cucurma longa L. The active ingredients of

the plant are curcuminoids and essential oils. The curcuminoids and essential oils

obtained from the plant have therapeutic properties against a diverse range of

ailments. Further, the alkaloids are used in dermatology, cosmetology as well as

perfumery. These properties render this plant of high economic and medicinal

value. Thus increased production and yield of the plant is highly required. The

root endophytic fungus Piriformospora indica (Serendipita indica) is exploited for

enhanced production. The fungus increases growth and yield of the plant along with

augmenting the secondary metabolities.

17.1 Introduction

Traditionally in different ethnic societies plants harbouring medicinal attributes

have been used for treatment for generations now. However, scientific evidence in

terms of modern medicine is lacking in most cases. One such widely cultivated

Asian herb is Cucurma longa L. The powdered form called turmeric is used in

traditional Indian medicines against cough, diabetic wounds, biliary disorders,

hepatic disorders, anorexia, coryza, rheumatism, swelling and sinusitis. The powder

is used in India since vedic culture nearly 4000 years ago. As stated in the Sanskrit,
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Ayurveda and Unani systems turmeric powder has long been used as a medicine in

Southern Asia (Govindarajan 1980; Remadevi et al. 2007). In northern parts of

India it is commonly known as ‘haldi’ which is derived from Sanskrit word

‘haridra’ while in south it is locally known as ‘Manjal’. Turmeric has 53 different

names in Sanskrit based on its characteristics described (Prasad and Aggarwal

2011).

India is largest producer and exporter of turmeric followed by Bangladesh,

Indonesia, China, South Asia and Caribbean islands (Norman 1991). In India,

Tamil Nadu has the largest producing land and trading centre for turmeric. Thus

rightfully referred to as ‘Yellow city’ or ‘Turmeric city’ (Prasad and Aggarwal

2011). The characteristic yellow colour is bestowed to turmeric by curcumin which

is a polyphenolic antioxidant. Curcumin along with volatile oils are responsible to

exhibit a variety of pharmacological effects including anti-inflammatory, anti-

tumour, anti-HIV and anti-infectious properties. Traditionally rhizomes are boiled

for approximately 40–60 min in alkaline conditions and later on sun dried for 10–15

days reducing moisture to 10–11%. These dried rhizomes are further processed into

powdered form.

17.2 Morphology and Taxonomy

Turmeric is the powdered product obtained from rhizomes of the plant Curcuma
long L. The perennial herbaceous plant belongs to the Zingiberaceae family

(Priyadarsini 2014). There are approximately 133 species of curcuma worldwide

which are used as a spice and for medicinal applications (Sasikumar 2005). Since it

is a herbaceous plant, the plant reaches up to the height of 1m with alternately

arranged leaves in two rows. From the leaves emerges a false stem. This false stem

bears a terminal inflorescence with bright yellow flowers. The rhizomes produced

by the plant are highly branched, cylindrical, aromatic and yellow to orange in

colour. The rhizomes are used for the propagation of plant and commercial pro-

duction of turmeric powder and other compounds.

17.3 Active Ingredients of Turmeric

The chemical composition of turmeric is diverse. Cultivation conditions, varieties

and location drastically affect the quality and quantity of the different chemical

compounds present in turmeric. Altogether 235 primary phenolic compounds and

terpenoids have been distinguished from this plant (Li et al. 2011). The major

bioactive ingredients of turmeric belong to the diarylheptanoids and are known as

curcuminoids. Further the most common curcuminoid present in turmeric is

curcumin (Fig. 17.1). However, the commercial curcumin is typically a mixture of

the following three curcuminoids—71.5% curcumin, 19.4% demethoxycurcumin

314 D. Bhola et al.



and 9.1% of bisdemethoxycurcumin (Pfeiffer et al. 2003). Curcumin (C21H20O5)

was first isolated in 1815 and is known as diferuloyi methane or 1,6-heptadiene-3,5-

diane-1,7bis(4-hydroxy-3-methoxyone-nyl) (Chempakam and Parthasarathy 2008).

The compound has a molecular weight of 368.37, insoluble in water while solubi-

lises in ethanol, acetone and methanol. Also three types of diarylpentanoids having a

five carbon chain between two phenyl groups have been isolated from turmeric. The

essential oils extracted from leaves as well as flowers are majorly constituted of

monoterpenes. The commonly present terpenes are p-cymene, β-phellenderene,
terpinolene, p-cymene-8-ol, cineole and myrcene. The aromatic smell and taste of

dreied rhizomes are attributed to sesquiterpenes present in essential oils. The major

identified sesquiterpenes are α-turmerone, β-turmerone, turmeronol A and

turmeronol B.

17.4 Medicinal Applications

Curcumin is an immensely pleiotropic compound with the ability to stimulate the

activity of various molecules involved in signalling (Gupta et al. 2011). Curcumin

exhibits curative effects against a number of human ailments (Table 17.1).

17.5 Interactions of Curcuma longa L. with Piriformospora
indica (Serendipita indica)

Piriformospora indica (Serendipita indica) is a mycorrhiza like axenically cultivable

plant growth-promoting root endophyte (Weiß et al. 2016). It expansively colonizes the

root hair zones inter- and intracellularly while excluding the elongation and meriste-

matic zones (Deshmukh et al. 2006). Symbiotic relationship of P. indica with various

taxonomically unrelated hosts increases plant growth and biomass (Peškan-Bergh€ofer
et al. 2004; Waller et al. 2005; Shahollari et al. 2007; Sherameti et al. 2008; Camehl

et al. 2010, 2011; Hilbert et al. 2012; Nongbri et al. 2012; Lahrmann et al. 2013; Varma

et al. 2013; Prasad et al. 2013; Gill et al. 2016; Venus and Oelmuller 2013),

Fig. 17.1 Structure of

Curcumin
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Table 17.1 Medicinal applications of turmeric

Property Effect Reference

Anti-microbial Inhibited the bacterial growth

Retarded the microbial growth, delayed the

chemical changes, and extended the shelf life

of rainbow trout

Exhibited activity against histamine-

producing bacteria

Exhibited activity against food-borne patho-

gens

Exhibited bactericidal activity

Suppressed HBV replication in liver cells by

enhancing the level of p53 protein

Exhibited activity against Trichophyton
longifusus
Inhibited Aspergillus flavus growth and afla-

toxin production

Mahady et al. (2002)

Pezeshk et al. (2011)

Paramasivam et al. (2007)

Tayel and El-Tras (2009),

Yano et al. (2006)

Sathishkumar et al. (2010)

Kim et al. (2009)

Khattak et al. (2005)

Sindhu et al. (2011)

Wuthi-udomlert et al. (2000)

Insecticidal and

larvicidal

Exhibited activity against Sitophilus zeamais
and Tribolium castaneum
Exhibited activity against the dengue vector

Aedes aegypti
Exhibited activity against Anopheles
stephensi and Culex quinquefasciatus mos-

quito larvae

Exhibited toxicity against red spider mites

Suthisut et al. (2011)

Kalaivani et al. (2012)

Singha and Chandra (2011)

Svinningen et al. (2010)

Anti-oxidant Ethanol extracts exhibited high anti-oxidant

activities compared with aqueous extracts

Protected renal cells against oxidative stress

induced by H2O2

Exhibited anti-oxidant activity in in vitro

assays

Suppressed the incidence of atherosclerosis,

exhibited hypolipidemic and anti-oxidant

activities

Qader et al. (2011)

Cohly et al. (1998)

Betancor-Fernandez et al.

(2003), Kurien and Scofield

(2007)

Jin et al. (2011)

Anti-mutagenic Exhibited anti-mutagenicity against

chemical-induced mutagenesis in bacteria

Exhibited anti-mutagenicity to sodium azide,

NPD, 2-AAF, and benzo[a]pyrene in vitro
Reduced the formation of heterocyclic amines

in vitro
Exhibited anti-mutagenicity against IQ and

4-NQO mutagens

Azuine et al. (1992)

Kuttan et al. (2004)

Puangsombat et al. (2011)

Peng et al. (2010)

Radioprotection Protected against gamma-radiation–induced

inactivation of bacterial strains

Protected against X-ray–induced DNA

damage

Sharma et al. (2000)

Pal and Pal (2005)

Other activities Exhibited chemoprotective activity against

benzo[a]pyrene-induced chromosomal dam-

age

Recovered the cells from cisplatin-induced

nephrotoxicity

Ghaisas and Bhide (1994)

Sohn et al. (2009)

Saelee et al. (2011)

Mohankumar and

McFarlane (2011)

(continued)
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higher seed yield, early flowering, and biotic and abiotic stress tolerance responses

(Baltruschat et al. 2008; Singh et al. 2011; Bajaj et al. 2015; Gill et al. 2016). It has been

reported that mutualistic associations of this fungus stimulates increased allocation of

nutrients like phosphate to the plant roots (Yadav et al. 2010).

Exploiting these plant benefitting properties, a formulation of P. indica with

magnesium sulphite was prepared where magnesium sulphite acts as a carrier. For

this, 2% (w/w) of fungal biomass served as effective and stable formulation. On an

Table 17.1 (continued)

Property Effect Reference

Exhibited anti-psoriatic activity and down-

regulated the expression of CSF-1, IL-8,

NF-B1, and NF-B2

Stimulated insulin secretion under basal and

hyperglycemic conditions

Inhibited human pancreatic amylase activity

Exhibited immuno-stimulatory activity in

human PBMCs Inhibited A fibril aggregation

in a cell-free assay

Ponnusamy et al. (2011)

Yue et al. (2010)

Shytle et al. (2009)

Anti-

inflammation

Reduced the inflammation in patients with

chronic localized or generalized periodontitis

Behal et al. (2011)

Lupus nephritis Decreased proteinuria, hematuria, and sys-

tolic blood pressure in patients with relapsing

or refractory lupus nephritis

Khajehdehi et al. (2012)

Anticancer Significantly reduced NO level in CML

patients when given alone or in combination

with imatinib

Produced remarkable symptomatic relief in

patients with external cancerous lesions

Reduced the ulcer size in patients with peptic

ulcer

Ghalaut et al. (2012)

Kuttan et al. (1987)

Prucksunand et al. (2001)

Antidiabetic Attenuated proteinuria, TGF, and IL-8 in

patients with overt type 2 diabetic nephropa-

thy

Increased postprandial serum insulin levels,

insignificant effect on plasma glucose levels

and the glycemic index

Khajehdehi et al. (2011)

Wickenberg et al. (2010)

Irritable bowel

syndrome

Improved the symptoms of IBS and reduced

the prevalence of disease

Increased the bowel motility and activated the

hydrogen-producing bacterial flora in the

colon

Bundy et al. (2004)

Shimouchi et al. (2009)

Antimutagenic Significantly reduced the urinary excretion of

mutagens in smokers

Polasa et al. (1992)

Protection from

fibrosis

Offered protection against benzo[a]pyrene-

induced increases in micronuclei in circulat-

ing lymphocytes of healthy subjects;

decreased the number of micronucleated cells

in patients with submucous fibrosis

Hastak et al. (1997)
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average the colony forming unit (CFU) count was maintained as 109 and moisture

content was 20%.

To study the effects of endophytic fungus, P. indica, rhizomes of turmeric were

thoroughly mixed with the respective formulation and transferred to field. The field

trials showed a beneficial association of Curcuma longa with P. indica (Bajaj et al.

2014). There is a distinctive increase in leaf number, roots and overall yield of

P. indica treated plants produced rhizomes of bigger size as compared to the

rhizomes in control (Fig. 17.2). An overall 12.69, 21.09 and 19.00%, respectively,

increase was observed in yield, volatile oil and curcumin content respectively

(Tables 17.2 and 17.3).

17.6 Mechanism for Enhanced Growth

Both the endophytic fungi and the host recognize each other during the early stages

of colonization. Immediately after colonization there occurs an elevation in intra-

cellular calcium levels in plant cells. This acts as an initial signalling stage in

Fig. 17.2 Interaction studies of P. indica with Curcuma longa

Table 17.2 Increase

percentage of active

compounds

Parameters Percent increase over control

Volatile oil 21.09

Curcumin 19.00

Table 17.3 Difference in

yield of treated versus control

plants

Yield in quintal/kanal

Control Treated

13q 14.65q
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interaction of mycorrhiza with plants (McAinsh and Pittman 2009). However, in

various signalling pathways Ca2+ ions are the secondary messengers that transfer

extracellular stimuli to the intracellular machinery and produce plant response

(Sanders et al. 2002). Interaction of mycorrhizal fungi with host results in enhanced

plant performance through elevation in nuclear as well as cytoplasmic Ca2+ levels

(Vadassery and Oelmüller 2009). In vitro studies have shown that P. indica induces
tuber along with yield in potato attributing to the increased expression of two Ca2+

dependent proteins such as CaM1, St-CDPK1 and lipoxygenase (Lox) mRNA

(Upadhyaya et al. 2013). Various signals are exchanged at the surface where

P. indica interacts with the plant. This results in an efflux of calcium and influx

of phosphorous within plant cells (Yadav et al. 2010; Ansari et al. 2013). These

external stimuli indicate involvement of phytohormones in programmed cell death

(PCD) via endoplsmic stress or be directly involved in growth and development of

the host plant (Qiang et al. 2011; Ansari et al. 2013). Mutants impaired in GA and

JA exhibited low colonization, plant growth and development (Schäfer and Kogel

2009; Jacobs et al. 2011). Generally the calcium ions and phytohormones acting as

signals down regulate the PRIb, PR5, β-gulcanase and upregulates auxin genes

(Hückelhoven 2004; Lam 2004; Deshmukh and Kogel 2007; Trivedi et al. 2013).

Further, the elevated growth of plants associated with P. indica is linked with an

increased uptake of nutrients such as phosphorous and nitrogen (Oelmüller et al.
2009; Sherameti et al. 2005). It has been studied that P. indica stimulates increased

transcription of nitrate reductase gene and helps in nitrate uptake from soil. Also,

P. indica facilitates the transport of phosphate ions through specialized phosphate

transporters (Yadav et al. 2010). It also facilitates the uptake of macro-nutrients

such as Iron, Zinc, Manganese and Copper from the soil (Oelmüller et al. 2009)
(Fig. 17.3).

17.7 Plausible Mechanism of Enhanced Curcumin Levels

As proposed by Kita et al. (2008) the biosynthetic pathways for synthesis of

curcuminoids initiates from phenylalanine (Fig. 17.4). It includes two units of

cinnamic acid and one central carbon from malonic acid. It is further carried out

by addition of functional groups on aromatic rings. Curcuminoid synthase (CUS)

catalyses the formation of curcuminoids via phenylpropanoid CoAs and malonyl

CoA through 3-oxo-5-phenyl-pent-4-enoic acid. Since curcuminoids consist of

p-coumaroyl and feroloyl moieties as a part of their structure. Thus it is proposed

that cinnamoyl CoA is also a substrate in curcuminoid biosynthesis.

As indicated earlier the colonization of P. indica initiates a cascade of Ca2+ and

phytohormone signalling in the host plants. Calcium ions and phytohormone

signalling in the host plants. Calcium ions and phytohormones such as Auxin,

GA and Abscisic acid stimulate expression of various genes involved in plant

growth. It is proposed that the increased transcription of genes increases concen-

tration of substrates involved in curcumin biosynthesis. This in turn increases
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concentration of curcumin produced. Also P. indica stimulates activities of various

enzymes involved in plant biosynthesis which increases overall plant growth and

secondary metabolism.

17.8 Future Aspects

The root endophytic mycorrhizal fungus, P. indica promotes growth and develop-

ment of turmeric plants. The increased growth is attributed to enhanced allocation

of nutrients from the soil to plants. The fungus also provides resistance to biotic and

abiotic stresses encountered by the plants. It is well established that turmeric is a

plant with imminent medicinal value. Thus application of P. indica for enhanced

growth would be beneficial for optimised production of natural curcuminoids and

essential oils. Further, for better understanding the mechanisms involved in

increased production of curcumin various molecular studies are preferred. Analysis
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of genes involved in curcumin biosynthesis and effect of P. indica on expression of
these genes could be studied. Molecular and genetic analysis studies will thus aid in

better understanding and exploitation of this extremely potent medical compound.

This demarcates a way to modern therapeutic medicines for a number of ailments.
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Chapter 18

Effect of Azotobacter chroococcum
and Piriformospora indica on Oryza sativa
in Presence of Vermicompost

Sarita Manandhar, Reshma Tuladhar, Kamil Prajapati, Anjana Singh,

and Ajit Varma

Abstract The overall growth and development of various plants is benefited by the

activity of rhizospheric microorganisms in soil. The beneficial activities of these

organisms include biological nitrogen fixation, phosphate solubilization and min-

eralization etc. which is enhanced in presence of mycorrhiza. A pot culture trial was

carried out to study the growth promotion of Oryza sativa with dual inoculation of

Azotobacter chroococcum and Piriformospora indica an Arbuscular-Mycorrhiza-

like-fungus in presence of vermicompost. The study parameters included to eval-

uate the dual effect were shoot length, root length, fresh and dry shoot weight, fresh

and dry root weight, panicle numbers, plant tissue analysis (NPK content) and soil

analysis in terms of pH, NPK and organic content on 45th and 90th day for

vegetative and reproductive stage respectively. In both stages, a significant positive

response was observed in all growth parameters when plant was dual inoculated

with A. chroococcum and P. indica in presence of vermicompost than untreated

control plants. The result shows that the combination of dual inoculation of

A. chroococcum and P. indica with vermicompost was found to improve growth

parameters and nutrient uptake in rice plant.
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18.1 Introduction

Growth of plant requires fundamental nutrients like nitrogen, phosphorus, potas-

sium etc. Nitrogen though present abundantly on earth surface in the form of

nitrogen gas is unavailable to most living organisms. Inert nitrogen gas needs to

be converted into organic form through biological nitrogen fixation to be available

for organisms (Deacon 2006). Biological nitrogen fixation is usually associated with

symbiotic Rhizobium-legume system for improving the fertility and productivity

(Varma et al. 2013). Beside these, numerous free living soil bacteria of the genera

Azotobacter (aerobic), Clostridium (strictly anaerobic), Klebsiella (facultative

aerobic) and Rhodospirillium (anaerobic photosynthetically active) are capable of

fixing significant atmospheric nitrogen in the absence of legumes (Vadakattu and

Paterson 2006). The possibility of using Azotobacter chroococcum as microbial

inoculant through production of growth substances and their effects on the plant has

markedly enhanced crop production in agriculture. Free living N2-fixer diazotroph

of genus Azotobacter synthesizes auxins, cytokinins, and gibberellic acid like sub-

stances and these growth materials are the primary substances regulating the

enhanced plant growth. It stimulates rhizospheric microbes, protects the plants

from phyto-pathogens, improves nutrient uptake and ultimately boost up biological

nitrogen fixation (Cruz et al. 2013).

The consortium of plant–microbe interaction is complex encompassing diverse

species in soil. Mycorrhizal fungi and soil microorganisms influence the growth and

nutrient uptake of plant. Microbial compounds produced by soil microorganisms

increase root cell permeability which enhance symbiotic association of mycorrhizal

fungi and plant. On the other hand root exudates modified as a consequence of

mycorrhizal association affect soil microbial population (Saranya and Kumutha

2011).

Arbuscular Mycorrhiza (AM) fungi are the most common mycorrhiza associated

with a vast taxonomic range of plants (Malla et al. 2002). The multitude benefits of

arbuscular mycorrhizal association are improved nutrient uptake, mineralization of

organic nutrients, resistance to abiotic and biotic stress, etc (Cruz et al. 2013). Being

obligate, AM fungi thrives only on the living cells of the host plant thus is difficult

to produce inoculums (Declerck et al. 2005).

Piriformospora indica, a non-obligate biotroph with ability to grow in synthetic

medium has potential for agricultural application. This axenically cultivable

arbuscular-mycorrhiza like fungus was named for its characteristic pear shaped

spore morphology (Varma et al. 1999, 2012; Siddhanta et al. 2017). P. indica, a root
colonizing and growth promoting basidiomycetes fungus is versatile with a broad

spectrum of colonization to diverse plant species. It forms thin walled, haphazardly

septate, hyaline and multinucleate hyphae and produces ovoid shaped chlamydo-

spores to stabilize the interaction. In colonized crop plants, it confer various

physiologically functional traits such as water and mineral uptake, photosynthesis,

improved biomass, increased productivity and enhanced plant fitness to environ-

mental stress (Prasad et al. 2013; Tuladhar et al. 2013; Ansari et al. 2014). The most
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notable advantage of this mutualistic fungus is that it enhances the uptake of

diffusion limited materials as phosphorus, copper, potassium, zinc and sulphur

(Andrade-Linares et al. 2013).

Vermicompost is a mixture of worm manure, microbially decomposed matter

and some partially decomposed organic matter that can be an option of chemical

fertilizer to improve soil fertility. The nutrient content of vermicompost is higher

than other compost and serves as an excellent soil additive for the improvement of

soil quality (Prajapati et al. 2010). In order to guarantee the high effectiveness of

inoculants and microbiological fertilizers it is necessary to find the compatible

partners, i.e. a particular plant genotype and a particular Azotobacter strain that will
form a good association with AM fungi (Prajapati et al. 2010). P. indica has been

found to be a potent candidate symbiont for providing enormous growth promoting

activity to a broad spectrum of plants including Oryza sativa in combination with

rhizospheric microorganisms like A. chroococcum in presence of vermicompost.

18.2 Interaction of P. indica with Other Microorganisms

The interaction of mycorrhizal fungi with plants is affected in various ways by other

microorganisms, especially by rhizospheric bacteria. Microbial communities in

rhizosphere interact with each other and form a basis of a cumulative impact on

plant growth. Plant development may be improved by the combination of mycor-

rhizal fungi and rhizosphere microorganisms acting in coordination at the root soil

interface. In natural terrestrial ecosystems, almost all plants intimately associate

with rhizospheric microorganisms (Lahrmann et al. 2013). These microorganisms

such as mycorrhizal fungi, symbiotic nitrogen-fixing bacteria and some other free

living plant growth promoting rhizobacteria (PGPR) are well known to contribute

to soil fertility and crop production (Malla et al. 2002; Prasad et al. 2015).

Mycorrhizal fungi and nitrogen fixing rhizospheric bacterial associations with

plants are some of the best explored examples of mutualistic symbiosis (Prasad

et al. 2013).

AM fungi are the key components of soil microbiota and the regulation of

mycorrhizal formation is influenced by soil microorganisms (Saranya and Kumutha

2011). The root inhabiting endophytic fungus P. indica interacts with diverse group
of microorganisms including Sebacina vermifera, Pseudomonas fluorescens,
Chlamydomonas reinhardtii, Aspergillus niger, Rhizopus stolonifer, Azotobacter
chroococcum, Azospirillium brasilensis, Bradyrhizobium spp (Pham et al. 2004;

Gill et al. 2016). Interaction between mycorrhizal fungi and soil microorganisms

involve nutrient cycling with impact on plant growth and nutrition. Microbial

compounds produced by soil microorganisms that increase root cell permeability

such as plant hormones are involved in the formation of symbiosis. The root

exudates modified by the mycorrhizal condition, in turn, affect soil microbial

population (Sailo and Bagyaraj 2006).
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Sometimes, the bacteria and mycorrhizal fungi interact synergistically to mobi-

lize soil PO4 to the plant root through solubilization or mineralization. Occasion-

ally, specific rhizobacteria are also known to affect the pre-symbiotic stages of AM

development. This highly specific host–microbe interaction might be due to active

molecular communication and physiological association among microbial multi-

tropic communities. However, different interactions among rhizospheric microor-

ganisms are also crucial for the development of sustainable strategies for soil

fertility and crop production (Serfling et al. 2007).

The combined inoculation of AM fungi and diazotrophs has been found to

increase the growth, nutrient uptake of plant nutrients, dry weight and yield on

wide variety of agricultural and horticultural crops (Ansari et al. 2014). Selection of

AM fungi strains for the improvement of crop yields and diazotrophs efficiency

should consider inter-symbiont compatibility in addition to host plant compatibil-

ity. Rhizospheric microorganisms like P. indica and A. chroococcum are well

known for their beneficial interaction with plants (Bhuyan et al. 2015).

18.3 Symbiotic Relationship Between P. indica
and Rhizospheric Microorganism Improves Growth

and Development of Plants

AM symbiosis with microorganisms is often associated with improved plant

growth. This enhanced growth has been attributed to nutritional and

non-nutritional effects of AM fungi. Interaction benefit plants by increasing the

uptake of nutrients such as N, P, Zn and Cu (Das et al. 2014). The non-nutritional

effects of mycorrhizae would be due to increased tolerance to saline conditions,

improved water relations, increased survival rate of transplanted seedlings, control

of root diseases and increased soil aggregation by the external hyphal network

(Dodd and Thomson 1994). The mycorrhizal fungi are also known to produce wide

array of plant growth promoting substances like Indole acetic acid (IAA), Indole

butyric acid (IBA), Giberrilic acid (GA) (Saranya and Kumutha 2011). Plants with

co-inoculation of AM fungi with other synergistic microbes like PGPR, mainly

improved the growth and recorded increased yield of crop plants like rice, ground-

nut, maize, mulberry, banana, pepper, nutmeg, clove, cardamom, papaya, trifoliate

orange, onion, tapioca, sweet potato, tomato, moringa, gourds and other flower

crops (Andrade-Linares et al. 2013). Thus, the AM symbiosis play a significant role

in ensuring increased plant growth and yield by their synergistic interactions with

different groups of microbes like N2 fixers, P mobilizers, bio-control agents, etc.

(Sailo and Bagyaraj 2006; Saranya and Kumutha 2011).

The endogenous content of N, P and K was reported to be higher in chickpea and

black lentil upon P. indica colonization, leading to better growth performance of

plants (Nautiyal et al. 2010; Ansari et al. 2014). Inoculation of P. indica and

R. leguminosarum to Phaseolus vulgaris, in addition to vermicompost treatments,
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resulted increase in length and dry weight of roots and shoots (Tuladhar et al. 2013).

The colonization of P. indica has been reported to significantly increase the

germination and formation of seed in various plants including Oryza sativa, Zea
mays, Tridax procumbans, Nicotiana tabacum, Arabidopsis thaliana and Brassica
oleracea var capitata (Ansari et al. 2014). Additionally, P. indica also promotes the

seed germination in leafy vegetables viz., cabbage, endive, Swiss chard (palak), red

radish, onion, carrot, cauliflower, beetroot, pea and snow pea under extremely low

temperatures (Serfling et al. 2007; Varma et al. 2012).

P. indica induces antioxidant system via CAS protein in Brassica campestris
subsp. chinensis leaves to provide dependable growth under drought (Sun et al.

2010). The AM fungi in coordination with soil microorganisms was found to defend

tomato plants to confer with the ability to undergo vegetative and generative

development under biotic stress (Andrade-Linares et al. 2013). A stable growth

profile has been observed in P. indica colonized plants even under adverse envi-

ronmental conditions acting as bio-control fungus (Varma et al. 2012; Ansari et al.

2014).

AM are soil fungi having symbiotic association with higher plants and it has

been proven that P. indica is involved in P uptake to the host plants (Kumar et al.

2012). Investigations on wheat plants inoculated with P. indica revealed that gene

expression level of phosphate transporter of the fungi was higher especially under P

deficit condition (Gill et al. 2016). Another study with co-inoculation of a phos-

phate solubilizing bacterium Pseudomonas striata and P. indica showed a syner-

gistic effect on chickpea by enhancing nodulation and growth (Nautiyal et al. 2010).

These studies reflect the basis of different interactions of P. indica with

rhizospheric bacteria for use in agronomical application.

A. chroococcum is a free living bacterium known to improve plant growth either

through nitrogen fixation or other plant growth promoting traits. Single inoculants

of A. chroococcum were found to enhance the growth of bamboo shoots and maize

plants by phosphate solubilization and phytohormone production. Dual inoculants,

in the presence Glomus fasciculatum (AM fungus), significantly enhanced the

growth of tomato plants when compared with plants colonized by

G. fasciculatum alone, while A. chroococcum enhanced root colonization and

spore production by the mycorrhizal fungus. This mycorrhizal infection profoundly

increased A. chroococcum population (Bhuyan et al. 2015).

18.4 Vermicompost Influences Symbiotic Activity

of P. indica and A. chroococcum

Vermicompost is produced by biodegradation of organic matter through the com-

bined activity of earthworm and microorganisms. It improves the texture and

property of soil being rich in nitrogen, phosphorus and potassium (NPK) and

important plant growth hormones (Tuladhar et al. 2013). Composts has been
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recognized generally as an effective means for improving soil aggregation, struc-

ture and fertility, increasing microbial diversity and populations, improving the

moisture-holding capacity of soils, increasing the soil cation exchange capacity

(CEC) and thus increasing crop yields. Vermicompost contains most nutrients in

plant-available forms such as nitrates, phosphates, and exchangeable calcium and

soluble potassium influencing the growth and productivity of plants significantly

(Azarmi et al. 2008). The addition of vermicompost in tomato plant had significant

positive effect on soil chemical and physical properties (Madani et al. 2013).

The experiment was conducted in sterilized soil filled earthen pot.

Vermicompost was initially added to soil. Ten surface sterilized healthy seeds of

Oryza sativa were sown in each pot at a depth of 2 cm of soil and left for 7 days for

germination. P. indica inoculum prepared by cutting 4 mm diameter agar culture

disc from 1 week old culture was carefully placed near root surface. After 5 days of

P. indica inoculation, 1 ml Azotobacter broth with inoculum size of 1.6 � 107 cfu/

ml was applied to each plant pot. Five different treatments were used in the

experiment which were control plants without any inoculation, plants inoculated

with vermicompost only, plants inoculated with A. chroococcum alone, plants

inoculated with P. indica alone and plants inoculated with P. indica,
A. chroococcum and vermicompost. Growth parameters like shoot length, root

length, fresh and dry shoot weight, fresh and dry root weight and panicle number

were measured after cultivation on 45th day for vegetative stage and 90th day for

reproductive stage. Rice plants treated with vermicompost showed significant

improvement in growth over the untreated control plants in both vegetative and

reproductive stages (Tables 18.1 and 18.2).

Table 18.1 Effects of treatments on growth parameters of rice plant at vegetative stage

Treatment

Shoot lengtha

(cm)

Root lengtha

(cm)

Fresh shoot

wt.a (g)

Dry shoot

wt.a (g)

Fresh root

wt.a (g)

Dry root

wt.a (g)

Control 31.3 10.7 0.7 0.2 0.2 0.1

T1 35.6 14.8 1.2 0.3 0.4 0.1

T2 35.0 13.7 0.8 0.2 0.4 0.1

T3 36.7 15.4 1.0 0.4 0.8 0.2

T4 37.4 17.1 1.7 0.7 0.9 0.3

Mean 35.2 14.3 1.1 0.4 0.5 0.1

LSD at

0.05

2.2 0.95 0.1 0.1 0.2 0.09

T1, vermicompost only; T2, A. chroococcum only; T3, P. indica only; T4, P. indica,
A. chroococcum and vermicompost
aData represents mean of six replicates
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18.5 Effect of Azotobacter chroococcum, Piriformospora
indica and Vermicompost on Growth of Rice Plant

The underground root system of plant is under the direct influence of diverse group

of microorganisms. A significant positive response was observed with single

inoculation of A. chroococcum in all growth parameters of reproductive stage

attributing to the ability of nitrogen fixation except fresh root weight

(Table 18.1). Nitrogen is the most important nutrient input required for rice

production. Free living diazotrophs like A. chroococcum are very important bio-

logical nitrogen fixing microorganism. Nitrogen is usually the nutrient that limits

plant production in wet lands and under nitrogen limited condition, plant roots

excrete compounds with high C/N ratio, favoring rhizospheric nitrogen fixation

(Klein et al. 1990). Increased growth in terms of leaf area index and tiller number/

plant in rice plant was observed from Azotobacter application both individually and
in combination with the use of organic and chemical fertilizers. Similarly, wheat

seed inoculation with A. chroococcum strains significantly influenced the growth

and yield (Barik and Goswami 2003). In the pot culture trial, rice plants inoculated

with P. indica showed the significant beneficial effect in all the growth parameters

of both vegetative stage (Table 18.1 and Fig. 18.1) and reproductive stage

(Table 18.2 and Fig. 18.2) over the uninoculated control plants than

A. chroococcum and vermicompost treatment. Maize, another important cereal

crop was reported to produce more root and shoot biomass than control plants

when inoculated with P. indica (Singh et al. 2003). Waller et al. (2005) studied the

interaction of P. indica in monocotyledonous plants by establishing P. indica barley
system in the laboratory. Infestation of barley roots with P. indica led to growth

promotion and a modulation of resistance not only in the roots, but also in the leaf.

Table 18.2 Effects of treatment on growth parameters of rice plant at reproductive stage

Treatment

Shoot

lengtha

(cm)

Root

lengtha

(cm)

Fresh

shoot wt.a

(g)

Dry

shoot wt.
a (g)

Fresh

root wt.a

(g)

Dry root

wt.a (g)

Panicle

number

Control 100.7 35.2 23.3 16.4 19.8 10.3 0.8

T1 101.2 35.3 24.2 18.0 26.2 10.3 2.6

T2 100.9 35.2 24.1 16.6 20.1 8.9 2.4

T3 101.2 37.9 29.1 18.6 23.3 10.3 2.7

T4 107.2 39.6 32.3 23.4 38.5 16.9 3.6

Mean 102.2 36.6 26.6 18.6 25.6 11.2 2.4

LSD at

0.05

2.0 2.2 1.6 0.7 2.4 0.97 0.3

T1, vermicompost only; T2, A. chroococcum only; T3, P. indica only; T4, P. indica,
A. chroococcum and vermicompost
aData represents mean of six replicates
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18.6 Dual Inoculation of P. indica and A. chroococcum
Affects Nitrogen, Phosphorus and Potassium (NPK)

Content of Rice Plant

Use of AM fungi and nitrogen fixing bacteria as single inoculants and in combina-

tion have the ability to increase NPK as well as other nutrients in inoculated plants.

The NPK content of plant was found to be highest in dual inoculated plants along

with vermicompost in all the treatments than the untreated control plant in vegeta-

tive stage (Fig. 18.3) and reproductive stage (Fig. 18.4).

Beneficial effect on host plant as a result of mycorrhizal infection is usually

associated with improved plant nutrition, especially phosphorus by virtue of exten-

sive root system that extend the functional mycelium into surrounding soil, making

a greater pool of nutrients available to the plant. This leads to increased plant

growth, often as high as several hundred-fold increases in biomass (Vadakattu and

Paterson 2006). P. indica has been found to mediate phosphorus uptake from the

medium and translocate it to the host in an energy dependent process by producing

significant amount of acid phosphates for the mobilization of broad range of

insoluble forms of phosphates, enabling the host plant the accessibility of adequate

phosphorus from immobilized reserves in the soil (Varma et al. 2001). Similarly,

Fig. 18.1 Effects of treatments on growth parameters of rice plant at vegetative stage. T1 control;
T2 vermicompost only; T3 A. chroococcum only; T4 P. indica only; T5 P. indica, A. chroococcum
and vermicompost
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the experiment showed that dual inoculation of P. indica and A. chroococcum had

effect on pH, NPK and organic content of soil treated with vermicompost. The pH

of post- harvested soil of all treatments were lower than pre-cultivated soil

suggesting that uptake of nutrients lead to release of H+ into soil to compensate

for excess cation uptake (Hinsinger et al. 2003). The uptake of nitrogen in the form

of ammonium ion causes rhizospheric acidification in soil treated with

A. chroococcum either in single or in combination of P. indica (Fig. 18.5). The

absorption of nutrients by plants resulted in increase of phosphorus and potassium

content of precultivated soil than post harvested soil (Fig. 18.6). The organic

content was highest with soil receiving vermicompost treatment.

Fig. 18.2 Effects of treatments on growth parameters of rice plant at reproductive stage. T1
control; T2 vermicompost only; T3 A. chroococcum only; T4 P. indica only; T5 P. indica,
A. chroococcum and vermicompost
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18.7 Conclusion

The inoculation of plant with rhizospheric organism along with AM fungi enhances

overall growth performances in vegetative and reproductive stage resulting in increase

ofNPKcontent. These featuresmakeP. indica, A. chroococcum co-inoculation of crops

most promising with respect to sustainable agriculture. The synergistic interaction of

AM fungi with beneficial soil microbes can be better utilized in the future to promote

stable returns from agricultural point of view by eliminating crop failure.
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Chapter 19

Principles and Application of Confocal
Microscopy to Understand Symbiotic Fungi

Surbhi Dabral, Diksha Bhola, Manpreet Kaur Attri, Manoj Nath,
Ram Prasad, Saumya Singh, and Ajit Varma

Abstract Piriformospora indica is an endophytic fungus of the Sebacinaceae

family that colonizes the roots of a variety of plant species. As a result of this

plant fungus association, plant benefits with respect to nutrient acquisition, resis-

tance against biotic and tolerance to abiotic stress. The fungal hyphae form chla-

mydospores after entering into the root cortex. Confocal microscope can be used for

the detailed analysis of the fungal chlamydospores, its ultrastructure, morphology,

sporulation, germination. Confocal microscopy captures the high resolution image

of living as well as dead cells. This instrument helps to take three dimensional

image of the objects as it eliminates out of focus glare by filtering the laser light

along with confocal pinhole and excitation pinhole in front of detector, whereas in

other microscopy techniques the entire sample is illuminated, including the area

adjoining the area of interest which interferes with the analysis. The basic features

which make confocal microscopy better than other microscopy techniques are

removal of out of focus glare, shallow depth of field, optional sectioning, volume

analysis, live cell imaging and lambda scanning. P. indica is grown and also the

culture is maintained on Hill and Kaefer media at pH 6.5 and 30 �C. Batch as well as
continuous fermentation can be used for the production of fungal biomass and

spores.

19.1 Introduction

Fast and reliable in situ imaging of biological species remains a long-standing goal

in photonics to understand dynamic procedures including complex multicellular

organisms. The fluorescence imaging delivers point-by-point construction of

images in a volumetric space and has been broadly used to monitor complex

cellular events (Prabhat et al. 2004; Siddhanta et al. 2017). Additionally, recent

advances in super-resolution microscopy have revealed a new opportunities to track
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molecular dynamics in unique detail (Fernandez-Suarez and Ting 2008). The recent

advancement of confocal microscopy and its application to study the physiological

and metabolic changes in microbes–microbes, plant–pathogen interactions have

revolutionized research into the character of selected biomolecules and cell

machineries in pathogen infection strategies, identifying special molecular mech-

anisms (gene expression) and plant defense responses. Confocal microscopy allows

high-resolution visualization of a variety of fluorescent and fluorescently tagged

molecules in both fixed and living cells, not only in single cells but also in intact

tissues. Confocal microscopes greatly improve image quality by reducing interfer-

ence by out-of-focus light and can capture high-resolution optical images through

samples in the z-axis. In combination with a range of computational image analysis

techniques, confocal microscopy provides a potent tool by which molecules, earlier

detection and characterization of disease, molecular interactions, and cell compo-

nents can be localized and studied (Massoud and Gambhir 2003; Hardham 2012).

Piriformospora indica is an endophytic fungus with a wide range of higher

plants and provides multifaceted amenities such as nutrient uptake, disease resis-

tance, abiotic and biotic stress tolerance and growth promotional including value

additions (Varma et al. 2012; Prasad et al. 2008, 2013; Gill et al. 2016). The hyphae

of the fungus can enter into the root cortex and form chlamydospores. After

culturing of fungus on synthetic media, we achieved confocal microscopy to

analyze the form and structure of the hyphae and chlamydospores (Siddhanta

et al. 2017). The hyphae are straight and hyaline, and the surface of the hyphal

walls is smooth. The chlamydospores are pear shaped and have smooth walls.

P. indica biotrophic colonization pattern can be accompanied by abroad-spectrum

suppression of root innate immunity (Qiang et al. 2011). In the support of the large

host range of P. indica, molecular and genetic analyses revealed that plant roots,

similar to leaves, are equipped with an effective innate immune system where

immune suppression by P. indica was considered as a prerequisite for successful

root colonization (Qiang et al. 2011; Gill et al. 2016).

19.2 Principle and Application of Confocal Microscopy

Microscopy is a very important tool to study microorganisms, the revolution came

when Anton van Leeuwenhoek (1675) observed microbes using a handcrafted

microscope. Since, then enormous modifications have been made in this technique

ranging from simple light microscope to highly advanced confocal and super

resolution microscopy. The first ever microscope was developed by Zacharias

and Hans Janssen in 1590. Later in the year, 1667 Robert Hooke made many

changes in the compound microscope and published the famous “Micrographia”.

In the year, 1675 Anton von Leeuwenhoek developed a simple microscope to

observe bacteria and protozoans. Although he was not the first person to develop

a microscope, but his was the best of the period. In the twentieth century, the

resolution limit of visible light was overcome by UV light microscope. In 1931,
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Knoll and Ruska developed the first transmission electron microscope. Later, TEM

was improved by Ruska to form first Scanning Electron microscope. In 1988,

Marvin Minsky, developed the first confocal scanning microscope. Later, first

commercialized confocal scanning microscope was developed by Czechoslovak

Mojmir Petran of Charles University in Plzen developed the Tandem Scanning

Microscope, which was the first ever commercialized confocal microscope. Time to

time many changes were made in the concept of confocal microscope according to

the need of the experiment.

The technique has made imaging of cellular interactions, ultrastructure and

morphology of cells possible which can help the scientists for doing better research

leading to a variety of agricultural and biotechnological advancements (Ahmad and

Khan 2012).

Imaging is a very powerful tool to view filamentous microbes such as fungi

where morphology is a very important aspect from industrial point of view as

directly or indirectly it is related to fermentation, be it’s hyphal structures or spores,
microscope plays a very important role in fungal research (Czymmek et al. 1994).

P. indica is a plant growth promoting mycorrhiza-like fungus which helps in

alleviating stress conditions in plants. It has shown to combat various abiotic and

biotic stress in different plants hence the study of this fungi at microscopic level is

essential (Varma et al. 2012). With the help of various staining methods fungal

structures can be observed in roots which can help in interpretation of results. Roots

of plants/fungus can directly be observed under bright field microscope to get a

general overview and this method still remains the standard for root colonization

studies. In depth analysis will require sophisticated and advance microscopy tech-

niques. Confocal laser microscopy is highly efficient technique for researchers

interested in better imaging and analysis of cell structure and function. With the

help of reliable data accurate interpretations can be done. The present book chapter

aims to give a brief description about confocal microscope (Fig. 19.1a).

Marvin Minsky in 1988 desired to image neural networks in living brain which

drove him to invent confocal microscope. The technique was patented in 1957. Three

dimensional images of biological and non-biological samples is possible by this

instrument as it eliminates out of focus glare by filtering the laser light along with

confocal pinhole and excitation pinhole in front of detector. Advanced optics along

with transverse resolution results in high quality images. The laser intensity is reduced

due to the presence of pinhole, to overcome this lasers are coupled with optical fibers

so that increase in number of excitation wavelengths can give a bright, clear and haze

free image. A 3D image can be produced with the help of powerful softwares (Singh

et al. 1998). Removal of out of focus glare, shallow depth of field, optical sectioning,

volume analysis, fluorescence recovery after photobleaching, f€orster resonance

energy transfer, live cell imaging, lambda scanning etc., are some of the basic features

which make this above all the others conventional microscopic techniques. Cells

weather live or dead need to be stained with specific fluorescent probes. In conven-

tional microscopes the samples when hit with a light of specific wavelength emits

fluorescence, apart from the region of interest other areas also gets illuminated which

interferes with the resolution of the specimen. Frequent problem occurs with samples
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having thickness>2 μm, secondary fluorescence emitted by the sample interfereswith

the resolution. Confocal laser scanning microscopes can solve this problem as the

instrument has the ability to eliminate out of focus light and scanning done through

lasers provides axial and lateral resolution thus giving a clear picture of the specimen.

Talking about resolution and not mentioning electron microscope will be injustice to

the most advanced microscopic techniques. In electron microscope the accelerated

beam of electrons is used for acquiring image. Wavelength of electrons is much

shorter than photons that’s why the resolution is too high as compared to confocal

and other conventional microscopy techniques. There is one major limitation with

electron microscopy we can not observe live samples as we can do in confocal. This

limits our studies only to dead samples whereas in confocal we can view the live

samples for hours, even days with the help of time lapse and perfect focus system.We

can say that confocal microscope has bridged the gap between the basic and advanced

microscopy techniques (Fig 19.1b).

The question comes into mind how does confocal capture image which is sharp

and haze free? In conventional microscope the whole sample is illuminated by light

coming from a light source preferably a xenon or mercury lamp, this allows other

areas adjacent to the region of interest to brighten up which interferes with the

imaging of the interested point, we can directly see the image onto the eyepiece.

However, in confocal microscopes the technique to image a sample is different.

Here the laser source falls on the sample for illumination, it scans the specimen and

Fig. 19.1 (a) A confocal view of mycorrhized root, (b) Nikon Confocal A1, (c) Piriformospora
indica spores viewed in Nikon Confocal A1 microscope, (d) CLSM image exhibiting the uneven

and complex surface topology of a section of the fungal culture [reprinted with permission from

reference Siddhanta et al. (2017), Copyright 2017 John Wiley & Sons]
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optical sections are produced. It is a non-invasive technique with which the focused

light is used to section the specimen and instrument collect images in the form of

optical sections. As the light source is laser we cannot see the specimen directly

through eye piece, the signal produced by the sample is multiplied by photo

multiplier tubes and the image can be viewed in computer (Amos and White 2003).

Now a days laser scanning confocal microscope is widely used in research, with

modifications in the fluorescence microscope anyone can attain the benefits of this

technique. It’s simple design and user friendly approach has made it accessible to all.

Sample preparation especially for confocal is not a problem as the protocol for both

fluorescence and confocal is same. The difference lies that the instrument has laser as

the light source which is coupled with the photomultiplier detectors, it multiplies the

signal and a computer is attached to control all the scanning devices so that acquisition

of the image can take place properly. Presence of pinhole is also a very important as it

eliminates out of focus light.We can say that the presence of laser light source, pinhole

and various dichoricmirrors, photomultiplier detectors alongwith the objective lenses

are responsible for acquisition of a clear optical sectioned image which can produce a

3d view of the region of interest. All these features are not present in fluorescence

microscope. After the acquisition of image it can be stored in computer and various

types of analysis can be done with the help of various softwares.

Now going into functioning illumination as well as detection are restricted to a

single diffraction limited point of the sample. Objective lenses which are available

from 10� to 100�, depending on what magnification the image is to be acquired

brings the point of illumination to focus in the sample. This is scanned by the scanner

which is attached to the computer where the acquired image can be seen. The signals

of sequence of the scanned image known as optical sections are detected by photo

multiplier tubes through a pinhole. PMT’s multiply the signals coming through

pinhole and the output is displayed in the computer. The specimens are labeled with

the fluorescent probes or dyes, when laser light falls on the labeled samples the

photons get excited move to higher energy shells, while coming back to their ground

state they emit fluorescence. This signal is captured to produce images (Shinya 2006).

Confocal microscopy is an advanced technique which is constantly used in myco-

logical research. Ultrastructures, morphology, sporulation, germination and host path-

ogen interaction studies plays a very important role to give an insight to a whole new

level of advanced research which can help in achieving great discoveries (Fig. 19.1c)

(Singhal et al. 2017).

19.3 A Case Study: Confocal Microscope Used for Fungal
Studies

Lagopodi et al. (2002) used confocal laser scanning microscopy (CLSM) to study

the behavior of Fusarium oxysporum f. sp. radicis-lycopersici in tomato root

colonization (Fig. 19.2). F. oxysporum f. sp. radicis-lycopersici causes tomato
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Fig. 19.2 Early stages of tomato root colonization by Fusarium oxysporum f. sp. radicis-
lycopersici marked with gfp. Confocal scanning laser microscopy analyses of tomato roots

grown after planting 2-day-old germinated sterile seedlings in sand containing spores of
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foot and root rot disease. F. oxysporum is a soil fungus and is difficult to control.

Green fluorescent protein from the jellyfish Aequorea victoria was used to label

F. oxysporum f. sp. radicis-lycopersici in order to observe its presence and devel-

opmental stages in tomato. GFP’s fluorescence is stable and does not depend on

species. It also does not requires any substrate or cofactors for its reactions.

19.4 Plant and Microbe Interaction with Reference
to P. indica

P. indica is a mycorrhiza like axenically cultivable plant growth-promoting root

endophyte. It represents the order Sebacinales which is the elementary

basidiomyceteous order projecting mycorrhizal capabilities (Matheny et al. 2007;

Weiss et al. 2004, 2011). Further, P. indica which was formerly isolated from Thar

Desert (Verma et al. 1998) is a biotroph and a model organism for investigational

studies. P. indica is placed as a member of the Basidiomycetes order Sebacinales by

the molecular phylogenetic analysis (Hibbett et al. 2007; Qiang et al. 2012; Weiss

et al. 2004). The partial 18S rDNA sequence analysis placed P. indica in

Basidiomycota close to the Rhizoctonia solani group (Varma et al. 2013a, b). A

maximum likelihood analysis of 18S rDNA sequence confirmed these postulations.

Further according to their similarities to Zygomycetes, P. indica is termed as an

AM-like fungus (Franken et al. 2000). Leading further to the morphological traits of

the fungus, P. indica has white to almost hyaline hyphae. The hyphae are thin

walled and have a diametric range of 0.7–3.5 μm, irregularly septate and often

exhibit anastomosis. The highly interwoven hyphae appear as intermingled cords

and branch irregularly. External deposits, polysaccharides or hydrophobic proteins

can be noticed on hyphal walls at regular intervals. The irregular septation of

hyphae accounts for the presence of more than one nuclei in a single compartment.

The distinct chlamydospores appear singly or in clusters. Initially the chlamydo-

spores are thin walled and hyaline while they become thick walled towards matu-

rity. Further no sexual structures or clamp connections were observed (Varma et al.

2001). The mycelium has a sub-surfaced and concentric growth on agar medium.

When grown on solid culture media very few aerial hyphae were formed. Occa-

sionally the mycelium fabricates periodic rings on agar medium, whereas the

⁄�

Fig. 19.2 (continued) F. oxysporum f. sp. radicis-lycopersici. (a) Uniform expression of gfp in

hyphae and chlamydospores of the transformed fungus grown on potato dextrose agar. (b) Fungal
hyphae in contact with tomato root hairs, 2 days after inoculation. (c) Attachment of fungal hyphae

to tomato root hairs, 2 days after inoculation. (d) Intermingling of hyphae with root hairs at the

crown region, 3 days after inoculation. (e) Attachment of hyphae to the root surface and settling in

the grooves between epidermal cells, 3 days after inoculation. (f) Colonization of the root surface

by hyphae that are growing at the junctions of the epidermal cells, 3 days after inoculation. (a–f)
Scale bar 50 μm (c.f. Lagopodi et al. 2002)
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structure of the mycelium was homogenous. The morphological characters of the

mycelium greatly differ with variations in conditions of cultivation or nutrient

compositions of the culture medium. Readers are advised to see the article

published by Weiß et al. (2016) have proposed the name Serendipitaceae for the

family Sebacina and within it the genus Serendipita and have placed

Piriformospora indica and P. williamsii (Weiß et al. 2016).

P. indica displays an endophytic lifestyle and have known to show symbiotic

associations with majority of the terrestrial plants. It expansively colonizes the root

hair zones inter and intracellularly while excluding the elongation and meristematic

zones (Deshmukh et al. 2006). This pattern of colonization demarcates P. indica
from ecto as well as arbuscular mycorrhizal fungi (AMF), which exclusively grow

intercellularly or principally colonize the deeper cortex layers of younger roots

(Smith and Read 2008). Symbiotic relationship of P. indica with various taxonom-

ically unrelated hosts increases plant growth and biomass (Peškan-Bergh€ofer et al.
2004; Waller et al. 2005; Shahollari et al. 2007; Sherameti et al. 2008; Camehl et al.

2010, 2011; Hilbert et al. 2012; Nongbri et al. 2012; Lahrmann et al. 2013; Venus

and Oelmüller 2013), higher seed yield, early flowering, and biotic and abiotic

stress tolerance responses (Baltruschat et al. 2008; Singh et al. 2011). It has been

reported that mutualistic associations of this fungus stimulates increased allocation

of nutrients like phosphate to the plant roots (Yadav et al. 2010).

Since P. indica can be easily maintained and axenically cultured, it positions as

an ideal models for beneficial fungus–plant interactions studies and has a promising

perspective for application in sustainable horticulture and agriculture (Waller et al.

2005; Godoy et al. 2000; Kong et al. 2001; Ruan et al. 2011; Trivedi et al. 2012).

Exploiting these plant benefitting properties, a formulation of P. indica with

magnesium sulphite was prepared where magnesium sulphite acts as a carrier.

For this, 2% (w/w) of fungal biomass served as effective and stable formulation.

On an average the colony forming unit (CFU) count was maintained as 109 and

moisture content was 20%. Application of this formulation on plants presented

enhanced overall growth and resistance to biotic and abiotic stress.

19.4.1 Application of Piriformospora indica on Isabgol:
A Case Study

Isabgol (Plantago ovata) are annual plant species that majorly grow in the arid and

semi-arid regions and are extensively used in conventional and modern pharma-

cology (Patel et al. 1996). The seeds of blond psyllium are mainly valued for

mucilaginous rosy white husk. The mucilage comprises of reserve carbohydrates

mainly pantosans. The husk is commonly used for getting relief from constipation

as per being a dietary fiber supplement acting as a bulk-forming laxative. It releases

constipation through mechanically stimulating the intestinal peristalsis.
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The seeds Isabgol (Plantago ovata) were treated with formulation of the AM

fungi P. indica to study the effect on the growth and development of plant species.

Nursery trails were conducted based on the season in the month of November. On

application of P. indica, it was observed that the overall growth of the plant was

promoted. The mean yield in Isabgol seed and husk respectively, increased to

57 and 33% g in P. indica treated seeds. There also was observed an early flowering
in case of P. indica treated seeds.

19.5 Cultivation of P. indica

19.5.1 Culture Maintenance and Inoculum Preparation
of P. indica

The culture of P. indica was maintained on Hill and Kaefer medium plates

supplemented with 15 g/L agar. Plates were incubated at 30 � 1 �C for 10 days

and then stored at 4 �C (Prasad et al. 2005). For the preparation of inoculum,

P. indica was initially grown on Kaefer medium in a petri dish and then transferred

to the seed culture medium by punching out 8 mm of the agar plate culture with a

sterilized cork-borer. The seed culture was grown in a 500 mL Erlenmeyer flask

containing 100 mL potato dextrose broth at 30� 1 �C on a rotary shaker at 200 rpm

for 4 days.

19.5.2 Cultivation of P. indica in Batch Culture

Batch culture is closed bacterial culture system with specific nutrient, temperature,

pressure, aeration and other environmental conditions to optimise growth (Wilson

1995). Because nutrients are neither added, nor waste products removed during

incubation, batch cultures can only complete a limited number of life cycles before

nutrients are consumed and growth stops. In other words batch culture is a tech-

nique for large scale production of microbes or microbial products in which, at a

given time, the fermenter is stopped and the culture is worked up. Cells, or products

that the organisms have made, can then be harvested from the culture.

P. indica can be cultivated on Hill and Kaefer media under the optimized

cultural conditions (inoculum size: 5%; agitation speed: 200 rpm; working volume:

50%; initial pH: 6.5; temperature: 30 �C) in 500 mL flask. The 500 mL flask

containing 250 mL media was inoculated with 5% inoculum which was grown in

a 500 mL flask containing 100 mL potato dextrose broth at 30 � 1 �C on a rotary

shaker at 200 rpm for 4 days. Now, keep this flask on rotary shaker at 200 rpm for

10 days (Fig. 19.3). In this method of cultivation maximum dry cell weight is
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obtained after 5 days, the sporulation starts after 6 days of growth, and maximum

spore yield is obtained after 8 days.

19.5.3 Cultivation of P. indica in Bioreactor

Continuous fermentation is a technique for production of microbes or microbial

products in which nutrients are continuously supplied to the fermenter. The con-

tinuous culture of micro-organisms is a technique of increasing importance in

microbiology. The essential feature of this technique is that microbial growth in a

continuous culture takes place under steady-state conditions; that is, growth occurs

at a constant rate and in a constant environment. Such factors as pH value,

concentrations of nutrients, metabolic products and oxygen, which inevitably

change during the ‘growth cycle’ of a batch culture, are all maintained constant

in a continuous culture; moreover, they may be independently controlled by the

experimenter. These features of the continuous culture technique make it a valuable

research tool, while it offers many advantages, in the form of more economical

production techniques, to the industrial microbiologist.

P. indica was cultivated in cylindrical stirred tank bioreactor of different capac-

ity i.e. 3, 7 and 10 L (Fig. 19.3a) with a working volume of 50%. An agitator shaft

with three Rushton flat blade turbine impellers was used for stirring. Each impeller

consisted of six blades and the distance between two impellers was 8 cm (Khan

et al. 2011). The orifice sparger was used for sparging air into fermentation broth.

For all the bioreactor Bagde et al. (2010) experiments an active inoculum of 2%

grown on potato dextrose broth for 4 days was used (Fig 19.3b).

19.5.3.1 Fermenter Sterilization

The fermenter vessel was filled with production media. Then the head plate

consisting of the various probes and agitator module was fixed. The opening

Fig. 19.3 (a) Typical view of a fermenter; (b) P. indica culture in fermenter
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pores like the sampling port and other opening pipes of the acid, alkali and antifoam

supply was covered with cotton plugs. Finally the whole fermenter vessel along

with the media inside was placed inside an autoclave and sterilized. The acid and

the alkali were also autoclaved.

Spore count of inoculum used in above methods: The spore suspension was used

as inoculum for fermentation (Kawaide 2006). The spore suspension was prepared

by adding 10 mL of sterilized distilled water to the culture plates and then gently

scraping the spores with the inoculation needle. Aqueous spore suspension

consisting about 6 � 107 spores/mL was used (spores counted on

Haemocytometer). The spore suspension was then transferred to another sterile

empty test tube. Generally, 25 mL of the spore suspension was then inoculated into

the fermenter vessel containing 3000 mL of the culture media.

However, when P. indica was grown in a 14-l bioreactor (Chemap AG, Swit-

zerland) using Hill–Käfer medium maximum, dry cell weight was obtained after

42 h of growth, the fungus-initiated sporulation after 48 h, and a spore yield of

9.25 � 107 spores/mL was achieved after 60 h of growth. The early sporulation in

this case may be due to rapid consumption of glucose. Owing to more efficient

mixing and homogenized fungal suspension, the growth of fungus was faster in the

bioreactor and resulted in early depletion of the carbon source and thereby in the

early sporulation compared with the batch culture in shake flasks.

19.6 Conclusion

Fermentation techniques are employed for increased production of P. indica, which
can be commercially used for the enhancement of nutrient uptake by different

plants or help them to sustain through different stress conditions. To establish

different experiments for confirmed results for these conclusions, confocal micros-

copy has helped a lot along with other techniques. This microscopy technique helps

us to have a detailed knowledge about the ultrastructure of the fungal hyphae, its

spores, sporulation, it’s germination and host pathogen interaction studies. It

removes the background image disturbances which gives a clear image of the

area of interest.
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Chapter 20

Arbuscular Mycorrhizal Fungi: Green

Approach/Technology for Sustainable

Agriculture and Environment

Priyanka Srivastava, Bhawna Saxena, and Bhoopander Giri

Abstract To feed the growing population, global food production needs to be

doubled by 2050. The fertilizers cost have increased several folds in the last few

years, which necessitates agrarian community to be less reliable on chemicals to

grow and protect their crops. Moreover, dependency on chemical fertilizers and

pesticides has led to the deterioration of human health, disruption of ecosystem

functioning and degradation of our environment. To overcome these problems,

there is a need to explore and exploit the beneficial plant–soil microbe interactions

to meet the food demand without affecting the relationship between the man and his

environment. Arbuscular mycorrhizal fungi (AMF) are known to form symbiotic

association with the roots of more than 90% of the terrestrial plants. They serve as

biofertilizer and enhance the plant growth by accelerating nutrient uptake, partic-

ularly of inaccessible nutrients like phosphorus and nitrogen from the soil. Beside

mineral nutrition, AMF also maintain the root hydraulic conductivity, increase the

plant net photosynthetic capacity, improve stomatal conductance. The

multifunctional extraradical hyphae of the fungus provide numerous ecological

advantages like maintaining the soil health by influencing the beneficial microbes,

aggregating soil particle and preventing soil erosion, conferring resistance to

various stresses, enhance ecosystem productivity, bioremediation of degraded

land, serving as soil carbon sink. In this chapter we attempt to discuss different

role played by AMF, which make them potential tool for sustainable agriculture and

environment. It is tempting to state that AMF served for 3E’s i.e. eco-friendly,

economic and enhanced yield.
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20.1 Introduction

The world’s population is growing rapidly and has been predicted to reach around

nine billion by the middle of this century (Rodriguez and Sanders 2015), which will

put a tremendous pressure on the global agriculture to meet the growing demand for

food. Therefore, the increase in crop production and land productivity in agriculture

is necessary. It is beyond the doubt that due to the application of chemical fertilizers

and agrochemicals, food production in agriculture has increased significantly. The

use of these chemicals has been predicted to be increased significantly in future too

(Weber 2014). However, the frequent use of chemical fertilizers along with other

chemicals like pesticides and weedicides or herbicides has already generated

environmental issues such as deterioration of soil quality, surface and ground

water, soil biodiversity and ecosystem functioning. Any increase in the dosage of

these chemicals to promote the agricultural productivity, however would severely

deteriorate our environment and agriculture. Therefore, in order to safeguard the

environment health as well as agriculture productivity, it is importance to reduce

dependence of farmers on these agrochemicals to promote plant growth and yield.

Soil is an excellent habitat for a wide array of microorganisms, which could play

specific role in maintaining soil productivity, ecological processes and environment

health. These microbes could play a key role in sustainable agriculture as they

improve the fertility and health of the soil. They safeguard plant from enemies,

enhance nutrient cycling and assist host plant to acquire immobile nutrients like N

and P from the plant (Aggarwal et al. 2011; Wagg et al. 2014; Bender et al. 2016;

Hunter 2016a, b) also established symbiotic associations with a wide range of plant

species (Rillig et al. 2016) and thereby benefit their partner plant. The application of

beneficial soil microbes could be a potential source to sort-out the issue of intensive

use of costly chemical fertilizers for agricultural production as they can increase

nutrient availability, plant tolerance against various kinds of stresses and therefore

can provide a sustainable way for agricultural practices (Aggarwal et al. 2011). In

the soil, these microorganisms are present either in the free-living (Plant Growth

Promoting Rhizobacteria, like Azotobactor, Azospirillum, Pseudomonads) state or
may develop mutual association with plant roots (Rhizobia, mycorrhizas and

mycorrhiza-like organisms like Piriformospora indica) (Prasad et al. 2015).

Amongst the diverse groups of soil microorganisms, mycorrhizas are the most

ubiquitous soil fungi (Schüßler et al. 2001; Smith and Read 2008; Gianinazzi et al.

2010; Leifheit et al. 2014). It has been predicted that mycorrhizal fungi may have

existed even when the first plants appeared on land, which is estimated around more

than 400 million years ago (Brundrett 2002). They form a mutual symbiotic

relationship with the roots of plant. They are called mycorrhiza originated from

the Greek ‘mukés’, meaning fungus, and ‘rhiza’ meaning roots. So far, seven

different mycorrhizal fungi have been discovered from natural soils, out of these

arbuscular mycorrhizal fungi (AMF) are rather common amongst the wide range of

plant species. More than 90% of terrestrial plant species are colonized by AMF

(Gomes et al. 2017). AMF exist in two environments; in the soil, where they form
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an extensive extraradical mycelium, which scavenges mineral nutrients, and within

the root, where they grow between and within cortical cells developing symbiotic

interfaces-the finger-like profusely branched arbuscules or intracellular coils and

balloon like structures, the vesicles (Smith and Smith 2011). Arbuscules are the

functional sites of nutrient transfer and vesicles act as storage organs. Extraradical

hyphae extend beyond the depletion zone and support host plant for acquiring

mineral nutrients and water from the soil that are not easily accessible to the normal

root system. This AMF–plant relationship encourages plant growth and develop-

ment of root (Kaur et al. 2014). In return, fungus avail food/carbon from the partner

plant. The fungus utilizes carbon/carbohydrate for its own growth and reproduction

and also in the synthesis of excretory molecules like glycoprotein (known as

glomalin), which release to the soil and helps in improving soil structure with soil

organic matter content (Kaur et al. 2014; Sharma et al. 2017). AMF reproduce

through asexual mode of reproduction. The sexual mode of reproduction in AMF

has not yet well understood. AMF are potential components of sustainable man-

agement systems. These fungi are known to exist in a wide range of environment

and play a vital role in maintaining plant–water relations, nutrient uptake and ionic

balance and improve soil quality and health and productivity of plants (Ruiz-

Lozano et al. 2012; Nadeem et al. 2014). Under abiotic stresses, they could improve

accumulation of osmo-protectants, maintain membrane integrity and osmotic

adjustment and prevent oxidative damages thereby reduce adverse effects of envi-

ronmental stresses and improve plant growth (Wu and Xia 2006; Evelin et al.

2009). In addition, AMF notably enhance accumulation of active ingredients in

several herbal medicinal plants (Mandal et al. 2013). It is estimated that AMF could

reduce up to 50% usage of chemical fertilizers for optimal agriculture production

depending upon plant species and environmental conditions. Therefore, AMF could

be a potential tool for sustainable agricultural practices with improved agronomic

strategies which can improve fertility, health and environment of the soil, thereby

the plant growth and yield (Aggarwal et al. 2011; Bender et al. 2016; Rillig et al.

2016). In this review, we attempt to highlight the role of AMF as an essential

component of sustainable agriculture and environment, due to their involvement in

the increased nutrient uptake, biomass production, improved photosynthesis capac-

ity, improving quality and quantity of plant secondary metabolites, reducing depen-

dence on fertilizers and other agro-chemical and improving plant’s tolerance to

environmental stresses.

20.2 Green Approaches in Relation to Agriculture

and Environment

The development of agriculture sector, defined in terms of increased production

with decreased average cost along with healthy and safe environment. Sustainable

agriculture includes four main objectives; (i) environmental health management

(including plant and soil), (ii) economic effectiveness and (iii) enhanced yield, and
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(iv) social and financial justice (Brodt et al. 2011). The techniques, which make

products and processes more sustainable and environmental friendly may be con-

sidered as green or clean approaches. Green approaches aim to make the environ-

ment sustainable by reducing environmental degradation, conserving natural

resources and reducing emissions of green house gases (CO2, N2O, CH4 etc).

20.3 Potential Solutions for Sustainable Agriculture

and Environment

In the previous decades, the consumption of chemical fertilizers and pesticides has

been increased massively to increase the crop production to meet the growing

demands of rising population for food, which has largely affected the environment

and ecosystem of the agricultural fields in the form of deterioration of soil quality

and fertility, contamination of surface and ground water, air pollution and decrease

in ecosystem functioning and biodiversity (Schultz et al. 1995; Socolow 1999). A

potential solution to fulfill current and future generation requirements could be

efficient use of the community waste and sewage sludge, which is an inexpensive

alternative as manure. However, these sources are having high amount of heavy

metal content, which could impose negative impact on the soil microorganisms, and

heavy metals may get accumulated in the crop itself and crop field (Giller et al.

1998; Graham 2000).

Soil contains the diverse groups of microorganisms, which could play specific

roles in maintaining the soil productivity and ecological processes. To overcome

the environmental and ecological issues along with increased crop yield, the

application of soil microorganisms could be a cheaper, affordable and

eco-friendly solution (Aggarwal et al. 2011). The utilization of beneficial soil

microbes for the sustainable agriculture and environment could connect sustain-

ability with enhanced productivity, and agricultural productivity could be effi-

ciently maintained by careful planning of conservation as well as utilization of

soils (managing soil fertility/quality). Transferring/minimizing existing agro-

practices (use of chemical fertilizers and pesticides) with microbial applications

is not only economical to grow safe and sufficient food but also for keeping the

environment clean and contamination free. Further, sustainable agriculture with

organic produce is paying attention of farmers, governments and development

agencies. Organic farming is found in coordination with the local environment

using land husbandry techniques such as soil-conservation measures, crop rotation,

and the application of agronomic, biological and manual methods instead of

synthetic inputs like mineral fertilizers and agro-chemicals for maximum outputs.

Organic agriculture is a cost-effective approach for economically weaker farmers

who cannot pay for expensive techniques of green revolution (Manimozhi and

Gayathri 2012). Since arbuscular mycorrhizal fungi colonize roots of a majority

of land plant species, provide them with many benefits and play a key role in

ecosystem management and functioning, their application could be a potential
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approach for sustainable agricultural practices, and the improved agronomic strat-

egies with AMF can improve the health of soil and environment (Schüßler et al.
2001; Aggarwal et al. 2011).

20.4 Arbuscular Mycorrhizal Fungi

Arbuscular mycorrhizal fungi (also known as Endomycorrhizae or AMF) are soil

fungi, which forms symbiotic association with roots of many vascular plants

(including crop plants). AMF are obligate symbionts, belonging to the phylum

Glomeromycota, which comprises many genera and species (Schüßler et al. 2001).
They colonize all angiosperm families except Betulaceae, Utricaceae,

Commelinaceae, Cyperaceae and Polygonaceae. AMF are present as a bridge

between roots and soil, where they provide the host plant with mineral nutrients

and water from the soil in exchange of carbohydrates from host plant for their own

growth and reproduction (Fig. 20.1) (Smith and Read 2008). In this symbiotic

Presymbiotic
Phase

Asymbiotic
Phase

Symbiotic
Phase

A

B

C

D

Propagation cycle of arbuscular mycorrhizal fungi

Fig. 20.1 Propagation cycle of arbuscular mycorrhizal fungi. They are considered asexual

because sexual reproduction is remaining to be studied. The asexual life cycle includes three

main phases, asymbiotic, presymbiotic and symbiotic phases. AM fungal spores present in the soil

communicate with plant root (A), start germinating (B) subsequently develop dense extraradical

hyphae, which grow through soil particles and eventually enter plant roots (C), forming a bulbous

structure called appresorium. Inside plant root, fungal hyphae grow between and within cortical

cells, forming intracellular arbuscules and intraradical vesicles (D)
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association, the fungus develops different structures in soil and in root of host plant.

They develop two types of hyphal network, the extraradical hyphae (present in soil)

and intraradical hyphae (present in plant root). The extraradical hyphae extract

important nutrients and forms dense branched filamentous structures in the soil

(Smith and Read 2008). They extend several meters far from the root and are

responsible for acquisition of mineral nutrients and water for host plant along with

propagation of the fungal spore. AMF fungi produce different types of soil hyphae

like thick or runner hyphae and thin or absorptive hyphae (Friese and Allen 1991).

The hyphal network is long-lived, and is able to colonize new plant roots as they

come in contact with.

Arbuscular mycorrhizal symbiosis initiates as the fungal hyphae start responding

to the presence of a plant root, establishing a molecular communication and

growing along its surface. Indeed, one or a few hyphae produce appressoria

(a kind of swelling like structure), these appressoria penetrate epidermal cells of

the root and proceed for entering the root (Brundrett 2008). These hyphae penetrate

the hypodermis, start profusely branching in the root cortex region and spread in

both directions and form a network. Where, the hyphae develop highly dichoto-

mously branched structure called arbuscules. Arbuscules are formed between the

cell wall and the cell membrane of root. They start to form about 2 days after root

penetration and never come into the direct contact with the nucleus or other cell

organelles of root cell (Brundrett et al. 1985). The exchange in this mutual associ-

ation occurs in such a way that fungus facilitates plant to uptake nutrients from soil

and plant supply carbohydrate to the fungus. This exchange of nutrients takes place

at the cell membrane-arbuscule interface (Balestrini and Bonfante 2014). Indeed,

AMF hyphae also produce balloon-like swellings in the root cortex known as

vesicles, which accumulate the storage products. These arbuscules may be inter-

or intracellular and may function as propagules by developing thick walls in older

roots (Biermann and Linderman 1983; Brundrett 2008; Balestrini and Bonfante

2014). Due to the presence of vesicles and arbuscules these fungi were referred to as

arbuscular mycorrhizal or AM, however, it has been observed that a few species of

AMF do not produce vesicles; therefore, it was suggested to refer as arbuscular

mycorrhizal fungi. AMF reproduce asexually through thick-walled spores produced

on the extraradical hyphae, and stay in the soil for long periods.

20.5 Role of Arbuscular Mycorrhizal Fungi in Sustainable

Agriculture

20.5.1 Plant Growth and Productivity

AMF supply amount of nutrients and water to crop plants, helping in overcoming

stresses therefore lead to boost the productivity of various crops (Lekberg and

Koide 2005; Suharno et al. 2017). Karagiannidis and Hadjisavva-Zinoviadi (1998)
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observed twofold increase in the biomass production of Triticum turgitum var.

durum inoculated with Glomus mosseae, grow in ten different soils. Improved

productivity and improved content of protein, Fe and Zn was recorded in mycor-

rhizal chick pea (Pellegrino and Bedini 2014). In alkaline soil, the synergistic effect

of AMF and Rhizobium leguminosarum bv. viciae was observed on the growth of

Vicia faba L. (Abd-Alla et al. 2014). Some of the AMF species, such as Glomus
geosporum andGlomus claroideum accumulate heavy metals of soil into plant roots

and prevent their translocation to shoot, acting as a filter (Sambandan et al. 1992;

Del Val et al. 1999; Leyval et al. 2002; Meier et al. 2015). They enhance produc-

tivity and quality of plant in contaminated soils. Under saline condition, wheat

varieties colonized with AMF have shown increased productivity, which may be

attributed to the mycorrhiza-assisted reduced uptake of Na and Cl and improved

uptake of mineral nutrients by wheat plants (Daei et al. 2009).

20.5.2 Mineral Nutrition

AMF provide host plant with mineral nutrients (Smith and Read 2008). The

extraradical mycelium of AMF emerged out from the host root, extends into the

soil and increases the surface area to acquire locked nutrients from the soil and

alleviate nutrient deficiency by providing adequate supply of mineral nutrients to

host plant (Marschner and Dell 1994; Johnson et al. 2010; Nouri et al. 2014).

Phosphorus (P) and nitrogen (N) both are important determinants for the AM

symbiosis and the colonization of the host plant is controlled by feedback mecha-

nisms between both nutrients (Kytoviita 2005; Fellbaum et al. 2014).

Nitrogen is the most important nutrient for plant development and AMF assist

plants to avail more than 50% of required nitrogen from soil and organic com-

pounds by the way of N cycling and producing large amount of external hyphae

(Hodge and Fitter 2010; McFarland et al. 2010; Veresoglou et al. 2012a). Studies

suggest that AMF can obtain substantial amount of N from decayed organic matter/

residue or accelerate N mineralization from organic matter (Atul-Nayyar et al.

2009; Hodge and Fitter 2010) and also affect the carbon supply through soil

microbial communities during decomposition (Herman et al. 2012). AMF improves

symbiotic nitrogen fixation, nodulation and increase the activities of pectinase,

xylo-glucanase and cellulose which are involved in the nitrogen metabolism and

increase the decomposition of soil organic matter (Barea 1991). AMF may exert a

priming effect on the soil bacterial communities shifting denitrifying communities

by reducing the availability of soluble N and can also reduce denitrification and

N2O emission rates (Ames et al. 1984; Amora-Lazcano et al. 1998; Scheublin et al.

2010; Veresoglou et al. 2012b; Bender et al. 2014).

AMF-inducible NO3
� or NH4

+ transporters have been identified in several plants

including tomato and soyabean (Hildebrandt et al. 2002; Kobae et al. 2010). The

NH4
+ ammonium transporter has been found to be expressed in arbuscules,

suggesting control of AMF on the supply of nutrients to host (Kobae et al. 2010).
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Comparing with typical uptake systems of plants, the NH4+ uptake system of AMF

have a five times higher affinity for NH4+, which enables the fungus to obtain

NH4+ from the soil even under low N supply conditions (Pérez-Tienda et al. 2012).

Another important source of N in the soil is free amino acids. AMF influence the

uptake of several of these amino acids such as aspartic acid, serine, glycine,

glutamic acid, glutamine, cysteine or methionine (Cliquet et al. 1997; Nakano

et al. 2001). Monoxenic root-organ culture experiments have shown that translo-

cation of N in plant occurs as arginine but converts to NH4+ before transfer to the

plant across the symbiotic interface (Smith and Smith 2011). In Sorghum bicolor,
AMF increase the uptake of phenylalanine, methionine, asparagine, tryptophan, and

cysteine, along with increased uptake of the charged amino acids like arginine,

lysine, and histidine, which seems to be possible with the help of such transporters

only (Cappellazzo et al. 2008; Whiteside et al. 2012).

P is an essential nutrient for plant but difficult to be acquired from the soil

(Lambers et al. 2015) due to its extremely low diffusion rate (Shen et al. 2011).

Mycorrhizal fungi release phosphatases, which solubilize soil organic P and

increase the uptake of P by both responsive and non-responsive plants (Smith

et al. 2003; Li et al. 2006). Further, phosphatases act on phytate, a major source

of organic P in the soil, and release the H2PO4 which is utilized by the plant (Joner

et al. 2000). Mycorrhizal fungi increase the exploration of P in soil, increase its

translocation to plants through arbuscules, help in efficient transfer of P to plant

roots and increased storage of absorbed P (Bhat and Kaveriappa 2007). AMF–plant

interaction specifically induces the expression of plant Pi transporters (Harrison

et al. 2002; Balestrini et al. 2007; Walder et al. 2015). In sorghum (Sorghum
bicolor) and flax (Linum usitatissimum) two genes coding for inorganic phosphate

transporters are identified that were induced in roots colonized by AMF but

acquisition of inorganic phosphorus (Pi) was strongly affected by the combination

of plant and AMF species (Walder et al. 2016). The utilization of AMF along with

phosphate solubilising bacteria and other soil microbes could improve plant pro-

ductivity even with low grade rock phosphates as a source of P (Bagyaraj et al.

2015). However, the effectiveness of acquisition of P varies between fungal species

and even between isolates within a species (Smith and Read 2008). Jansa et al.

(2005) reported that Glomus mosseae and Glomus intraradices are more efficient in

P uptake than Glomus claroideum and Glomus mosseae.
Along with N and P, AMF also help in transfer of sulfur (S) to the plants with the

help of sulfate transporters (Allen and Shachar-Hill 2009; Giovannetti et al. 2014).

Plants take up S primarily as the sulfate anion, which is often found in low

concentrations in the soil (Leustek 1996; Allen and Shachar-Hill 2009). Several

researchers have reviewed the uptake, transfer and utilization of S by plants (Allen

and Shachar-Hill 2009; Rennenberg et al. 2007). Sulfur is a mobile element. It is

commonly lost through soil leaching. Therefore, a large proportion of the soil S

remains present in the organically bound forms such as sulfate esters, synthesized

by soil microorganisms, which is difficult to utilize by the plant (Fitzgerald 1976;

Scherer 2001; Allen and Shachar-Hill 2009). Mycorrhizal fungi have been found to

increase the percentage of S in pot-grown onion and maize plants under the

362 P. Srivastava et al.



conditions of low S availability (Mohamed et al. 2014; Guo et al. 2007). However,

very little is known about the mechanism of S assimilation and its regulation in

mycorrhizal fungi. Allen and Shachar-Hill (2009) conducted research experiments

to determine the role of AMF in acquisition of S, its metabolism and transfer to host

roots and to identify effectors of S transfer to host roots. They found that sulfate was

taken up by the AMF and transferred to AMF-colonized roots, increasing root S

contents under moderate concentration of sulfate.

20.5.3 Water Uptake/Root Hydraulic Conductivity

Root hydraulic conductivity and permeability are the reliable indicators for water

uptake activity in plants (Aubrecht et al. 2006). Mycorrhizal mycelium network

affects moisture retention properties of soils and improves water uptake capacity of

plant by regulating stomatal conductance (Augé et al. 2015). AMF inoculated

plants have shown altered root morphology and hydraulic conductivity, demon-

strating that increased root hydraulic conductivity is favorable for plant growth as it

credits to improved water uptake by host plant (Augé 2001; Cseresnyés et al. 2013).

Cseresnyés et al. (2014) observed that the mycorrhizal bean and cucumber plants

exhibit higher rate of daily transpiration and root electrical capacitance than that of

the non-mycorrhizal plants. Ruiz-Lozano (2003) revealed that to mitigate the water

deficiency, AMF help to improve water uptake by enhancing the absorptive surface

area of root (Aggarwal et al. 2011) which ultimately increase the soil water

movement into root of plants and delay the decline in water potential (Porcel and

Ruiz-Lozano 2004).

20.5.4 Role of AMF in Managing Rate of Photosynthesis

Mycorrhizal symbiosis increases photosynthetic capacity of plants by increasing

the activity of hormones like cytokinin, gibberellins and of auxins which could

elevate the rate of photosynthesis by influencing stomatal opening (Allen et al.

1982). Increasing colonization of Boswellia papyrifera seedlings resulted in greater
stomatal conductance (Birhane et al. 2012). The inoculation of Robinia
pseudoacacia L. (Black Locust) with AMF, Funneliformis mosseae and

Rhizophagus intraradices grow in a lead toxic soil has shown increased photosyn-

thetic pigment content in leaves and higher gas exchange capacity,

non-photochemistry efficiency, and photochemistry efficiency (Yang et al. 2015).

AMF greatly influence the photosynthesis of black locust seedlings with signifi-

cantly greater leaf area, higher carboxylation efficiency, chlorophyll content and

net photosynthetic rate. They significantly increase the photochemical efficiency of

PS II and enhance the carbon content and calorific value of the seedlings (Zhu et al.

2014). Similarly, Citrus tangerine (tangerine) colonized by Glomus versiforme
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exhibited higher photosynthetic rates, stomatal conductance, transpiration rate and

improve osmotic adjustments, substantiating influence of AMF on plant photosyn-

thesis (Wu and Xia 2006).

20.5.5 Accumulation of Secondary Metabolites/Active
Ingredients

Plant metabolites are divided into two broad categories, primary and secondary.

The primary metabolites are vital for the basic processes of life including photo-

synthesis and respiration whereas secondary metabolites are important defense and

specialized metabolites noteworthy for the plant interaction with its environment.

Secondary metabolites play significant role in defense, and protection of plants

against biotic and abiotic stress. AMF studies performed on herbal and aromatic

medicinal plants showed that mycorrhizal symbiosis influences plant secondary

metabolism in both above and belowground parts of the plants, increasing accu-

mulation of active ingredients (Table 20.1). Farmer et al. (2007) observed accumu-

lation of β-carotene in the tuber of Ipomoea batatas. Similarly, Sailo and Bagyaraj

(2005) found increasing level of diterpene forskol in the roots of Coleus forskohlii.
On mycorrhization of Glycyrrhiza uralensis plants, Liu et al. (2007) recorded

higher concentration of glycyrrhizin. Mandal et al. (2013) carried out research

experiments to examine the influence of AMF, Rhizophagus fasciculatus on the

yield of secondary metabolites in Stevia rebaudiana, in relation to mycorrhiza-

induced physiological changes in addition to improved P uptake. AMF inoculation

of Stevia with P-supplementation produced higher concentrations of steviol glyco-

sides in comparison to control plants. The higher content of stevioside and

rebaudioside-A (steviol glycosides) in AMF inoculated plants could be attributed

to increased nutrients uptake and biomass production, and carbohydrates and

jasmonic acid, contributing to more biosynthesis of steviol glycosides. Enhanced

nutrient uptake and sugar concentration due to increased photosynthesis in AMF

inoculated stevia could control up-regulation of the transcription of steviol glyco-

sides biosynthesis genes (Mandal et al. 2015). Mycorrhizal symbiosis also facili-

tates the accumulation of essential oils in plants like Anethum graveolens,
Trachyspermum ammi and Foeniculum vulgare (Kapoor et al. 2002, 2004; Mandal

et al. 2013). Inoculation of Glycyrrhiza uralensis with Glomus mosseae has been

found to improve accumulation of flavonoids, liquiritin, isoliquiritin,

isoliquiritigenin and glycyrrhizic acid (Chen et al. 2017) under nutrient stress

condition. Marjoram and lemon balm inoculation with AMF considerably increased

the yield of rosmarinic acid and lithospermic acid isomers (Engel et al. 2016).

Similarly, in Lettuce they enhanced the accumulation of vitamins, nutraceuticals

and minerals (Baslam et al. 2013). In Dioscorea spp., the inoculation of Glomus
etunicatum increased content of polyphenols, flavonoids and anthocyanin (Lu et al.

2015). These observations substantiate the fact that the quantity and quality of
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Table 20.1 Influence of AMF on accumulation of active ingredients in plants

Active

ingredients

produced

AMF species

involved Host plant Family Reference

Glycyrrhizin Glomus mosseae Glycyrrhiza
uralensis

Fabaceae Liu et al.

(2007)

Hypericin and

pseudohypericin

Rhizophagus
intraradices

Hypericum
perforatum

Hypericaceae Zubek et al.

(2012)

Polyphenols,

flavonoids, and

anthocyanin

G. etunicatum Dioscorea sp Dioscoreaceae Lu et al.

(2015)

Camptothecin G. diaphanum,
Acaulospora
mellea and
Sclerocystis
sinuosa

Camptotheca
acuminata

Nyssaceae Zhao et al.

(2007)

Flavonoids, lig-

nin, DPPH

activity and

phenolic

compounds

Funneliformis
mosseae

Cucumis sativus
L. seedlings

Cucurbitaceae Chen et al.

(2013)

Phenol Glomus
aggregatum

Catharanthus
roseus

Apocynaceae Srinivasan

and

Govindasamy

(2014)

Chicoric and

Caffeic acid

derivative

Rhizophagus
intraradices

Ocimum basilicum Lamiaceae Scagel and

Lee (2012)

Stevioside and

rebaudioside

Rhizophagus
fasciculatus

Stevia rebaudiana Asteraceae Mandal et al.

(2013)

Linalool and

Methyl chavicol

Glomus sp. Ocimum basilicum Lamiaceae Zolfaghari

et al. (2012)

2-hydroxy-4-

methoxy

benzaldehyde

Glomus sp. Decalepis
hamiltonii

Asclepidaceae Matam and

Parvatam

(2017)

Cinnamic acid,

anthocyanin,

Total phenol

Glomus etunicatum
and Glomus
mosseae

Mentha spicata Lamiaceae Bagheri et al.

(2014)

Total phenol Glomus
intraradices

Ocimum
gratissimum L

Lamiaceae Hazzoumi

et al. (2015)

Phytoalexins Glomus
fasciculatum

Vigna unguiculata Leguminaceae Sundaresan

et al. (1993)

Rishitin and

solavetivone

Glomus etunicatum Solanum
tuberosum

Solanaceae Yao et al.

(2003)

Trigonelline Gigaspora rosea Prosopis laevigata Leguminaceae Rojas-

Andrade et al.

(2003)

Cyanidin-3-

glucoside

Glomus
intraradices

Fragaria x
ananassa Duch.

Rosaceae Castellanos-

Morales et al.

(2010)

(continued)
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active ingredients of plants could be improved by the application of optimized

inoculum of arbuscular mycorrhizal fungi.

20.5.6 Abiotic Environmental Stress Tolerance

Salinity stress is one of the serious threats, limiting the plant growth and produc-

tivity by decreasing water uptake, adversely affecting nutrient absorbance, hydrau-

lic conductivity, stomatal conductance and net photosynthetic rate (Al-Karaki et al.

2001; Koca et al. 2007). Mycorrhizal associations have been found to influence the

physiological and morphological properties of plant, thereby help the plant to

combat biotic and abiotic stresses (Miransari et al. 2008; Evelin et al. 2009; Saxena

et al. 2017; Giri and Saxena 2017). Under environmental stresses like drought and

salinity they play an important role in maintaining ionic balance and nutrient supply

in plant and soil for proper functioning and productivity of crop plants (Porcel et al.

2012; Evelin et al. 2013; Augé et al. 2015). Availability of water is the major

Table 20.1 (continued)

Active

ingredients

produced

AMF species

involved Host plant Family Reference

Linalool, linalyl

acetate

Acaulospora
morrowiae,
Rhizophagus
clarus,
Scutellospora
calospora

Mentha � piperita
L. var. citrata
(Ehrh.) Briq.

Lamiaceae Silva et al.

(2014)

Artemisinin,

Jasmonic acid

Rhizophagus
intraradices

Artemisia annua Asteraceae Mandal et al.

(2015)

Flavonoids,

Carotenoids

Glomus
intraradices

Bituminaria
bituminosa

Fabaceae Pistelli et al.

(2015)

p-

hydroxybenzoic

acid, Rutin

Rhizophagus
irregularis

Viola tricolor L. Violaceae Zubek et al.

(2015)

Ferulic acid,

Caffeic acid,

Kaempferol and

Luteolin,

Quercetin

Piriformospora
indica

Brassica
campestris ssp.
chinensis L.

Brassicaceae Khalid et al.

(2017)

Tanshinones,

Salvianolic acid

B

Glomus mosseae,
Glomus
aggregatum, Glo-
mus versiforme,
Glomus
intraradices

Salvia miltiorrhiza Lamiaceae Yang et al.

(2017)
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limitation in agricultural fields particularly in arid and semi-arid areas. Several

studies have shown that presence of AMF in water-stressed plants increase leaf and

root growth and positively maintain root to shoot ratio (Quilambo 2000). The

extraradical hyphae increase the absorptive surface area of roots for the better

uptake of mineral nutrients and water under stress conditions (Hampp et al.

2000). Moreover, AMF aid plant to overcoming the adverse effects of environmen-

tal stresses as they improve balance between K:Na and Ca:Na (Elhindi et al. 2017).

AMF facilitate plant for the accumulation of osmo-protectants, osmotic adjustment

and maintenance of membrane integrity, therefore preventing plant from oxidative

damage during environmental stresses (Evelin et al. 2013). Molecular studies have

shown that in AMF colonized plants like Glycine max and Lactuca sativa changes

gene expression of gene encoding plasma membrane aquaporins in response to

drought stress (Porcel et al. 2005). Similarly, AM symbiosis could regulate expres-

sion of genes involved in oxidative stress, proline synthesis and in dehydrin proteins

(Porcel et al. 2005; Fan and Liu 2011). Several nutritional and non-nutritional

mycorrhiza-mediated mechanisms, helping plants to overcome salinity stress may

be programmed as (1) nutrient uptake (like P, N, Mg and Ca) (Evelin et al. 2009),

(2) Biochemical changes like accumulation of proline, betaines, polyamines, carbo-

hydrates and enzymatic andnon-enzymatic antioxidants (Evelin et al. 2009), (3) Phys-

iological changes like enhanced photosynthetic efficiency, gas exchange and water

use efficiency (Ruiz-Lozano et al. 2012; Elhindi et al. 2017; Saxena et al. 2017).

20.5.7 Weed Control

In agricultural fields, weeds are a major hazard to the crops, as they compete with

crops and negatively affect the crop productivity (Oerke 2006; Ampong-Nyarko and

Datta 1991). Although the management of weeds is possible using herbicides,

weedicides and toxic chemicals, but the drawbacks of using these techniques are

(Heap 2015; Shakeel and Yaseen 2016); (i) they are expensive, (ii) not suitable for

sensitive crops (iii) several weeds are resistant against the herbicides, (iv) not safe

for ecosystem and environment. Arbuscular mycorrhizal fungi have been found

effective against several weeds, hence could be considered as the potent microor-

ganisms to control agricultural weeds (Rinaudo et al. 2010; Veiga et al. 2011).

Lendzemo (2004) revealed that Striga hermonthica (witch weed), which seriously

affects the cereal crops can be controlled by applying AMF inoculants, as they

directly reduce growth of weed or suppress their growth by increasing the compet-

itiveness of crop through increased nutrient uptake of crop for essential nutrients

leaving weeds deprived of nutrition. Rinaudo et al. (2010) recorded about 47%

reduction in biomass due to invasion of six weeds, which were grown together with a

crop, which could be controlled using AMF (Veiga et al. 2011; Adeyemi et al. 2015).

Another mycorrhizal approach in weed control can be inhibiting weed growth by

changing the relative abundance of mycorrhiza-infected and nonmycorrhizal-

infected weed species in agroecosystem (Jordan et al. 2000) most likely due to

secretion of some substances from AMF extraradical mycelium (Veiga et al. 2012).
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20.5.8 Disease Resistance

Through several mechanisms like damage compensation, direct competition for

colonization sites or food, changes in root morphology and rhizosphere microbial

community composition, biochemical changes associated with plant defense mech-

anisms and the activation of plant defense. AMF can induce control over various

plant diseases (Huang et al. 2003; Whipps 2004). Shalaby and Hanna (1998)

observed improved growth of AMF colonized Soyabean plant in a soil infested

with pathogenic fungi Fusarium solani and other pathogens. Similarly, AMF

colonization increased resistance in Poinsettia against pathogens like Pythium
ultimumon (Kaye et al. 1984). Coffee plant infested with mycorrhizal fungi

enhanced competitiveness against disease causing Bidens pilosa (França et al.

2016) whereas Tea plant inoculated with mycorrhizal fungi and other plant growth

promoters provided resistance for rot disease (Chakraborty et al. 2016). Fusarium
induces wilt disease in tomato worldwide, at large its control and management is

difficult. Inoculation of tomato with AMF has shown control in the severity of the

disease and enhanced overall growth in tomato seedlings (Mwangi et al. 2011).

20.6 Role in Ecosystem and Environment Management

20.6.1 Soil Health and Fertility

One of the most important functions of the mycorrhizal symbiosis is to enhance

acquisition of nutrients from the soil with the help of fungal hyphae. The

extraradical hyphae of AM fungi often acquire those nutrients, which are hard to

be extracted by plant roots. Although phosphorus is an essential nutrient for plants

but remain present in the immobile form in the soil. It can be solubilized with the

enzymes released by AMF (Joner and Johansen 2000). Ecosystems instability

severely influences the physical, chemical and biological properties of the soil.

However, mycorrhizal fungi have been found to improve such properties/processes

(Augé 2004). They not only indeed affect the individual plant, even actively

engaged in the processes like soil aggregation at the ecosystem level and improve

the soil health and quality (Rillig 2004a, b). Nonetheless, soil aggregation helps in

improving soil porosity and gaseous exchange, and nicely maintains soil nutrient

cycle, protects soil carbon in aggregates, and influences beneficial soil micro-fauna

(Diaz-Zorita et al. 2002; Jastrow et al. 1998; Johansson et al. 2004). By acting as a

biofertilizer, and biocontrol agent mycorrhiza benefits the overall soil health and

productivity (Jeffries and Barea 2012; Abdel Latef et al. 2016). Although plants

absorb both macro-and micronutrients from the soil to accomplish their metabolic

activities, the excessive accumulation of heavy metals like Zn, Cu, Pb, As, Cd, Cu

etc in soil due to various anthropogenic activities and deposition of agro-chemicals

rigorously degrade the soil and its fertility and productivity (Liu et al. 1997).
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Several researchers have observed that AMF could play important role in mitigat-

ing such effects by minimizing the negative impact of heavy metal contamination

attributed to their enhanced adsorption and precipitation (Nadeem et al. 2014;

Turnau et al. 2008; Malekzadeh et al. 2011).

20.6.2 Ecosystem Functioning and Biodiversity

The relationships between mycorrhizal fungi and plant is of great importance as

they could play a major role in the ecosystem functioning and maintaining soil

biodiversity (Gerz et al. 2016), contributing to biogeochemical cycles, food and

timber production, and other benefits (Gianinazzi et al. 2010; van der Heijden et al.

2015; Bender et al. 2016). In fact, AMF are involved in many biogeochemical

cycles, the most studied are C, N, and P (Smith and Read 2008; Prieto et al. 2012;

Ekblad et al. 2013; Hodge and Storer 2015; Mayor et al. 2015; Lazcano et al. 2014).

Moreover, their widespread distribution among a wide array of plant species makes

them a powerful tool to manage agricultural and environment sustainability (Azul

et al. 2014; Bhardwaj et al. 2014). Mycorrhizal fungi influence plant community

structure and play a pivotal role in plant community assemblage and succession

(Hartnett and Wilson 1999; Heneghan et al. 2008; Kikvidze et al. 2010; Lin et al.

2015). Further, AMF facilitate the regeneration and emergence of newly developed

seedlings (Stanley et al. 1993; Barea et al. 2002), alter species interactions, and

change the dynamics of plant communities’ thereby increasing plant diversity in

terrestrial ecosystems (van der Heijden et al. 1998; Klironomos et al. 2000; Dhillion

and Gardsjord 2004; Simard and Austin 2010; Horn et al. 2017). AM association

enhances plant’s survival rate under unfavourable soil conditions, hence increasing
the plant community diversity and ecosystem productivity (van der Heijden et al.

1998; Klironomos et al. 2000; Dhillion and Gardsjord 2004). It has been noticed

that ecosystem instability is increasing in the modern agriculture system that might

be due to lack of AMF interactions in soil (Helgason et al. 1998; Jeffries and Barea

2012). However, the incorporation of AMF could reverse the threat to biodiversity

and ecosystem instability in the present day cultivation (Tilman 1996).

20.6.3 Reclamation of Degraded Land/Bioremediation

Increase in industrialization, urbanization, mining and several other human-induced

activities across the globe have led to increased accumulation of toxic elements/

heavy metals in the groundwater and soil (Sharma et al. 2017), which largely affect

both soil fertility as well as plant productivity (Whitmore 2006). AMF play an

impending role in the restoration of degraded waste lands (Asmelash et al. 2016;

Nicolson 1967). The extraradical hyphae of AMF improve the vegetation cover of

the degraded lands by significantly enhancing the assimilation of nutrients (Jha
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et al. 1994; Khan 2006; Gohre and Paskowski 2006). AMF attribute to the seedlings

emergence and their establishment and survival in the polluted areas/lands and

maintain the diversity in severely heavy metals contaminated soils (Hassan et al.

2011; Karthikeyan and Krishnakumar 2012; Manaut et al. 2015). AMF alleviate the

impact of heavy metals by immobilizing them in the soil, chelation upon absorp-

tion, adsorption on the cell wall, altering pH of the rhizosphere soil and by

enhancing phytostabilization and phytoextraction ability of the plants (Gaur and

Adholeya 2004; Malekzadeh et al. 2011; Abdel Latef et al. 2016). Garg and Singla

(2012) observed that inoculation with AMF increased the chlorophyll and relative

water content in pea plants growing in the arsenic contaminated soils. Shabani et al.

(2016) reported reduced transportation of Ni from the root to shoot along with the

enhanced level of ABC transporter and metalothein on inoculation with Glomus
mossae and Festuca arundinacea growing in the Ni polluted soil. Several studies

have demonstrated that molecular expression of genes like Zn (GintZnT1), As
(GiArsA), Cu and Cd (GintABC1, GmarMt1) likely to play a crucial role in plant’s
heavy metal tolerance (Lanfranco et al. 2002; Gonzalez-Guerrero et al. 2005;

Lenoir et al. 2016). AMF predominantly prevail in the stressed habitats and

unusable soils, and establish a mutual relationship with the plant species growing

on the toxic soil (Cabral et al. 2015; Lenoir et al. 2016). The glomalin produced by

AMF adsorbs the heavy metal from the soil and reduce the soil toxicity

(Gil-Cardeza et al. 2014; Wu et al. 2014a, b). Experimentation under axenic

conditions has shown that AMF exhibit potential for bioremediation of contami-

nated soils (Mugnier and Mosse 1987; Declerck et al. 2005; Cabral et al. 2010). In

the light of occurrence and importance of AMF in the degraded waste land, it may

be tempting to state that AMF could prove to be a potential approach to reclaim

disturbed/contaminated soils. However, to establish the fact further research, par-

ticularly at molecular level is required.

20.6.4 Preventing Soil Erosion

Increasing soil erosion due to anthropogenic activities has become a potential cause

of land degradation and desertification. Besides, increasing applications of P

fertilizers of which only a small amount is absorbed by the plant and rest of it

gets washed-off due to the tillage-induced soil erosion and reduced water retention

capacity of soil. Since AM symbiosis plays key role in ecosystem functioning, these

fungi could be applied to overcoming the problem of soil erosion (Miller and

Jastrow 1990; Perumal and Maun 1999; Enkhtuya et al. 2003; Estaun et al.

2007). Of all the processes involved, production of mucilage, glomalin related

soil protein (GRSP) and other extracellular compounds are the most studied one.

These compounds provide strength to soil particles to formulate aggregations

(Wright and Upadhaya 1996; Rillig et al. 2002; Rillig 2004a, b). A positive

correlation has been found between the length of AMF hyphae and water stable

aggregate through the production of glomalin related soil protein (GRSP) (Miller
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and Jastrow 1990; Wright and Anderson 2000; Rillig et al. 2002). Glomalin related

soil protein has also been found to maintain stability of soil. Mycorrhiza-induced

GRSP fraction has a major role in aggregate stability in citrus rhizosphere (Wu et al.

2014a, b). However, soil aggregate stability may differ among the AMF species.

Schreiner et al. (1997) observed a variation in the size of the aggregate formed by

Glomus mossae, which were larger than those formed by G. etunicatum and

Gigaspora rosae. Miller and Jastrow (1990) revealed a direct correlation between

the spore density and water stable aggregate. Beside glomalin production,

AMF-mediated dense hyphae production, entanglement of soil particles with

hyphae, improved soil microbiota also play important role in soil aggregation

(Rillig et al. 2002; Rillig and Mummey 2006; Sharma et al. 2017). Thus, in order

to avail maximum benefits of AMF for a soil improvement program more studied

are required to better understand, how AMF get involved in the formation of soil

aggregation and what are other mechanisms behind it must be examined?

20.6.5 Mitigation of Global Warming and Climate Change

In addition to promoting plant growth, AMF can directly or indirectly contribute to

the stabilization of carbon in the soil. AMF extraradical mycelium (AEM) has a

carbon-rich component known as glycoprotein or glomalin that can stay in the soil

for decades. AMF seem to have a priming impact on the other soil microbes to

convert plant waste into stable soil carbon (Cheng et al. 2012), attributing to reduce

atmospheric carbon-based green house gases (Giri and Saxena 2017). Research

experiments conducted to study climate change impact have assessed that there is

already too much GHGs in the atmosphere. To stop the progress of and reverse the

effects of human-induced climate change, GHGs production must be reduced and

controlled in the atmosphere. Plants have in built capacity, if harnessed appropri-

ately, to fix carbon back into the soil in sufficient amount to make a significant

contribution to combat climate change. AMF facilitate supply of the mineral

nutrients to the host plant indeed increase the growth and biomass of the plant,

harnessing more atmospheric carbon. Further, the sugar produced by the host is a

prerequisite of AMF to meet their C requirement for own growth and life-cycle

(Giri and Saxena 2017). AMF could play a vital role in the global carbon cycle,

because these fungi can exploit a large percentage of the carbon fixed by their host

(about 20%) under ambient atmospheric CO2 conditions (Jakobsen and Rosendahl

1990, Drigo et al. 2010). They could help in depositing slow cycling organic

compounds and protect organic matter from microbial attack (Smith and Read

2008; Verbruggen et al. 2013). This exhibits that AMF in fact promote aggregation

of soil particles and help in managing soil erosion (Wilson et al. 2009). AMF help in

soil C sequestration, particularly under elevated CO2 concentration (Treseder 2016)

as these fungi are the only producers of glomalin (a recalcitrant glue-like glyco-

protein), which enters into the soil on the death of fungal mycelium and become a

source of soil organic carbon sink (Wright et al. 1996, Wright and Upadhaya 1996).
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In addition to atmospheric CO2, nitrous oxide (N2O) is another effective green-

house gas involved in the destruction of the protective ozone layer in the strato-

sphere. It contributes to global warming with a several times higher global warming

potential than atmospheric CO2 (Forster et al. 2007; Ravishankara et al. 2009).

Montzka et al. (2011) demonstrated that after carbon dioxide and methane, the

nitrous oxide place highest impact on the greenhouse effect. The importance of

N2O is likely to increase due to its prolonged existence and a predicted increase in

future emissions. However, the ecological processes regulating N2O emissions

from soil are not well known. Bender et al. (2014) revealed that the presence of

AMF, which have a profound impact on a wide range of ecosystem functions, could

shrink N2O emissions from soil. They manipulated the abundance of AMF in two

independent greenhouse experiments and two different soils and found that N2O

emissions increase by 42 and 33% in microcosms with decreased AMF abundance

than microcosms with well-established AMF propagules. These results suggested

that the N2O emission from soil is controlled by AMF. They further explained that

the reduced N2O emission in the atmosphere could partially be attributed to the

increased N immobilization into microbial or plant biomass and decreased level of

soil N as a substrate for N2O emission and altered water relations. Bender and his

colleagues (2014) concluded that the intensification of agricultural practices may

further contribute to increased N2O emissions as it disrupts the development and

proliferation of AMF hyphal network. At the high soil moisture levels AMF control

N2O emissions by increasing use of soil water (Lazcano et al. 2014).

20.7 Research Need and Approaches

AMF characteristics make them a potential tool to be utilized for the sustainable

management of agriculture and environment (Rodriguez and Sanders 2015;

Bhardwaj et al. 2014). Nevertheless, several agronomic practices including crop

rotation, soil tillage, use of fertilizers and pesticides largely influence abundance

and infectivity of mycorrhizal fungi (Jansa et al. 2002). These practices disturb

AMF hyphal networks, destruct their colonization of roots and decrease the absorp-

tion of phosphorus from the soil (Douds et al. 1995). Further, conventional tillage

significantly decreases mycorrhizal diversity (Alguacil et al. 2008) whereas in zero

tillage condition AMF sporulation increased twofold, even in highly fertilized soil

(Brito et al. 2011; Verzeaux et al. 2017). Further, land and air pollution, mining,

deforestation, and many biotic and abiotic factors largely impacts mycorrhizal

survivability, and cause severe loss to the viability of mycorrhizal propagules,

resulting in a significant reduction in the mycorrhizal colonization of roots (Gehring

and Bennett 2009; Zobel and Öpik 2014; Antoninka et al. 2015; Borriello et al.

2015; Klabi et al. 2015). Therefore, it important to understand that; (1) better

understanding of the relative contribution of AMF to any aspect to sustainability

by attaining a broad view of all the possible pathways by which they can influences

sustainability, including their interactions with other soil microbial biome (Rillig
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et al. 2016), (2) Focus on the conservation and management of AMF diversity and

abundance to accomplish the goal of sustainability. Special attention is required

towards the sensitive ecosystems, which are directly affected due to inadequate soil

management and climate change such as glaciers (Haeberli and Beninston 1998;

Jiang and Zhang 2015), and highly exploited ecosystems like mountains (Kohler

and Maselli 2009; Gurung and Bajracharya 2012) should also be prioritised for

conservation.

Green technology/approach not only includes the decrease in use of chemical

fertilizers but also the enhancement of the sustainable techniques. For the exploi-

tation of AMF as a tool for green technology, we aim to optimize its benefits by

increasing its abundance and diversity (Rillig et al. 2016) in the soil through various

strategies including (1) Field study Assessment, (2) Analysis, (3) Management and

Protection policies, (4) Advanced Improvement techniques, (5) Field trials with

AMF (Fig. 20.2). In field study, various soil parameters like physical (structure),

chemical (pH, moisture, etc), nutrient status and abundance and diversity of ben-

eficial microorganisms (mycorrhiza and associated microbes) are monitored, as the

abundance and diversity of AMF are influenced by the soil chemistry (Casazza et al.
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Fig. 20.2 An overview of various approaches associated with AMF-colonized plant roots, and

their possible influencing role in sustainable agriculture and environment
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2017). Data from field assessment records show the status of soil of the studied field

and about the existing mycorrhizal and other microbial community which further

provide site-specific information requirement about management and protection of

AMF abundance and functioning (Rillig et al. 2016). Various crop management

practices have shown improved yield in relation to mycorrhizal abundance

(Monreal et al. 2015). Strategies with zero or less tillage and cover cropping have

also shown enhanced root colonization and density of AMF in agriculture fields

(Brito et al. 2013; Bowles et al. 2016). Moreover, advanced technologies of

microbial community engineering and techniques like plant breeding are required

to maintain the abundance and diversity of beneficial mycorrhiza and for manipu-

lation and improvement of AMF with desirable traits respectively (Mueller and

Sachs 2015; Hohmann and Messmer 2017). Production and field applications of

AMF inoculum is the direct way to enhance the AMF propagules density in the

agricultural field (Solaiman et al. 2014; Hijri 2016); however, constrain is the

functioning of AMF in collaboration with many other microbes.

20.8 Conclusion and Future Perspectives

To enhance the ecosystem functioning and agricultural productivity without

disturbing the balance of ecosystems and environment, utilization of arbuscular

mycorrhizal fungi as a biofertilizer could be a potential solution; however, to

achieve increased production, a major constraint is the development of AMF

culture, abundance and density in the crop fields. Although AMF play a positive

role in maintaining soil and plant health, the re-establishment of natural level of

AMF richness is a major task, which could substitute the harmful chemical fertil-

izers and recompense a way to sustainable agriculture and environment. AMF could

be utilized as a sustainable tool to improve the concentration of both macro- and

micronutrients; hence could be an alternative to agronomic bio-fortification. Since

AMF facilitate plants with macro- and micronutrients, it could positively influence

the herbage, yield and quality of the crop, which is probably difficult to achieve

using agro-chemicals. Therefore, we can recommend that field inoculation with

AMF, depending upon the types of plant species and their environmental condi-

tions, could be an effective alternative to agrochemicals. As the population is

increasing day-by-day, there is a need of increased food production too, which

could be only possible with the help of sustainable techniques or green techniques,

like AMF-based bio-fertilizations along with PGPRs. To begin with, field trials

with AMF inoculants and farmer’s awareness towards cost-effective techniques are
important to reducing input of agrochemicals in the agriculture. Once agricultural

fields are enriched with microbial inoculants, this approach can be of great signif-

icant for managing sustainable agriculture and environment at the large scale.
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Chapter 21

Rhizosphere Mycorrhizae Communities

an Input for Organic Agriculture

M. Nayeem Sofi, Rouf Ahmad Bhat, Asmat Rashid, Naseer A. Mir,

Shafat A. Mir, and Rafiq Lone

Abstract Mycorrhizae are an important biotic factor that influences tropical ecolog-

ical succession and differently affect the woody species belonging to different suc-

cessional stages. They are key components of the soil microbiota that play an essential

role in plant growth, plant protection and soil quality. These fungi are widespread in

agriculture systems and are especially relevant for organic farming because they can

act as natural biofertilizer and enhance plant yield. The interaction between organic

practices andMycorrhizae populations are limited and inconsistent. Here, we explore

the various roles they play in organic farming systems with special emphasis on their

contribution to crop productivity. Present proceedings highlights that organic

low-input systems have a high potential to maintain the Mycorrhizae, keeping the

soil fertile and productive and point the need to incorporate AM technology in organic

farming to stop deterioration of agricultural and forest land and other adverse factors.

Symbiotic associations between Mycorrhizae and plant roots are widespread in the

natural environment and can provide a range of benefits to the host plant. These

include improved nutrition, enhanced resistance to soil-borne pests and disease,

improved resistance to drought, tolerance of heavy metals and better soil structure.

However, many agricultural practices including use of fertilizers and biocides, tillage,

monocultures and the growing of non-mycorrhizal crops are detrimental to Mycor-
rhizae. As a result, agro-ecosystems are impoverished in Mycorrhizae and may not

provide the full range of benefits to the crop withoutMycorrhizae.
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21.1 Introduction

The dawn of every day poses tough challenges to farming community, producing

more food to feed the burgeoning population from shrinking land and less water

without eroding the ecological foundation is probably the most uphill task faced by

scientists, farmers as well as policy makers. Green Revolution of 1960s gifted the

Indian agriculture with fertilizer responsive high yielding varieties, high analysis

fertilizers, fast acting pesticides and boosted the production of our nation to greater

heights with increased cropping intensity. The use of organic manures as sources of

nutrients declined sharply. But miserably in the recent past, the declining trends in

productivity are more spectacular in Indian Agriculture. Chemical fertilizers are

regularly applied to get maximum yields. But as a result of the chemical reactions

these get fixed in the soil resulting only part of it being available over the crop

period, necessitating fresh additions. The practice of dependence on inorganic

fertilizers is not sustainable because these are produced in ways which can not be

continued indefinitely as the resources used in their production are non renewable.

Further chemical phosphatic fertilizer production is highly energy intensive pro-

cess. The excessive use of these fertilizers has deteriorated the soil health and

adversely affected its biodiversity. In addition the presence of heavy metals in

inorganic fertilizers is well established (Chuck 2008). Eventually these heavy

metals can build up to unacceptable levels especially in the vegetable produce.

Average annual intake of uranium by adult is estimated to be 0.5 mg from ingestion

of food and water and 0.6 μg from the breathing air. Polonium-210 contained in

phosphatic fertilizers is also absorbed by the plants and stored in its tissues. This

element has been found to cause about 11,700 lung cancer deaths each year world

over Scholten and Timmermans (1992). Radioactive Polonium (210PO) is one of the

most dangerous carcinogen found in Tobacco leaves. It can be removed from

tobacco by various method but risk of cancer will not decrease because there are

other carcinogen other than polonium present in tobacco which can cause cancer

(Chaudhari 2015). The conventional agricultural practices have caused soil erosion,

reduction in water availability, increased salinization, pollution due to fertilizers,

herbicides, reduced socio-economic values, degrading effect on the environment,

danger to food security, quality and safety, reduced bio-diversity, lack of sustain-

able agricultural policies for the future generations etc., such concerns and prob-

lems posed by modern day agriculture gave birth to organic farming. Organic

farming is a system which avoids or largely excludes use of synthetic inputs

(fertilizers, pesticides, growth hormones, feed additives etc.) and to the maximum

extent feasibly rely upon crop rotation, crop residues, animal manures, off farm

organic wastes, mineral grade rock additives and biological system of nutrient

mobilization and plant protection.

Organic farming is a holistic production management system which promotes

and enhances agro-ecosystem health including biodiversity, biological cycles and

soil biological activity, and this is accomplished by using on farm agronomic,

biological and mechanical methods in exclusion of all synthetic off farm inputs.
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For nutrient management under low input production system many biological

inputs are used to support the plant nutrition. Among these mycorrhizae is

possessing a unique position by supporting the plant growth and development

through its multifaceted role. The establishment of functional symbiosis is achieved

with in 4–6 weeks and thereafter the host plants derive nutritional and biological

benefits from AM symbiosis.

Soil provides an ecological niche for many of the microorganisms including

arbuscular mycorrhizal fungi. German botanist Albert Frank in 1885 introduced the

Greek word mycorrhiza which literally means “fungus root”. These fungi form the

beneficial symbiotic association with the roots of higher plants and perform the

function of root hair. This symbiotic association has been reported to promote plant

growth and health by playing the role of biofertilizer and bioprotectant, respec-

tively. Arbuscular mycorrhizal association is found in 80% of the plant species

except Cruciferae, Chenopodiceae, Caryophyllaceae and Cyperaceae (Hirrel et al.
1978). The association also occurs over a broad ecological range from aquatic to

desert environment. The mycorrhizal symbiosis has been recognized to play a key

role in nutrient cycling in the eco system and to protect plants against environmen-

tal and biological stresses. In fact, many high value ornamental and edible crops

enter in to some form of mycorrhizal association. Most of the crop plants are

mycotrophic (i.e. they have the ability to respond to AMF symbiosis), hence

functionally, AMF may benefit the productivity and/or vigour of many crops. In

addition the mycorrhizal plants have greater tolerance to toxic heavy metals, root

pathogens, drought, high soil temperatures, soil salinity, and adverse soil pH and to

transplantation shock. Because of their wide spread occurrence in nature and their

numerous benefits to plants the fungi are currently attracting much attention in

agricultural, horticultural, forestry research. Though there are different mycorrhizal

associations, the most common type occurring in all ecological situations, is the

vesicular arbuscular mycorrhiza (Bagyaraj 1989; Barea and Jeffries 1995).

Increased plant growth because of AM colonization is well documented (Bagyaraj

and Varma 1995). The increased plant growth is attributed to enhanced uptake of

diffusion limited nutrients, hormone production, biological nitrogen fixation,

drought resistance and suppression of root pathogens. Biological control can be

defined as the directed, accurate management common components of ecosystems

to protect plants against pathogens. Several workers have reported that AM fungi

can act as biocontrol agents for alleviating the severity of disease caused by root

pathogenic fungi, bacteria and nematodes.

It is evident that an increased capacity for nutrient acquisition resulting from

mycorrhizal association could help the resulting stronger plants to resist stress.

However, AM symbiosis may also improve plant health through a more specific

increase in protection (improved resistance and or tolerance against biotic and

abiotic stresses). Mycorrhizae appear to be extremely advantageous to crops growth

in low fertility soils which are characteristic of poorly managed, continuously

cropped agricultural lands as well as drastically disturbed landscape and mined

reclamation sites. Increases in mineral uptake as the result of mycorrhizal associ-

ations are often reflected in increased plant survival, growth and yield as well as
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nutrition. The improved plant growth is attributed to increased nutrient uptake,

especially phosphate, due to the exploration by the external hyphae of the soil

beyond the root hair zone. The phosphate uptake is more significant in soils

deficient in phosphorus. The increased growth of plants inoculated with AM

fungi is not only attributed to improved phosphate uptake but also to better

availability of other elements like Zn, Cu, K, S, Al, Mn, Mg, Fe etc. Allen et al.

(1982) illustrated that AM affects directly the levels of plant hormones like

cytokinins and gibberellin substances. Plants colonized by AM fungi can tolerate

a wide range of soil water regimes ad also improve water relations of many plants.

Biofertilizer help in increasing crop productivity by way of increased biological

nitrogen fixation, increased availability or uptake of nutrients through solubilization

or increased absorption stimulation of plant growth through hormonal action

orantibiosis, or by decomposition of organic residues. Furthermore, biofertilizer

as to replace part of the use of chemical fertilizers reduces amount and cost of

chemical fertilizers and thus prevents the environment pollution from extensive

application of chemical fertilizers. With using the biological and organic fertilizers,

a low input system can be carried out, and it can be helped achieving sustainability

of farms (Khosro and Yousef 2012).

Mycorrhiza are the rule in nature, not the exception. In a mycorrhizal association,

the fungus may colonize the roots of a host plant, either intracellularly or extracel-

lularly. Mycorrhizae are present in 92% of plant families (80% of species) (Wang

and Qiu 2006), with endomycorrhizae or Arbuscular Mycorrhizae (AM) being the

ancestral and predominant form and indeed themost prevalent symbiotic association

found in all the plant kingdom. AM are formed only by fungi in the division

Glomeromycota. AM fungi lives in association with approximately 85% of herba-

ceous plants and produce microscopic arbuscules within cells of the root. Symbiotic

associations between AM fungi and plant roots are widespread in the natural

environment and can prove range of benefits to the host plant.

AM fungi play an important role in plant health by improving nutrient (espe-

cially inorganic P) and water uptake by their host plant and providing protection

against soil-borne pathogens (Kurle and Pfleger 1994; Siddiqui and Mahmood

1996; Ryan and Graham 2002). In return, the fungi receive carbohydrates (sugars)

and growth factors from the host plant. Other benefits include: increased resistance

to foliar-feeding insects (Gange and West 1994), improved drought resistance

(Auge et al. 1994) and increased tolerance of salinity and heavy metals. Increased

uptake of macronutrients other than P, including N, K and Mg has also been

measured as well as increased uptake of some micronutrients maintaining soil

aggregate stability. Many agricultural practices including use of fertilizers and

biocides, tillage, monocultures and the growing of non-mycorrhizal crops are

detrimental to AM fungus communities (Kabir et al. 1998; Thingstrup et al.

1998). As a result, agroecosystems are impoverished in AMF and may not provide

the full range of benefits to the crop. In natural environments, the diversity of AM

fungi is a key contributor to the diversity and productivity of plant communities

(Van der Heijden et al. 1998). AM fungi are strongly affected by anthropogenic

activities (Giovannetti and Gianinazzi-Pearson 1994). A variety of agricultural
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practices are known to impact on AMF, with fertilizers, cultivation, crop mono-

cultures and non-mycorrhizal crop plants known to reduce inoculum (Kurle and

Pfleger 1994; Helgason et al. 1998; Daniell et al. 2001).

Organic farming is the only sustainable farming system that is legally defined. It

is a crop production system that avoids the use of synthetic and chemical inputs like

fertilizers, pesticides, growth regulators and live stock feed additives. Indiscrimi-

nate use of synthetic chemicals and the problems arising from them forced us to

think about the alternative means. To the maximum extent feasible, organic farming

systems rely on the management of soil organic matter to enhance the chemical,

biological and physiological properties of the soil, in order to optimize crop

production. Soil management controls the supply of nutrients to crops and subse-

quently to live-stock and humans (Watson et al. 2002). Organic manures such as

farmyard manure, compost, vermicompost, biofertilizers, biopesticides etc. can be

used at least as complement, if not a substitute.

Organic systems have longer-term solutions at the systems level. An example of

this system is the importance of crop rotation design for nutrient cycling and

conservation and weed, pest and disease control (Stockdale et al. 2001). Organic

fertilizer sources were shown to have major positive effects on the physical proper

ties of soil. This effect is due to the role of mycorrhiza on soil structure formation

(Celik et al. 2004). Soil microbial communities are considered a vital factor for the

functioning of agroecosystems and success in organic farming (Gosling et al. 2006).

Organic farming systems utilize highly complex and integrated biological systems

to achieve their goal and most, if not all, management practices used in this system

affect more than one component of the system, for example, cultivation may be

beneficial for weed control but may stimulate mineralization of nitrogen when the

crop does not require it. Thus, the interaction between soil management practices

and different aspects of production and environmental impact will continue to

challenge the nature and development of organic farming in the nature.

21.2 Interactions

21.2.1 AMF Interaction with Soil and Crops

Mycorrhizal root systems increase the absorptive area of roots 10–1000 times

thereby greatly improving the ability of the plants to utilize the soil resource. AM

fungi are able to absorb and transfer all of the 15 major, macro and micro nutrients

necessary for plant growth (Lester 2009). This behaviour is particularly evident

with soil nutrients that are more immobile such as P, Zn and Cu. The fungal soil

network is able to maintain P transport to plant for longer periods (Hodge 2000;

Jeffries and Barrea 1994; Lange and Vlek 2000).

Mycorrhizal fungi release powerful chemicals into the soil that dissolve hard to

capture nutrients such as P, Fe and other tightly bound soil nutrients (Lester 2009).
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This extraction process is particularly important in plant nutrition. AM fungi forms

an intricate web that captures and assimilates nutrients conserving the nutrient

capital in soils. The same extensive network of fungal filaments important to

nutrient uptake are also important in water uptake and storage.

21.2.2 AMF Interaction with Agricultural Practices

Crop management involves a range of practices which have impact on the AM

association, both directly, by damaging or killing AMF and indirectly, by creating

conditions either favourable or unfavourable to AM fungi. In general, agricultural

practices have a negative impact on the AM association and agricultural soils are

AMF impoverished, particularly in terms of number of species (Helgason et al.

1998; Menendez et al. 2001). For example, high levels of P fertilization have been

found to slow down or inhibit mycorrhizal efficiency in soybean fields (Ezawa et al.

2000). Higher soil infectivity was observed under reduced or no tillage practices

(Mozafar et al. 2000) and limited increased mycorrhizal colonization of barley root

and soil infectivity (Hamel et al. 1996). Relative to conventional management,

there is evidence that organic farming practices can enhance the amounts of AMF

inoculum (Bending et al. 2004; Mader et al. 2000).

21.2.3 AMF Interaction with Other Soil Micro-organisms

Aswell as interactingwith disease causing agents, AM fungi also interactwith awhole

range of causal organisms in soils. AM fungi might provide a means of biocontrol of

plant disease in organic systems (Siddiqui et al. 1998; Harrier and Watson 2004;

Whipps 2004). Bacterial communities and some strains promote germination of AM

fungal spores which will increase the rate and extent of root colonization (Johansson

et al. 2004). These interactions suggest that AMmight affect plant and soil microbial

activity by stimulating the production of root exudates, phytoalexins and phenolic

compounds (Morandi 1996; Norman and Hooker 2000).

21.3 Role of AMF Colonization on Plant Nutrition

and Growth

The relationship between the development of arbuscular mycorrhizas and increased

growth of the host was recognized by Asai (1944) in his studies of AM colonization

and nodulation in a large number of legumes. He concluded that colonization was

important both in plant growth and in the development of nodules. The C economy
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of AM plants needs to be considered in the context of the effects of AM coloniza-

tion on mineral nutrition and the relative costs of fungal C use, in relation to benefits

derived from increased nutrient uptake.

AMF plants have two potential pathways of nutrient uptake, directly from the

soil or via an AM fungal symbiont. The AM pathway depends on three essential

processes: uptake of the nutrients by the fungal mycelium in the soil; translocation

for some distance within the hyphae to the intraradical fungal structures (hyphae,

arbuscules and coils) within the roots and transfer to the plant cells across the

complex interface between the symbionts. The fungal mycelium in soil can absorb

nutrients beyond the zone depleted through uptake by the roots themselves, so that

they increase the effectiveness with which the soil volume is exploited. Conse-

quently, the effects of AM colonization on P nutrition are often large and may have

indirect effects on other aspects of plant metabolism, so that direct effect of the

symbiosis on the other nutrients are masked (Smith and Read 2008).

21.4 AM Fungal Carbon Metabolism

AM fungi are completely dependent on an organic C supply from a photosynthetic

partner. Between 4 and 20% of net photosynthate is transferred to the fungus and

used in production of both vegetative and reproductive structures and in respiration

to support growth and maintenance, including nutrient uptake (Smith and Read

2008).

Carbon is deployed in growth of the intra and extra radical mycelium and in

respiration to support both growth and maintenance, representing a considerable

increase in C flux to the soil. At this stage, there is little indications of the reasons

for the variations in the estimates, but they are likely to include species of plant and

fungus, fungal biomass and rate of colonization, as well as the metabolic activity of

the fungus.

21.5 AM Fungi in Organic Farming Systems

AMF are potential contributors to plant nutrition and pathogen suppression in low

input agricultural systems, although individual species of AMF vary widely in their

functional attributes. Organic farming has developed from a wide number of

disparate movements across the world into a more uniform group of farming

systems, which operate broadly within the principles of the International Federation

of Organic Agricultural Movements (Stockdale et al. 2001). Though the exact

production methods vary considerably, general principles include the exclusion of

most synthetic biocides and fertilizers, the management of soils through addition of

organic materials and use of crop rotation (IFOAM 1998). The use of readily

soluble fertilizers and biocides are severely restricted in organic farming. As a
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result, organic systems often have lower concentrations of total and available soil P

than equivalent conventional systems (Gosling and Shepherd 2005). Biocontrol

agents that may used in organic systems to control pathogenic fungi do not appear

to damage the AMF association (Ravnskov et al. 2002; Gaur et al. 2004).

In organic plant production, the supply of phosphorus is a bottle neck as P is the

only macronutrient that cannot be obtained through biological fixation or

weathering of parent rock minerals. Farmers thus rely upon recycling of nutrients

from plant residues and manure, or addition of superphosphate to meet plant’s
demand for phosphorus. The mycorrhizal fungi form hyphae in soil as the extension

of the roots, transporting nutrients from the soil to the plant. Regarding organic

nutrients, mycorrhiza has been shown to improve the utility of both N and P in plant

material, as its wide distribution makes more frequent contact with sites where

organic matter is mineralized. This scavenging of the soil is the main mechanism

for plant supply of P and some other plant nutrients in agroecosystems where these

are not a soluble salts (Joner 1996).

It is widely acknowledged that AM technology can improve soil and crop

productivity by allowing farmers to produce their inputs of chemical fertilizers

and/or by enhancing plant survival, thus offsetting ecological and environmental

concerns. Mycorrhizal fungi have particular value for legumes because of their

need for an adequate phosphorus supply, not only for optimum growth but also for

nodulation and nitrogen fixation (Azcon-Aguilar et al. 1979; Hayman 1986).

Both improved nitrogen fixation in legumes by Rhizobium and increased uptake

of phosphorus from AM fungal associations can indirectly reduce the chemical

fertilizer requirement and the problems related to water and air pollution by

chemicals as residuals to the soil-root zone. The reduction of fertilizer requirements

by using efficient isolates of Rhizobium and AM fungi with different leguminous

agricultural crops grown in Bangladesh is of great value (Mridha and Xu 2001).

Some of the agronomically important trees, which have AM fungi association

include citrus, tea, coffee, rubber and oil-palm where these plants are grown in

nurseries, AMF inoculation may greatly facilitate establishment and early growth

after transplanting to the field site. Nursery production of ornamental seedlings and

cuttings by treating the rooting and growing media with appropriate inocula is

another important area where AM can be used.

21.6 Does Organic Farming Favour AM Fungi?

Recent studies have indicated that one important contributor to plant productivity in

low input systems, Mycorrhiza (AMF) have very low inoculums in conventional

management systems (Mader et al. 2000). In organic farming, a package of actions

is applied such as the use of crop rotation, inter and intra cropping and manuring.

The soil fertility was enhanced by organic farming and the healthy crops were

produced more efficiently with respect to energy and nutrient use. It was found that

organically managed soil had greater AMF spore numbers and root colonization
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potential and therefore higher AMF inoculum potential, than conventionally man-

aged soil (Galvez et al. 2001; Oehl et al. 2003; Ozaki et al. 2004; Shrestha-Vaidya

et al. 2008; Khanday et al. 2016), although, low input practices used in such

management system do not always allow the level of biodiversity to increase,

even after a long time (Franke-Snyder et al. 2001; Bedini et al. 2008). In a number

of studies, organic management has been shown to stimulate AM fungi communi-

ties, with the effect attributed to reduced soil P under organic management (Ryan

et al. 1994; Mader et al. 2000). This suggests that other practices such as the use of

fertility building crops, a greater variety of cash crops, non-chemical weed control

and non-use of fungicides may be important; all these factors are known to

influence AMF populations (Kurle and Pfleger 1994). The relative difference in

AMF spore numbers between organic and conventionally managed fields increased

with time since conversion. Gryndler et al. (2009) studied that the mycelia of AM

fungi are influenced by organic matter decomposition both via compounds released

during the decomposition process and also by secondary metabolites produced by

micro-organisms involved in organic matter (pure cellulose and alfalfa shoot and

root material) decomposition.

21.7 Status Quo and Future Prospects of Mycorrhizal

Application

Available summary of publications devoted to the agricultural and environmental

benefits of mycorrhiza show their utility in the number cereal crops, fruits and

vegetable production. Wheat, barley and paddy amongst cereals have been inves-

tigated with reference to effect of AM mycorrhiza on growth, productivity and

nutrient uptake.

Attempts have been made to explore the possibility of employing AM technol-

ogy in improving the production of vegetables, including potato, brinjal, tomato,

lady’s finger, lettuce, onion, pepper, cucumber, beans, tomato, muskmelon, water-

melon, etc. Various fruit crops including citrus, papaya, orange, mulberry, apple

and banana have been investigated for their response to inoculation of AM.

Arbuscular mycorrhizal symbiosis must be considered an essential factor for

promoting plant health and productivity. Careful selection of compatible host/

fungus/substrate combinations, would allow more appropriate management of

mycorrhizae in poor soils would allow substantial reduction in the amount of

minerals used without losses in productivity, while at the same time permitting a

more sustainable production management.

Production of inoculum is expensive due to overhead and labor costs. During

research work inoculum is prepared in an amount enough to treat a small research

plot. Under field conditions application requires more inoculum than can be pro-

duced in pots. However, commercial inoculum production of AM fungi is under the

process of improvement for the past decade, although the future prospect of the
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business is still uncertain. With heightened interest in application of mycorrhizal

fungi, due to their potential significance in not only sustainable crop production, but

also in environmental conservation, it is likely that large scale production of

inoculum would begin in the near future. Also, with the a basic understanding of

the biology of AM fungi and refinement of application techniques for inoculum, the

future of crop improvement and environmental conservation using mycorrhizal

technology shows promise (Abbasi et al. 2015). Environmental stresses are becom-

ing a major problem and productivity is declining at an unprecedented rate. Our

dependence on chemical fertilisers and pesticides has encouraged the thriving of

industries that are producing life-threatening chemicals and which are not only

hazardous for human consumption but can also disturb the ecological balance.

Biofertilizers can help solve the problem of feeding an increasing global population

at a time when agriculture is facing various environmental stresses. It is important

to realize the useful aspects of biofertilizers and implement its application to

modern agricultural practices. The new technology developed using the powerful

tool of molecular biotechnology can enhance the biological pathways of production

of phytohormones. If identified and transferred to the useful PGPRs, these technol-

ogies can help provide relief from environmental stresses. However, the lack of

awareness regarding improved protocols of biofertiliser applications to the field is

one of the few reasons why many useful PGPRs are still beyond the knowledge of

ecologists and agriculturists. Nevertheless, the recent progresses in technologies

related to microbial science, plant–pathogen interactions and genomics will help to

optimize the required protocols. The success of the science related to biofertilizers

depends on inventions of innovative strategies related to the functions of PGPRs

and their proper application to the field of agriculture. The major challenge in this

area of research lies in the fact that along with the identification of various strains of

PGPRs and its properties it is essential to dissect the actual mechanism of func-

tioning of PGPRs for their efficacy toward exploitation in sustainable agriculture

(Bhardwaj et al. 2014).

21.7.1 Improved Plant Nutrition

21.7.1.1 Phosphorus

Phosphorus is one of the most important nutrients for plant growth. Phosphorus is

one of the least available and mobile plant nutrients in the soil (Takahashi and

Anwar 2007). Many soils have high reserves of total phosphorus however only

0.1% of it is available to plants (Zou et al. 1992). At present 5, 49.3, 48.8 and 1.9%

of Indian soils fall under adequate, low, medium and high categories of available

phosphorus status respectively. The soils of Kashmir fall under low category of

available phosphorus (Pattanayak et al. 2009). Inorganic fraction is an important

form of phosphorus in soils. It is generally categorized into insoluble and readily

soluble categories. The insoluble fraction is neither available to growing plants nor
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to microorganisms and constitutes 94–99% of the total soil phosphorus. This

fraction is mostly attached to Fe and Al in acid soils and to calcium in slightly

acidic to alkaline soils. Inorganic phosphates when applied to soil get transformed

to various reaction products mainly remaining in sparingly soluble orthophosphates

of Al, Fe and Ca. Therefore costly phosphatic fertilizers have to be applied to the

agricultural fields to maximize production. However, the soluble phosphorus in

these fertilizers is easily and rapidly precipitated to insoluble forms with cation

such as Ca2+, Fe3+, Al3+ or Zn2+ or adsorbed to calcium carbonate, aluminum oxide,

iron oxide and aluminum silicate so the apparent recovery of applied phosphorus in

soils is very less i.e. 15–20%. This transformation decreases the efficiency with

which soluble phosphorus can be taken up by the plants and decreases the effec-

tiveness of the fertilizer resulting in the application of increasing amounts of

phosphatic fertilizers to the agricultural fields. This unmanaged use of phosphatic

fertilizers has increased agricultural costs and instigated a variety of environmental

and health hazards as these contain potentially toxic heavy metals (Pb, Cd, As etc).

Their excessive use has rendered the fertile soils sick by disturbing the soil

microbial biodiversity. Therefore the use of AM in organic agriculture for enhanc-

ing host plant phosphorus nutrition is economically and environmentally promising

strategy. There are four general assumptions associated with the improved host

plant phosphorus nutrition.

• The external mycelium of mycorrhizal fungus can take up P in the form of

trehelose phosphate more effectively than roots at low concentrations.

• The external mycelium can proliferate for beyond the rhizosphere and increases

the soil volume which is exploited for phosphorus uptake. The hyphal transport

of phosphorus has been estimated to be 20–90% and likely to fulfill the entire

requirement of fertilizer phosphorus.

• Rapid absorption of soluble form of phosphorus by the external hyphae leads to a

shift in equilibrium towards the release of bound phosphorus from soil reserves

(Smith and Read 1997).

• Mycorrhizal roots of onion increased the acid phosphatase activity by 20–30

times in comparison to non-mycorrhizal roots that catalyze the hydrolysis of

complex insoluble phosphorus compounds in the soil and increase the soluble

form of phosphorus.

These mechanisms aid in the uptake of phosphorus by the host plants and help in

reducing the dependence on inorganic phosphatic fertilizers. Thus mycorrhiza plays

a pivotal role in the solubilization, mobilization and uptake of phosphorus and can

be exploited in organic farming up to the fullest possible extent.

21.7.1.2 Nitrogen

Nitrogen has the distinction among all the essential nutrients of being called as

“Kingpin” nutrient. Its use is indispensible in low as well as conventional produc-

tion systems. The available nitrogen status in agricultural soils is subjected to
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various losses through the processes like leaching and volatilization. Under such

conditions mycorrhizal fungi play a significant role in improving nitrogen nutrition

of plants through acquisition and assimilation mechanisms.

• The external fungal mycelium plays an important role in direct nitrogen acqui-

sition and transport to the root cells thereby contributing to plant nutrition.

Studies by Fray and Schuepp (1993) have revealed that the extraradical myce-

lium in mycorrhizal fungi can derive 15N from the soil. Subramanian and

Charest (1999) in a box compartmental experiment have shown that the amount

of nitrate (NO3
�) ions being transported by the external hyphae was about

30–35% under water deficient conditions.

• Mycorrhizal colonization of roots has increased the activities of nitrogen assim-

ilatory enzymes such as nitrogen reductase (NR), glutamine synthetase (GS),

and glutamate synthase (GOGAT) in drought stressed maize roots (Subramanian

and Charest 1998, 1999).

• Under soil conditions where less mobile ammonium ions are dominant the role

of mycorrhizal symbiotic association becomes more important.

• Mycorrhizal fungi enters in tripartiate association (Soybean-Rhizobium-Glomus)
thereby aids in transfer of nitrogen fixed by Rhizobium to the non-leguminous

neighboring plants.

These evidences suggest that mycorrhizal fungi can successfully be exploited for

improvement in nitrogen nutrition of crop plants under organic farming.

21.7.1.3 Micronutrient Nutrition

The external hyphae explores the soil beyond the root hair zone and thereby

increasing plant growth by enhancing uptake of diffusion limited nutrients. Mycor-

rhizal hyphae develop intensively inside the roots and with in the soil forming

extensive extraradical which help the plant in exploiting mineral nutrients and

water from the soil. In plants particularly those with week/restricted root system,

hyphal connections act as a bridge between roots and nutrient sites in soil and

facilitate efficient uptake of immobile nutrients by host plant. Depending up on

the host plant, colonization by mycorrhizal fungi can increase nutrition of

micronutrients especially Zn in addition to Cu, Mn and Fe (Rupam et al. 2008;

Khanday et al. 2016). Among the essential nutrients required by crops, zinc is

considered the most critical micronutrient causing yield reduction to the tune of

10–50% depending on the severity and stage of occurrence. The magnitude of Zn

deficiency is high in almost every type of soil and the major portion of added Zn gets

fixed. Further, imbalanced use of fertilizers and non-addition of organic manures are

believed to be aggravating the situation. In some cases, zinc deficiency in soil

reduces grain yield up to 80% along with reduction in grain Zn content and other

nutritional qualities. High dependence on cereal based diets with low levels of Zn

brings out malnutrition of human beings and globally, over two billion people are

affected by Zn deficiency. Improving food grain production with nutritionally rich
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grain quality is the need of the hour to sustain grain production and to ensure

nutritional security. Despite the fact that importance of Zn nutrition is well known,

it is very difficult to ameliorate Zn deficiency in crops due to the extremely low use

efficiency of zinc (<1%) by crops and the remaining 99% get fixed in the soil.

Indeed, majority of arable lands have high total Zn but the bioavailability is too low,

suggesting that there is a need to adopt strategies to transform the unavailable form

to available form of Zn. One of the biological means to mitigate Zn deficiency is by

exploiting naturally occurring mycorrhizal symbiosis. Arbuscular mycorrhizal

(AM) fungi immobile micronutrients such as Zn and Cu.

• Mycorrhizal fungi lower the pH around the rhizosphere that helps in release of

Zn from the fixed pool

• The external mycelium of mycorrhizal fungi is very explorative and transport Zn

far from the root zone to the tune of 40% contributing for the host plant nutrition.

• Rhizosphere of mycorrhizal roots are biochemically active in term of soil

enzymes and release a specific glomalin protein that serves as adsorptive site

for Zn which in turn is made available to the host plant.

• Interestingly, mycorrhizal fungi are able to extract Zn from tightly bound

residual form of Zn and contribute for the organic bound and water soluble

forms of Zn. As the result of these mechanisms and processes, mycorrhizal

plants are more efficient in utilizing the Zn from the soil and help the plants to

produce higher grain yield by 10–15%. Thus mycorrhizal inoculation is one of

the potential strategies to improve Zn use efficiency by crops besides enhancing

the yield and quality of grains.

21.7.1.4 Plant Protection

Mycorrhizal fungi have been well documented as biocontrol agents and the general

conclusion is that they can reduce or even suppress damage caused by soil borne

pathogen (Khanday et al. 2016). AMF colonized plants have shown a significant

degree of bioprotection against various pathogens like Fusarium, Pythopthora,
Aphanomyces, Verticillium (Elsen et al. 2001; Azcon and Barea 1996) and nema-

todes causing respectively root rot, lesions, wilt and galls (Guillemin et al. 1994).

Several genes and corresponding protein products involved in plant defense

responses have been extensively studied in AMF symbiosis and have been shown

to be spatially and temporally expressed (Harrier and Watson 2004). These include

callose deposition, phytoalexins, β-1-3 glucanases, chitinases and PR pathogenesis

related proteins (Guillon et al. 2002). Cordire et al. (1996) showed that

pre-inoculation of tomato with an AM fungus subsequently challenged by

Pythopthora parasitica resulted in less root damage. In that study the authors

used immunogold labelling technique to show that the number of hyphae of the

pathogen was greatly reduced in mycorrhizal roots and mycorrhizal root tissues

infected by the pathogen. The AMF was able to confer bioprotection against

Phytophthora parasitica via localized and induced systemic resistance in mycor-

rhizal and non mycorrhizal roots respectively.
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21.7.1.5 Alleviation of Environmental Stresses

Mycorrhization with arbuscular mycorrhizae enable plants to tolerate a wide

range of environmental stresses such as drought, toxic metals, saline soil, root

pathogens, high soil temperature and adverse pH (Caldwell and Virginia 1989). A

well developed mycorrhizal symbiosis may enhance the survival of plants in

polluted areas by improving water relations, better nutrient acquisition, patho-

genic resistance, amelioration of soil structure, phytohormone production and

contribution to soil aggregation thus improving the success of all kinds of

bioremedation such as decreased caesium uptake by AMF treated plants and

can be used effectively in the establishment of plant cover on radionucleide

contaminated soils, thereby reducing environmental risks. Mycorrhization can

also be used for attenuation of deleterious soil conditions. They also have the

potential to monitor site toxicity or the efficiency of restoration techniques

(Weissenhorn et al. 1993). Therefore mycorrhizal fungi enable plants to cope

with abiotic stresses by alleviating mineral deficiencies, overcoming the detri-

mental effects of salinity, improving drought tolerance, enhancing tolerance to

pollution and improving the adaptation of sterile micropropagated plantlets to

cope up with sudden stress situations arising as a result of change in environ-

mental conditions encountered as a result of their shift from in vitro to in vivo

conditions (Barea et al. 1993). Mycorrhizae protects the plants from adverse

impact of heavy metals by following mechanisms:

Biosorption by Mycorrhizal Fungi
• Adsorption: Fungal wall (chitin) binds the metals.

• Complexation: Organic acids produced by mycorrhizae forms complex with

heavy metals.

• Precipitation: Formation of intra cellular heavy metal phosphates.

Detoxification Mechanism
• Avoidance: Some times mycorrhizal mycellium avoids the absorption of

metal ions.

• Solubilization: Dilution of metals.

Arbuscular Mycorrhizal Inoculation
Optimum spore count : 60–100 spores/100 g soil

Rate of Inoculation
Vegetables : 100 g/m2 nursery

Fruit trees and apple : 100–200 g/tree

Other crops : 10% of seed rate

400 M.N. Sofi et al.



21.8 Methods of Inoculum Production

The thresh hold point related to the use of AM fungi as plant growth promoters is

the development of suitable techniques for the production of large quantities of pure

pathogen free inoculum with high infectivity potential. Some of the commonly used

methods for mass production of AM spores are listed below:

21.8.1 Soil Based Inocula

21.8.1.1 Pot Culture

It is the most widely used standard and conventional method of maintaining AM

fungal cultures around the world. In this method AMF spores are inoculated to the

roots of a trap plant raised on sterilized soil. Though the usual substrate used in pot

culture is sterilized sand-soil mixture, sometimes inorganic inert material like peat,

perlite and vermiculite can be also used as substrate (Abdul Khaliq et al. 2001). The

trap plants commonly used for pot culture are Sorghum halepense, Paspalum
notatum, Panicum maxicum, Cenchrus ciliaris, Zea mays, Trifolium subterraneum
and Allium cepa (Chellapan et al. 2001). The inoculum so produced, consists of a

mixture of soil, spores, hyphal segments and infected root pieces and generally

takes around 3–4 months.

21.8.1.2 Inoculum Rich Soil Pellets

A technique of AMF inoculum production, in which soil pellets are enriched with

the AMF inoculum was introduced by Hall and Kelson (1981). The pellets had an

average dry weight of 1.55 g and measured 12 � 12 � 6 mm. These dry pellets can

be glued with seeds by gum Arabic and can easily be broadcasted like other

fertilizers and spread during seed sowing or transplantation.

21.8.2 Soil Free Inocula

21.8.2.1 Aeroponic Culture

Apart from soil based pot cultures being the most widely used method for AMF

inoculum production. Now a days, for physiological, genetic studies for in vitro

mycorrhization, the focus is shifting towards alternative soil less cultures for mass

production of clean and pure AMF propagules (Mohammad et al. 2000). In

aeroponic cultures, pure and viable spores of a selected fungus are used to inoculate

the cultured plants, which are later transferred in to a controlled aeroponic chamber
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(Singh and Tilak 2001) where the nutrient solution is provided in the form of a mist.

Lack of physical substrate ensures extensive root growth, colonization and sporu-

lation of the fungus and makes it an ideal system for obtaining sufficient amounts of

clean AMF propagules (Abdul Khaliq et al. 2001).

21.8.2.2 Root Organ Culture

The main obstacle in the study of AMF and AMF symbiosis are the obligate

biotrophic and hypogeal nature of the endophyte. Several attempts have been

made in the past to overcome these hurdles through the use of in vitro root organ

culture, because of its potential for research and inoculum production.

Agrobacterium rhizogenes is a Gram negative soil inhabiting bacteria, which pro-

duces a condition called “hairy roots” as a result of the modified hormonal balance

of the tissues that makes them vigorous and allows it to grow rapidly on artificial

media (Abdul Khaliq et al. 2001). Once the hairy roots are ready, spores are

collected either from field or from pot cultures by wet sieving and decanting method

(Gerdemenn and Nicolson 1963). Generally two types of fungal inoculum are used

for initiating monoxenic cultures; extraradical spores or mycorrhizal root fragments

and isolated vesicles of the fungus. In addition to the spores and root fragments,

sporocarps of Glomus mosseae have also been used by Budi et al. (1999) to

establish in vitro cultures. After isolating the fungus from the soil, spores are

surface sterilized using a suitable surfactant solution. Generally between 20 and S

solution containing a strong oxidizing agent chloramine T are used for sterilization

of AMF spores (Fortin et al. 2002). Then the spores are subsequently rinsed

thoroughly in streptomycin-gentamycin antibiotic solution (Becard and Piche

1992). All steps starting from spore isolation to rinsing should be done on ice, to

maintain spore dormancy. The rinsed spores should be stored at 4 �C in distilled

water or water agar or on 0.1% MgSO4�7H2O solidified with gelatin gum, if not

used immediately (Fortin et al. 2002).

The final step in raising a successful in vitro culture is the selection of the

appropriate culture medium for dual cultivation of the partners, the host root and the

AMF. The nutrient media should be carefully selected to allow the growth of the

host as well as the fungus during the dual culture establishment. Since the root

needs rich nutrient medium for its growth and the AMF require normally a

relatively poor nutrient medium (Abdul Khaliq et al. 2001). Generally, Murashige

and Skoog’s (1962) and White’s medium are used for establishing the dual culture

of the host root and the AMF symbionts.

21.8.2.3 Nutrient Film Technique

The NFT is another technique of soil less inoculum production, pioneered by

Cooper (1975). In NFT, the plant roots are provided with a shallow layer of rapidly

flowing nutrient solution. As a result of it, root mats are formed and the upper layer
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above the liquid retains a film of moisture around them. The pre inoculated

seedlings are planted in to the NFT unit. The inoculum produced by this method

is ideal for the production of easily harvestable solid mats of roots with more

concentrated and less bulky form of inoculum than that produced by plants grown

in soil based or other solid media (Abdul Khaliq et al. 2001).

21.8.2.4 Polymer Based Inoculum

Encapsulation or entrapment of AMF in polymer materials is frequently used as a

powerful means of immobilization. It includes the encasement of AMF spores,

vesicles or mycorrhizal roots within a porous structure formed ‘in situ’ around the

biological material. In polymer based inoculum preparation, the AMF are generally

mixed with a compound which is then gelled to form a porous matrix under

conditions sufficiently mild, so as not to affect the viability of biological material.

Around 1350 combinations of natural, semi synthetic and synthetic polymers exist

for entrapment of AMF (Vassilev et al. 2005). But the majority of techniques

involving ‘in situ’ entrapment make use of natural polysaccharide gels including

kappa-carrageeman, agar and alginates. Calcium alginate is the most widely used

carrier of choice for encapsulation of AMF. In some cases spores of AMF can be

introduced directly in synthetic seeds, which can germinate under suitable condi-

tions and can become complete plantlets.

21.9 Techniques to Observe AM Fungi

Most observations of mycorrhizae are based on the use of Trypan blue (0.05%) to

stain fungi in host roots (Phillips and Hayman 1970). In this technique the mycor-

rhizal roots are treated in hot 10% KOH that first removes the host cytoplasm and

then the nuclei. After the roots are neutralized in a weak acid wash, they are stained

in Trypan blue. The stain penetrates deeply and usually stains the hyphae but does

not deeply stain the plant tissue. This technique generally is satisfactory for

agronomic crops and many other species.

Kormanik et al. (1980) described an Acid Fuschin technique in which clearing

and staining of many plant root samples for observation can be accomplished. This

technique produces more satisfactory results in plants with heavy pigmented roots.

Brundrett et al. (1984) developed another technique in which chlorazol black E

allowed the detection of the developmental stages of AM fungi in the host roots

with more clarity than other techniques. There are problems with all these tech-

niques. All the techniques are destructive to the sample and involve time-

consuming procedures. Different taxa are stained with different intensities in the

same roots. Many species of Gigaspora and Scutellospora stain intensely with

Trypan blue, regardless of the host species (Morton 1988). Acaulospora trappei
exhibits intermediate staining in Trypan blue (Abbott 1982). Glomus dimorphism,
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G. fecundisporum, G. leptoticum, G. maculosum, G. occultum, G. tortuosum,
Acaulospora myriocarpa, and Entrophospora schenckii are not stained or are

weakly stained in Trypan blue (Morton 1985). The variation in staining may

leave regions unstained and cause inaccurate estimations of fungal colonization

of a root. Ames et al. (1982) developed a nondestructive approach to estimate

fungal metabolic activities in structures within and outside the host roots. This

technique depends on using fluorescein diacetate (FDA) as a non-polar molecule

that is taken up by the fungus. If the proper enzymes are present, FDA is hydro-

lyzed, and fluoresce accumulates in the cell. When excited with ultraviolet

(UV) light (450–490 nm), becomes fluorescent and emits at 520–560 nm. The

problem with this technique is that much of the hyphae, vesicles, and intra radical

spores are not visible. A further problem is that suberized or lignified root tissue

may occlude the fungal structures and auto fluorescence.

It can be concluded here that AM fungi can be used quite successfully as a

nutrient input under low input agriculture production system.

21.10 Benefits

21.10.1 Soil Structure

Arbuscular mycorrhizae are important factors of soil quality through their effects

on host plant physiology, soil ecological interactions and their contributions to

maintaining soil structure (Rillig 2004). Mycorrhizal filaments produce humic

compounds and organic glues (extracellular polysaccharides) that bind soil into

aggregates and improves soil porosity. Soil porosity and soil structure positively

influence the growth of plants by promoting aeration, water movements into soil,

root growth and distribution. In sandy or compacted soils, the ability of mycorrhizal

fungi to promote soil structure may be more important than the seeking out of

nutrients.

21.10.2 Plant Growth Hormones

Certain AMF spores or seeds of the fungus have been selected for their establish-

ment and growth-enhancing abilities. Mycorrhizal inoculants can be sprinkled onto

roots during transplanting, worked into sed beds, blended into potting soil, watered

in via existing irrigation systems, applied as a root dip gel or probed into the root

zone of existing plants. AM fungi also increase the production of plant growth

hormones such as cytokinins and gibberellins.
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21.10.3 Plant Roots

AM fungi increase overall absorption capacity of roots due to morphological and

physiological changes in the plant. There is increased absorption surface area,

greater longevity of absorbing roots, better utilization of low-availability nutrients

and better retention/storage of nutrients, thus reducing reaction with soil colloids or

leaching losses. Nodulation and atmospheric nitrogen fixation capacity in legumes

were also increased by AM fungi.

21.10.4 Crop Yield

Mycorrhizal fungi improve crop yields (Siddiqui andMahmood 2001), especially in

infertile soil (Hayman 1982). Many crops are grown in acid soil, where their

establishment is frequently limited by low availability of phosphorus. In this case,

appropriate mycorrhizal fungi can greatly improve crop yields by increasing the

phosphorus uptake by plants (Howeler et al. 1987). When the availability in soil is

low, non-mycorrhizal root systems may be unable to absorb P effectively and the

plants become P deficient and grow poorly. AM colonization and P uptake lead to

relief of this nutrient stress and, in consequence, plant growth is increased. This is the

well-known mycorrhizal growth response (the big and little plant effect) which has

been demonstrated for an enormous number of species mainly in pot experiments.

21.10.5 Nutrient Uptake

It is now established that the fungal partner can make a considerable contribution to

nutrient uptake. AM fungi can mediate inter-plant transfer of phosphorus (Francis

et al. 1986; Newman and Ritz 1986), carbon (Newman 1988; Read et al. 1985) and

nitrogen (Read et al. 1985; Kessel et al. 1985; Haystead et al. 1988; Barea et al.

1988; McNeil and Wood 1990). The largest effect of AM formation is on P

nutrition. In addition to phosphorus uptake, AM fungi can also enhance the uptake

of relatively immobile micro nutrients, particularly zinc and copper (Killham and

Firestone 1983; Lambert et al. 1979; Gnekow and Marschner 1989; Gildon and

Tinker 1983;Pacovsky 1986).

21.10.6 Disease and Pathogen

AM fungi are recognized as high potential agents in plant protection and pest

management (Quarles 1999; Sharma and Dohroo 1996; St-Arnaud et al. 1995).
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Mycorrhizal roots have a mantle that acts as a physical barrier against the invasion

of root diseases AMF secretes antibiotics that competes or antagonizes pathogens,

thus aiding in disease suppression. AM fungi can decrease the severity of diseases

caused by root pathogenic fungi, bacteria and nematodes (Jalali and Chand 1988;

Siddiqui and Mahmood 1995a, b; Bhat and Mahmood 2000; Shafi et al. 2002). In

several cases direct biocontrol potential has been demonstrated, especially for plant

diseases caused by Phytophthora, Rhizoctonia and Fusarium pathogens (Siddiqui

and Mahmood 1996; Abdelaziz et al. 1996; St-Arnaud et al. 1997; Siddiqui et al.

1998; Dalpe and Monreal 2004).

21.10.7 Weed Control

Mycorrhizal fungi can contribute to weed control also. They suppress the compet-

itive ability of weeds relative to sunflower (Van der Heijden et al. 2008). AM fungi

have the potential to be a much more environmentally sound method of Poa annua
(weed of temperate zone golf) control in sports turf than the currently used

chemicals (Gange et al. 1999). Btehlenfalvay et al. (1996) studied that mycorrhizal

fungi enhance weed control and crop growth in a soybean-cocklebur association

treated with herbicide bentazon.

21.10.8 Land Rehabilitation

The effective role of AM fungi in land rehabilitation has been well documented

(Allen and Allen 1988; Sylvia and Will 1988; White et al. 1989). The AM fungi, by

maintaining the uptake of slowly diffusing nutrients under water stress conditions,

can help plants resist drought stress (Azcon et al. 1988). AM fungi can help plants

become established in saline soils (Hirrel and Gerdemann 1980; Pond et al. 1984)

and in nutrient deficient soil or degraded (eroded) habitats, in coal wastes, eroded

desert and disturbed soils (Hall and Armstrong 1979; Khan 1981). Mycorrhizal

fungi appear to have beneficial effects on soil aggregation and may be an important

means of controlling soil erosion. Extramatrical mycelia of AM fungi have been

reported to bind soil grains in sandy soils and dunes and many sand dune plants are

known to be mycorrhizal.

21.11 Conclusion

Biofertilizer help in increasing crop productivity by way of increased biological

nitrogen fixation, increased availability or uptake of nutrients through solubilization

or increased absorption stimulation of plant growth through hormonal action or

406 M.N. Sofi et al.



antibiosis, or by decomposition of organic residues. Furthermore, biofertilizer as to

replace part of the use of chemical fertilizers reduces amount and cost of chemical

fertilizers and thus prevents the environment pollution from extensive application

of chemical fertilizers. With using the biological and organic fertilizers, a low input

system can be carried out, and it can be helped achieving sustainability of farms.

Worldwide, considerable progress has been achieved in the area of mycorrhizal

technology. Mycorrhizal fungi are one of the more important groups of soil

organisms and play a critical role in nutrient cycling, mediating plant stress and

protection against pathogens. They are also cornerstones in the ability of plants to

survive transplant shock. Plants have co-evolved mutualistic relationships with

symbiotic mycorrhizal fungi such that their survival and fitness depends upon the

healthy functioning of these fungi and vice-versa. The evidence suggests that the

organic farming system leads to increase the inoculum levels of AMF with greater

crop colonization that resulted in enhanced nutrient uptake and therefore mycor-

rhiza may be used as a substitute to reduced fertilizers.

It has been demonstrated and proved that mycorrhizae have great potential for

field application to improve productivity of cereal, fruit and vegetable crops and

suppress nematode and fungal infestations. The public demand to reduce environ-

mental problems associated with excessive pesticide usage has prompted research

on reduction or elimination of pesticides and increasing consumer demands for

organic or sustainably-produced food requires the incorporation of microorgan-

isms, such as arbuscular mycorrhizal (AM) fungi. There is also an urgent need to

strengthen further the regional collaboration so that benefits of technology advance-

ments could reach those presently left behind.
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Chapter 22

RETRACTED CHAPTER: Arbuscular

Mycorrhizal Fungi: A Potential Tool

for Restoration of Degraded Land

Razia Shuab, Rafiq Lone, Javaid Ahmad, and Zafar A. Reshi

Abstract Arbuscular mycorrhizal fungi (AMF) have mutualistic relationships with

most of the terrestrial plant species. AMF symbiosis is well known in helping the

land plants to adapt to different biotic and abiotic conditions for better survival,

growth and development. These symbionts offer an ecofriendly sound biological

alternative to chemical fertilizers and pesticides, and hence maintaining plant

quality and productivity in agriculture, horticulture and forestry. Thus, agricultur-

alists and soil scientists must pay proper attention to utilization of AMF to enhance,

restore or maintain soil fertility and plant growth. Worldwide experiences reveal

that restoration and restitution projects of degraded lands achieve little success or

even fail. It is in this perspective that studies have shown that AMF can play a key

role in the restoration of degraded ecosystems through beneficial impacts on plant

growth and soil quality. Here we review the current knowledge and understanding

about the role of AMF in improvement of soil characteristics, above- and below-

ground biodiversity, seedling survival, growth and establishment particularly under

stressful conditions. Developing widely accepted cost effective methods of inocula

production and in situAMFmanagement for effective restoration of degraded lands

shall remain the major research focus in view widespread degradation of habitats

due to various anthropogenic activities.
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22.1 Introduction

Arbuscular mycorrhiza fungi is regarded as the most ancient and widespread type of

mycorrhiza (Smith and Read 2008). It is the mutualistic symbiosis between soil

borne fungi with the roots of higher plants (Sieverding 1991) and the term mycor-

rhiza was coined by German forest pathologist Frank in (1885) and is derived from

the combination of two words one Greek mykes (mushroom/fungus) and other Latin

rhiza (roots), literally meaning fungus-root (Allen 1991). Mycorrhizal associations

involve three-way interactions between host plants, mutualistic fungi and soil

factors and now many bacterial strains have been reported to be able to promote

either arbuscular or ectomycorrhizal symbiosis (Garbaye 1994; Barea et al. 2002a,

b, c; Johansson et al. 2004; Artursson et al. 2006; Duponnois 2006; Frey-Klett et al.

2007; Rigamonte et al. 2010). Mycorrhiza is considered as fundamental part of the

plant as 95% of all the plant families are predominantly mycorrhizal (Remy et al.

1994). Except for some angiospermic families viz., Brassicaceae, Zygophyllaceae

(Verma 1998) Proteaceae (Nicolson 1967; Brundrett et al. 1996), Cactaceae,

Chenopodiaceae, Cyperaceae, Amaranthaceae and Juncaceae (Hirrel et al. 1978),

Dipterocaceae, Betulaceae, Myrtaceae, Fagaceae (Nicolson 1967), all others show

mycorrhizal association. The mycorrhizal symbiosis is a keystone to the produc-

tivity and diversity of plants and it is rare to find a situation where AMF do not have

a significant ecological importance. The perturbation or loss of this relationship can

have serious consequences in terms of plant health and productivity. Available

fossil and molecular evidences support the concept that this symbiosis is of ancient

origin and dates back to 450 million years, implying a very long period of

co-evolution of plants and fungi (Remy et al. 1994).

Most of the research efforts are concerned with mycorrhiza as a mutualistic

association between the underground root of the host and soil fungi. However, there

are some reports that besides roots, these fungi can also associate mutualistically

with underground stem modifications like rhizomes, and other associated struc-

tures. Taber and Trappe (1982) reported for the first time, the presence of AMF in

the vascular system of rhizomatous tissue and the scale like leaves of Zingiber
officinale L. Later Nazim (1990) reviewed the presence of AMF associated with the

portions other than roots in twenty one angiosperms and some non-angiosperm

species. Incidence of AMF colonization has been reported in scale leaves and leaf

bases of Curcuma longa L. (Sampath and Sullia 1992), corms of Amorphophallus
commutatus Engler (Rodrigues 1995) and tubers of Pueraria tuberosa (Rodrigues

1996). Arbuscular mycorrhizal fungi have been documented in tubers of Colocasia
esculenta (Bhat and Kaveriappa 1997), garlic bulbs (Kunwar et al. 1999) tubers of

Gloriosa superba L. (Khade and Rodrigues 2003) and scales of Crocus sativus
(Lone et al. 2016).

Present review emphasizes the mycorrhizal symbiosis as a keystone to plant

productivity and diversity because of their influence on almost all metabolic

processes of plants. AMF symbiosis hence have remarkable role in sustainable

growth and development of plants.

416 R. Shuab et al.

RETRACTED C
HAPTER



22.2 Arbuscular Mycorrhizal Fungi (AMF)

The molecular phylogeny and fossil evidences suggest that arbuscular mycorrhizal

fungi are widespread in ecosystems and very ancient in origin (Simon et al. 1993;

Remy et al. 1994; Redecker 2000). The fossil records of AMF symbiosis dates back

to the Ordovician age, 460 million years ago (Redecker 2000). These fossils

indicate that Glomeromycota like fungi may have played a critical role in facilitat-

ing the colonization of land by plants. The discovery of arbuscules in Aglaophyton

major, an early Devonian plant provides unequivocal evidence that mycorrhizae

were established more than 400 million years ago (Simon et al. 1993; Taylor et al.

1993; Remy et al. 1994). They are believed to have been instrumental in the

colonization of land by plants during that time (Remy et al. 1994; David-Schwart

et al. 2003). Recently reclassified as a part of monophyletic phylum of fungi—the

Glomeromycota (Schubler et al. 2001).

The co-evolution of plants and AMF seem to be the key factors in the evolution of

the first rootless plants to colonize the land (Pirozynski and Malloch 1975; Simon

et al. 1993; Schubler 2002). Arbuscular mycorrhizal fungi have been colonizing

many species of simple thalloid liverworts in metgerniales (Pellia and

Fossombrionia), calobryales (Hoplomitrium) as well as complex thalloid species in

the marchantials (Boullard 1988; Read et al. 2000; Carafa et al. 2003; Russell and

Bulman 2005). These AMF, thus in general have helped the land plants to acclimatize

the biotic and abiotic conditions for their better survival, growth and development.

Arbuscular Mycorrhizal (AM) fungi alleviates nutrient and drought resistance

there by stabilizing the soil and improve plant growth and development. The

Importance of AMF and their contributions towards the field of agriculture are

well-known. Usually, for the restoration and recovery of the degraded areas, first

step recommended is an evaluation of the mycorrhizal status of degraded land.

AMF strengthens both physically as well as chemically, the soil structure. Physi-

cally the soil particles are interlinked to each other and also to the host plant through

the hyphal network of the associated AMF. Chemically, a sticky substance called as

glomalin is produced by AM fungi that is important in soil aggregation Wright and

Upadhyaya (1998). Naturally glomalin produced by the fungi binds soil aggregates

together while still allowing the free movement of nutrients, water and soil fauna

within the soil (St. John 1998). Bashan et al. (2000) conducted experiments for

evaluating importance AMF inoculum for establishing of six species of cactus

under native mesquite (P. articulata) trees, and the results suggested that AM

fungal inoculum improves potential in these hot desert soils. However, it was also

concluded that the basic factor for the establishment of these three species is not the

AM fungal inoculum density alone but favorable edaphic factors probably play a

more crucial role.

Restoration ecology even before emerging as a separate discipline, the vital role

of AMF in ecological restoration was been well recognized (Janos 1980). However,

as of yet, there is no report available to confirm that AMF inoculation has grown to

be a biotechnological tool that is widely applicable in ecological restoration.
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The positive effects of AMF on associated plants’ drought resistance can

enhance plants’ salinity tolerance as well. Improved uptake of water in plants can

promote the dilution of salts within the plant cells (Larcher 1995). Resistance to

plant pathogens and herbivory gets promoted via AMF. Gianinazzi et al. (2010) has

described AMF as ‘health insurance’ for plants on considering its role in bio

protection. Having synergistic interaction of AMF with plant growth promoting

rhizobacteria (PGPR) is an underlying mechanism through which AMF increase

plants’ pathogen tolerance. A well-established role is performed by PGPR in plant

pathogen inhibition (Figueiredo et al. 2010). Explanation for the role of AMF in

herbivory inhibition may also be generated from the fat that AMF stimulates the

synthesis of secondary metabolites (Gianinazzi et al. 2010) in plants. Apart from

this, compensatory growth is the other reason through which AMF enhances the

tolerance of pant against herbivory. A microcosm investigation showed that AMF

associated plants despite having leaves fed by the grasshoppers, did not show any

reduction in the total above ground biomass indicating that even after herbivore

attack, mycorrhiza aided the plant to compensate its growth (Kula et al. 2005).

AMF helps in increasing the productivity, field survival, tree/shrub Seedlings

Growth and establishment on degraded lands. Lekberg and Koide (2005) carried

out a meta-analysis for determining the role played by AMF for the plant growth

and productivity and also the effects of three common AMF management methods;

short fallow, inoculation, and reduced soil disturbance were determined. The result

of the meta-analysis showed that AMF generally enhances growth and productivity

of a plant grown alone. Lin et al. 2015 conducted a recent meta-analysis concluded

that AMF inoculation in individual plants improves the growth and productivity.

Similar result was also reported by Birhane et al. (2014). Huante et al. (2012) also

from his experiment on six tree species showed that AMF inoculation has good

effect on the growth of seedlings growth and more significantly on slow growing

tree species. One of the important factor that affects the restoration process of

degraded areas is the tree survival and field establishment. So, AMF are vital, as

they can significantly improve the field survival and also the establishment of tree

seedlings. In this regard, Pouyu-Rojas and Siqueira (2000), Habte et al. (2001),

Kapulnik et al. (2010), Karthikeyan and Krishnakumar (2012), and Manaut et al.

(2015) have demonstrated the positive effect AMF. For the effect of the AMF on

seven tree species seedlings, Pouyu-Rojas and Siqueira (2000) investigated their

survival and establishment on degraded pot soils. They found out a significant

positive effect of AMF inoculation during transplanting or in the nursery on trees

survival and establishment. Later Habte et al. (2001) determined the effect of AMF

nursery inoculation has on field establishment of Acacia koa and accordingly, it was
found that AMF improved establishment of the transplanted tree seedlings and also

their growth by increasing seedlings phosphorus nutrition. The role of native AMF

inoculation was also demonstrated to have a significant positive effect on the field

survival and establishment of Cupressus atlantica Gaussen seedlings on a degraded
Moroccan field site (Ouahmane et al. 2006). Similarly, Kapulnik et al. (2010)

determined AMF nursery inoculation effect on seedlings field establishment and

growth of Olea europaea L. Meanwhile, they were able to observe that AMF
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inoculation improved seedlings field performance significantly and most impor-

tantly for the first 2.5 years from transplanting. They also observed that AMF effect

decreased with increasing seedlings age. Karthikeyan and Krishnakumar (2012)

also determined AMF effect on survival and establishment of Eucalyptus
tereticornis Sm. on pot soil of highly degraded origin (mine spoils). Meanwhile,

they were able to observe that AMF inoculation almost doubled seedling survival

and significantly increased establishment. Recently, Manaut et al. (2015) demon-

strated that native AMF consortia inoculation of Ceratonia siliqua L. seedlings

more than doubled seedlings survival and significantly improved seedling’s height
and collar diameter.

22.3 Arbuscular Mycorrhizal Fungi and Pedogenesis

Arbuscular mycorrhizal fungal hyphae play an important role in stabilization of soil

aggregates by increasing the soil nutrient uptake by plants (Miller and Jastrow

1990; Hodge 2000; Hodge et al. 2001; Wilson et al. 2009). The exudation of

extracellular polysaccharides and glomalin help in entangling soil particles within

the hyphae network (Treseder and Turner 2007; Rillig et al. 2014). Glomalin a

polysaccharide has ability to envisage carbon, which aides in formation of organic

matter, binding it to silt, sand and clay particles which is described as a major factor

in the formation of soil aggregates (Miller and Jastrow 1990; Bossuyt et al. 2001;

Sharma et al. 2017). The Arbuscular mycorrhizal fungi association is also reported

to provide, high soil temperature, soil reaction and transplant shock (Bagyaraj and

Varma 1995), rehabilitation of degraded land, reclamation and enrich soil fertility

(Charles et al. 2006).

Arbuscular mycorrhizal fungi in tropical regions play a crucial role for growth,

survival and development of plant species and influences plant secondary suc-

cession and community structure (Janos 1996). Their benefits may involve better

access to soil resources and enhancement of soil aggregation, stability and

protection against phytopathogens (Newsham et al. 1995; Rillig and Mummey

2006), influences plant biodiversity and sustainability of terrestrial ecosystems

(Van der Heijden et al. 1998). Ubiquitous presence of AMF and their taxonomic,

genetic and functional diversity are directly related to plant and soil processes and

therefore, there is an increasing interest in the assessment of the biodiversity and

functions of AMF communities (Bever et al. 1996; Oehl et al. 2003; Lovelock

and Ewell 2005).

Arbuscular mycorrhizal fungi, therefore, enhance plant nutrient uptake. These

also stabilize soil aggregates, prevent soil erosion, enhance soil nutrient value and

fertility which are prime facts for secondary succession and plant community

structure.
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22.4 Land Degradation

During recent years, most of the countries especially the rapidly developing nations

like China are facing severe environmental issues posed by different environmental

problems like land degradation and desertification (Jiang et al. 2006). Total

degraded land (2010–2011) in India is 120.40 m. ha (http://www.moef.nic.in)

Such issues ultimately bring changes in the regional environment and pose a

great threat to the livelihood of vast native population (Yoshino 2001).

From recent surveys, it is evident that vast areas of about 90% of these grass-

lands are degraded to several extents (Wu and Loucks 1992). Approximately one

third of present grassland areas in China are degraded. For this degradation,

numbers of causal factors have been attributed; among which overgrazing has

been the most important casual factor (Green 1989; Zhou et al. 2002; Christensen

et al. 2004; Zhou et al. 2005). Overgrazing by changing the primary production,

nutrient cycling, organic matter decomposition, degradation and also by altering

competitive relationships among plant species significantly affects the community

dynamics (McNaughton 1985; Fahnestock and Detling 1999). In soils, AMF

constitutes largest component (spores and mycelia) of the microbial biomass

(Miller et al. 1995). Arbuscular Mycorrhizal Fungi perform a vital ecological role

in the terrestrial ecosystem in deciding plant diversity along with specie composi-

tion (van der Heijden et al. 1998). Environmental factors like soil nutrient contents

and land use (Landis et al. 2004; Hijri et al. 2006) in addition to plant diversity

(Eom et al. 2001; B€orstler et al. 2006) have a huge impact on the AMF composition.

Hence several grassland management practices like mowing, restoration, fertiliza-

tion or grazing may affect the colonisation and diversity of AMF (Bethlenfalvay

et al. 1985; Eom et al. 2001; B€orstler et al. 2006).
Restoration is a well-defined strategy utilized for recompensing the degraded

land to its native state. Restoration practices like making increments in the soil

properties and enhancing vegetation cover may be encouraging methods for the

reclamation of the soil productivity together with sustainability (Cooke and John-

son 2002). Ecosystem functioning may get modified via land restoration, which

brings up, certain biological changes like alterations in the microbial biomass and

organic matter decomposition (Potthoff et al. 2006). With the help of microorgan-

isms, debarred lands can be restored to a larger extent for achieving a well stable,

pollution free, visual improvement and ultimately removal of threats to humans.

The basic act of soil disturbance, due to the destruction of mycorrhizal fungal

network in soil system and its reestablishment is a vital approach of habitat

restoration. By application of “biological tools” like mycorrhizal fungi inoculated

tree seedlings, shrubs, and grasses, a favourable revegetation of severely disturbed

mine lands can be achieved. In this regard, microbial inoculants can assist plants to

manage in inimical conditions, arbuscular mycorrhizal (AM) fungi have an amaz-

ing importance as they increase nutrient procurement by the plant as well as

resistance to both biotic and abiotic stress (Barea and Jeffries 1995; Barea et al.

2002a, b, c). In fact, AM fungi associations has been proposed as one of the
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mechanisms of heavy metal plant tolerance (Hildebrandt et al. 2007) and water

stress avoidance (Augé 2004; Ruiz-Lozano and Azcón 1995; Ruiz-Lozano et al.

1996). Generally poor soil structure, low organic matter, nutrient deficiency and

low water-holding capacity are the characteristics of these arid soils. Thus, mycor-

rhizal inoculation alone may not be sufficient to soothe the establishment of plant

cover.

Therefore, for carrying out successful reforestation, it is important to improve

soil quality and the capability of the plant species for facing harsh environments. In

this regard, prior to the inoculation of AM fungi, the application of organic

amendments to the soil has been recommended (Medina et al. 2004). The beneficial

effects of organic amendments include provision of plant nutrients, increased

humus content and thereby improved soil structure, increased water-holding capac-

ity and increased microbiology activity (Caravaca et al. 2002).
Restoration of the ecological systems has been the main theme of global

environmental policies (Aradottir and Hagen 2013; Jacobs et al. 2015). Restoration

of at least 15% of the world’s degraded ecosystems is UN Convention on Biological

Diversity (CBD 2010). In 2011 “Bonn challenge”, a global commitment was

endorsed by the world leaders in order to restore 150 million hectares of deforested

and degraded lands by the year 2020 (Aradottir and Hagen 2013). Furthermore, in

2014 a much bigger global commitment for restoration of 350 million hectares of

deforested and degraded lands until 2030 was put forward by the New York

Declaration on Forests (Jacobs et al. 2015). On the basis of priority these global

commitments, in 2015, were concretized by the UN by adopting the 2030 Sustain-

able Development Goals that constitutes 17 targets, of which the Target 15 deals

with ecological restoration (UN 2015). But so far restoration experiences globally

show that most of the projects granted for the restoration purposes have shown no or

little effect in achieving little success or have completely failed (Thomas et al.

2014). So, a well-planned strategy and more efforts have to be employed for

achieving the goals of global restoration commitments put forth. Regarding this,

we propose AMF inoculation and in situ management can be better restoration

outcome of degraded and deforested lands. Nearly, 93% of the families of flowering

plants (Brundrett 2009) and about 92% of families comprising land plants (Wang

and Qiu 2006) are known to possess mycorrhizal associations. Evolutionarily being

ancestor of all the association types, arbuscular mycorrhiza is the most predominant

(Wang and Qiu 2006).

For the reclamation and recovery of degraded ecosystems, mycorrhizae may

play a vital role. For this reclamation, number of studies carried out by different

scientists suggest that through mycorrhizal or the manipulation of their indigenous

populations of the degraded ecosystems, the process of recovery can be highly

accelerated (Reeves et al. 1979; Janos 1980; Allen 1991). Generally, AMF propa-

gules remain confined to upper most few centimeters of soil and reached their

highest concentrations in the rhizosphere (Schwab and Reeves 1981; Bellgard

1993). When soil is partially removed or is disturbed, the number of mycorrhizal

propagules significantly decrease and in general, the plants which occupy disturbed

areas are non-mycotrophic (Miller 1979; Reeves et al. 1979; Janos 1980). If in a
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disturbed area, a non-mycotrophic community gets established and establishment

of AMF propagules is slow, retardness in the process of successional process can

occur leading to serious effects on the recovery of the damaged site. In general,

mycorrhizae are required by the plants from mature ecosystems for their better

growth and development (obligatory mycotrophs) (Janos 1980; Brundrett 1991).

Thus, recovery of the degraded areas where mycorrhizal propagules have been loss

in good number, can only be attained by the reintroduction of these propagules

either via anthropogenic activities or through natural processes.

22.5 Determinable Restoration Attributes and AMF

AMF plays a key role in the ecological restoration and recovery by making

improvements in the nutrient uptake and accumulation, plant fitness (growth,

survival and reproduction), diversity (richness and evenness) and succession and

also that of animal communities (Direct effects on organisms which feed on fungi

and indirect effects due to changes in plant fitness), tolerance of adverse conditions

(biotic and abiotic stresses) and altering plant community structure (competition/

facilitation) (Brundrett and Abbott 2002). Based on Aronson et al. (1993), for the

improvement of the ecological restoration, the structural and functional character-

istics includes; plant and microbial diversity as well as abundance, soil organic

matter, index of nutrient cycling, plant productivity and soil water relation. Key role

of AMF regarding the functional and structural attributes are highlighted below:

22.5.1 AMF Improve Soil Aggregation

AMF increase soil organic matter and soil water relation; thereby increasing total

soil organic matter as well as soil water relation for stabilizing the soil structure, the

fungi especially AMF may prove as the most effective soil organisms (Augé 2004).

AMF hyphae for soil aggregates by penetrating into the soil matrix creating a

skeletal structure holding the primary soil particles (Augé 2004; Al-Karaki 2013).

AMF by influencing the growth of soil bacterial communities can also improve the

formation of soil aggregates (Rilling 2004). Furthermore, glomalin, a hydrophobic

stable aggregate former, is produced from the dead AMF hyphae (Barea et al.

2002a, b, c; Simard and Austin 2010). Thus, AMF increase and improves both soil

aggregation and stability. AMF has a power to survive in soil even up to 5 months

after their host’s death (Soka and Ritchie 2014). Meanwhile, improved soil aggre-

gation and stability along with significant amount of mycorrhizal derived soil

carbon (Rilling 2004), AMF increases stability and soil organic matter content

(Rilling 2004; Leifheit et al. 2014). Soil water relations also show improvements

through soil aggregation. It was observed that in a mycorrhizal soil a naturally

non-mycorrhizal grown plant tolerated drought in contrast to the ones grown in
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some non-mycorrhizal soils indicating that hyphal network produced from AMF

improves water holding capacity of soils (Marschner 1995).

22.5.2 Mycorrhizal Inoculation Technology for the Recovery
of Degraded Land

Revegetation processes either natural or artificial in Mediterranean ecosystems can

get halted, due to loss of mycorrhizal propagules following degradation of the

vegetation cover. Augmentation of the inoculum potential may be required

(Requena et al. 2001). In certain cases, shrubs inoculated by mycorrhiza—act as

a “resource islands” (Allen 1988; Azcón-Aguilar et al. 2003; Caravaca et al. 2005),

serving as a source of inoculum for the surrounding area thus stimulating revege-

tation. Nursery production of quality native seedlings with a tailored mycorrhizal

status is a key strategy for mycorrhizal application for revegetation. Recently the

biotechnological procedures followed to produce ectendomycorrhizal

Helianthemum plants with Terfezia species (desert truffles) have also been

discussed (Morte et al. 2009).

Regarding revegetation tactics for degraded areas, the first investigation on the

importance of using native plant species inoculated by mycorrhiza was from South

East Spain in its semi-arid desertification-threatened environment south of the Sierra

Nevada, Granada (Herrera et al. 1993). Woody legumes as plant species were used,

having symbiotic association with both N2-fixing rhizobial bacteria and AM fungi,

associations which enable the plant to grow and develop in low water and nutrient

deficient conditions (Azcón and Barea 2010). Four non-native tree legumes

Robinia pseudo-acacia L., Acacia caven (Mol.) Mol. and Prosopis chilensi and
two native shrubs (A. cytisoides and Spartium junceum L.), were target legumes.

The Society for Ecological Restoration’s (SER 2004) defines ecological restoration

as the process of aiding in the recovery and reclamation of a degraded ecosystem.

Because of the anthropogenic activities, ecosystems of the earth have been contin-

uously disturbed (Araujo et al. 2013: Pabst et al. 2013). Nearly about 40% of the total

terrestrial vegetation has been directly disturbed and the natural productive capacity

has got reduced through deforestation, agriculture, overgrazing, over exploitation

for fuel wood, urban and industrial use (Cooke and Johnson 2002).

22.5.3 Renovation of Degraded Lands via AMF
Biotechnology

Low dense AMF along with nursery seedlings around is very likely to make its

infection in the degraded sites (Michelsen 1992). Thus, such sites on the

reintroduction of sufficient AMF inocula can brace the growth of delayed
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successional tree species. Being obligatory mycotrophic, such late tree successional

for their continuance and wellbeing inevitably depend upon AMF (Janos 1980).

However, at the time of early growing stage of seedling, successional Trees/shrub

species contrary to late successional ones for their growth and survival are more

dependent on AMF association (Kiers et al. 2000). Thus, for the restoration and

renovation of the degraded lands AMF inoculations could be taken as substantial

biotechnological tool. Several researchers are of the opinion that like in mine fields

AMF inoculation can be better suited only to few conditions where the native AMF

inoculum has either disappeared or might be present in little (Brundrett and Abbott

2002). Koide and Mosse (2004) suggested that it would be better to concentrate on

the managing of the native AMF population of a site instead of going for the AMF

inoculation. According to Renker et al. (2004), AMF inoculation is highly substan-

tial yet the last option. Nevertheless, AMF dispersal contrary of having various

dispersing agents like water, wind, birds, ants, worms and rodents were quite poor

(Brundrett and Abbott 2002). Likewise, Hailemariam et al. (2013) successfully

made observations that AMF dispersal in short distances, within a piece of farmland

can show great variations regarding soil AMF status and ineffectiveness ultimately

signifying their poor dispersal. So, under such conditions AMF inoculation may be

the most reliable intervention. Similarly, under the different ranges of soil condi-

tions, AMF inoculation has been found effective (Janos 1980; Brundrett and Abbott

2002) along with soils having ample AMF (Banerjee et al. 2013). Unequivocal

effect of AMF associations is not certified by the abundant presence of native AMF,

however abundance along with adeptness of the indigenous AMF are determinant

(Onguene and Kuyper 2005). Veiga et al. (2011) also hypothesized that AMF

inoculation could possibly restrain ruderal plants by muffling weeds which other-

wise can invade the graded sites. This is vital for ecological restoration as ruderal

plants invasion to degraded lands will lead to competition for the living of planted

seedlings of trees/shrubs. If the restoration of degraded lands via AMF inoculation

is accepted, next question arising will be; what type of inocula has to be prepared?

AMF display a wide range of functional diversity (Johnson et al. 1997; Klironomos

2003; Smith and Smith 2011) and their effect is within the mutualism–parasitism

continuum (Johnson et al. 1997). Klironomos (2003) also demonstrated that exotic–

native AMF strain-host or vice-versa combination results in highly parasitic inter-

action. So, decision for preparing a specific type of AMF inoculum is a key step.

Based on recent available data, preference should be given to the use of indigenous

inocula to that of exotic inocula. For the restoration of seedling along with even

lateral seral tree species, early seral AMF should be utilized (Allen et al. 2003).

Seedlings inoculated with early successional AMF having smaller pores and low

carbon demand are highly beneficial contrary to late seral AMF possessing huge

spores and higher carbon demand (Allen et al. 2003). Promotion for the use of the

inocula from grasslands is quite higher and also abundant that can be more than

tenfold contrary to forest lands (Fischer et al. 1994). Because of this Onguene and

Kuyper (2005) used fresh grass land whole-soil inoculum on several soils and also

on three tree species seedlings. Results obtained by Onguene and Kuyper (2005)

obtained, showed that though there was a positive effect of early successional

424 R. Shuab et al.

RETRACTED C
HAPTER



inoculum for most near about 80% of cases, but the results also showed significant

negative effect by the inoculum, from the grasslands on Terminalia superba Engl.

and Diels seedlings growing on agricultural and early successional forest soils. So,

Onguene and Kuyper (2005) concluded that all of the allochthonous AM inocula

may not always show their effectiveness. Therefore, use of planting site adapted

AM inocula may be recommended. Host plant’s fungi specificity might be the other

reason for the observed negative effect (Onguene and Kuyper 2005).

Research data on AMF show that inocula obtained from conspecific source display

better affinity to associated plant root (Kiers et al. 2000). Recent available data also

reveal that some of the plant species that even co-occurmay showpreferences for their

associations with distinct AMF communities (Wubet et al. 2006; Davison et al. 2011).

From some available data of AMF, it is obvious that seedlings as well as roots of a

single tree species get colonized by different AMF communities (Wubet et al. 2009).

Hence question arises; does the AMF inoculums derived from adult seedlings or

rhizosphere on inoculation produce an impressive effect? Kiers et al. (2000) have

found that though seedlings inoculated by the inoculum from adults possessed good

affinity but its effect on growth was marginally low, displaying that seedlings inocu-

lated even by the inocula from may not show an impressive impact. Increasing the

density of few of the dominant AMF species and applying as inocula had resulted in

negative effects on plant growth by disrupting indigenous AMF community structure

and thereby creating competition among AMF to ultimately result in inoculum failure

(Janoušková et al. 2013). Therefore, in areas with low levels of indigenous AMF

abundance, multiplying all not only the dominant AMF species and applying all may

be the best option. The AMF richness in AM inocula is considered to improve inocula

effectiveness. Plant response is substantially lower when inoculated with single AMF

species and the response keeps increasing from multiple fungal species to whole-soil

inoculums (Hoeksema et al. 2010). Likewise, Barea et al. (2011) compiling long years

of experience inAMF research recommend the use of autochthonous foundation shrub

inoculated with autochthonous AMF consortia inoculums to best restore degraded

lands of the Mediterranean. The shrub not only acts as a foundation species but also

serves as a resource island for AMF (Barea et al. 2011). However, not all ecologists

agree by the application of AMF species rich inocula; some argue that better results

due to inoculawith betterAMF species richness is due to sampling effect and selecting

single effective AMF species should get the attention of restoration ecologists.

The other challenge associated with AMF biotechnology is related with inocula

production for large-scale application. This is due mainly to the obligate nature of

AMF. Meanwhile, AMF cannot be cultured axenically (Azcón-Aguilar et al. 1999;

Fortin et al. 2005) and host plant based AMF multiplication is mandatory. These

host plant based conventional inocula production methods (substrate based pot

culturing and substrate free methods of hydroponic and aeroponic techniques) are

costly and large scale production of AMF inocula may hardly be possible. Effective

monexenic in vitro culturing of AMF has been made possible few decades ago

(Bécard and Fortin 1988) and in India, using this method, large-scale industrial

production of biologically clean AMF inocula was possible (Adholeya et al. 2005).

Adholeya et al. (2005) and Cranenbrouck et al. (2005) developed technique of
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monoxenic in vitro AMF culture production for large-scale application. However,

until now, monoxenic in vitro culturing is not widely practiced. This is due mainly

to the fact that; (I) undesired contamination is hardly avoidable and the technique is

technology and skill demanding (Bago and Cano 2005), (II) there are ethical and

legal concerns, and (III) it is rather very hard to identify each genotype (even

morphotype) hence, most if not all, AMF are not readily culturable (Fortin et al.

2005). AMF monoxenic in vitro culturing uses transformed roots as host owing to

the fact that these hairy roots are better suited than the non-transformed hairy roots

since they grow on hormone free media and without developing shoots and leaves

(Puri and Adholeya 2013). Meanwhile, AMF monoxenic culture as it is practiced

now could potentially be challenged with biosafety related issues.

Due to the lack of cheap and easy AMF inocula production for large scale

application, managing the in situ AMF is sometimes considered to be an effective

AMF biotechnology for the restoration of degraded lands. The meta-analysis by

Lekberg and Koide (2005) showed that short fallow could be as good as inoculation

to improve plants growth and productivity. It was shown that an obligatory

arbuscular mycorrhizal pioneer nurse shrub Lavandula stoechas L. improved the

field survival and establishment of Cupressus atlantica Gaussen seedlings by

increasing, among others, in situ infective AMF abundance (Duponnois et al.

2011). Kumar et al. (2010) also compared different plant composition effects on

in situ management of AMF on a degraded coal mine spoil. Accordingly, they

demonstrated that using cover crops mainly grasses and N-fixing shrubs in the plant

composition, significantly enhanced AMF abundance, diversity and infectiveness.

Hence, AMF can be manipulated by fallowing or/and by designing the plant species

composition to ultimately result in increased AMF abundance which in turn

facilitates restoration. However, some investigations indicated that grass cover

can significantly suppress individual tree/shrub seedlings-saplings growth (Riginos

2009) or may have variable seasonal effects (Good et al. 2014). Therefore, inves-

tigation on cover plant management options to effectively manage AMF and

facilitate tree/shrub seedlings growth can be an important research topic. Nowa-

days, substrate free inocula preparation methods and in vitro production on excised

plant roots are being intensively researched to make AMF inoculation less costly

(Ijdo et al. 2011). The pot culture inocula preparation method, although its labor

intensive and costly, can be a source of employment especially in developing

countries. Therefore, pot culture based AMF biotechnology will remain to be a

feasible way of degraded lands restoration in most parts of the world.

22.6 Conclusion

This review paper has compiled facts regarding the AMF role in the above and

belowground ecosystem processes relevant to ecological restoration. Accordingly,

it is possible to conclude that AMF; have a well-documented positive role in

nutrient cycling and improved soil attributes. AMF also improve plants ‘tolerance
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to biotic and abiotic stresses, and significantly increase tree/shrub seedlings sur-

vival, establishment and growth. At plant community level, AMF increase both

above and below ground biodiversity but their effect on primary productivity may

be low. Future researches should focus on forest communities of both the temperate

and tropics. For an effective large scale application of AMF inocula biotechnology,

pot based inocula multiplication will remain to be significantly cost ineffective.

Therefore, investigating and researching on cost effective multiplication methods

of substrate free and in vitro culture and/or optimization of the effects of low-cost

fresh AMF inoculation techniques like using grassland top soil or managing AMF

in situ using several cover crops including grasses need further attention in the

future. Optimization of monoxenic in vitro AMF culture products and using non

transformed hairy root organ could also be an important research area until axenic

in vitro AMF culturing is ultimately made possible.
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Chapter 23

The Role Played by Mycorrhizal Fungi

in Ecorestoration

Bidisha Sharma and Dhruva Kumar Jha

Abstract The pivotal role played by arbuscular mycorrhizal fungi (AMF) in

maintaining plant and soil health has made this group of beneficial fungi a star

celebrity amongst a host of beneficial microbes used by human brain for its welfare.

Now days because of their myriad beneficiary effects especially on the plant health,

they are considered as one of the most potent biological tools for restoration

purposes. This review hence focused on the role played by AMF on eco restoration,

reaction of AMF to their hosts and the myriad challenges faced by different workers

for mycorrhizal application in degraded soils.

23.1 Introduction

Mahatma Gandhi once said “earth produces enough for one’s need but not enough

for one’s greed”. These words of Gandhiji have been very much reflected through

the various anthropogenic activities carried out for urbanization. Urbanization

works like making of high ways, establishment of industries and building of high

rises are leading to large scale deforestation, extreme pollution of the environment

and degradation of various ecosystems. Such destruction caused by human in the

name of urbanization is just a reflection of their greed and not need. As the natural

ecosystems provide human society not only food, fuel and timber but also purify air

and water, detoxify and decompose wastes, regulate climate, regenerate soil fertil

ity and pollinate crops, it is, therefore, the utmost responsibility of the human beings

to conserve these natural systems as well as restore the ones which have been

degraded or destroyed. The level of degradation is often measured in terms of

reduction of net primary productivity (Bai et al. 2008) but now the Society for

Ecological Restoration (SER 2004) has recommended attributes such as low bio-

mass, low soil organic matter, poor soil water relationship etc. for measurement of

degradation.
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Conservation practices often help in mitigating the negative effects of human

activities. Hence, efforts are being made to conserve the degraded ecosystems

applying different conservation strategies, especially using green tools like

microbes, plant growth regulators, etc. In the 1980s, interest grew for restoration

of ecosystems and it resulted in development of ecological field called restoration

ecology. It is the scientific study supporting the practice of ecological restoration

through renewal and restoration of degraded, damaged, or destroyed ecosystems

and habitats in the environment by active human intervention and action. Ecolog-

ical restoration can be considered as a means of sustaining the diversity of life on

Earth and re-establishing an ecologically healthy relationship between nature and

culture. Hence, ecological restoration should be a taken as a fundamental compo-

nent of conservation and sustainable development programs throughout the world

by virtue of its inherent capacity to provide people with the opportunity to not only

repair ecological damage, but also improve the human condition.

Ecological restoration has now emerged as one of the central themes of global

environmental policies (Aradottir and Hagen 2013; Jacobs et al. 2015). Restoration

of at least 15% of the world’s degraded ecosystems is one of the 20 targets of the

UN Convention on Biological Diversity (CBD 2010). Restoration experiences so

far show that many restoration projects achieve limited success or fail completely

(Thomas et al. 2014). Such failure can be attributed to absence of green tools like

beneficial microorganisms. The beneficial microbes help in the restoration pro-

cesses as they are responsible for making soil nutrients available to plants, fix

nitrogen, increase phosphorous uptake of the plant, degrade residual pesticides and

so on. Therefore, efforts involving use of beneficial microbes are needed for

achieving successful restoration.

The degraded soils often lead to various stresses like water stress, nutrient

deficiency, acidic root environment etc. to the plant present in that soil. Hence,

beneficial plant associated microbes such as arbuscular mycorrhizal fungi (AMF),

PGPRs etc. for restoration purposes and in situ management for better restoration

outcome of degraded lands. AMF having ubiquitous presence in the rhizosphere of

about 93% of flowering plant families (Wang and Qiu 2006; Brundrett 2009) act as

keystone mutualists with myriad roles in an ecosystem. The external hyphae

network (extra radical mycelium) of the fungi permeates into the microsites of

rocks and soils surrounding the plant roots (Finlay 2008; Barea et al. 2011)

increasing the root absorbing surface area 100 or even 1000 fold (Larcher 1995).

Therefore, AMF increase plants nutrient and water relation (Birhane et al. 2012,

2015; Banerjee et al. 2013), and can improve plants’ field survival and establish-

ment (Pouyu-Rojas and Siqueira 2000; Habte et al. 2001; Ouahmane et al. 2006;

Dag et al. 2009; Kapulnik et al. 2010; Karthikeyan and Krishnakumar 2012;

Manaut et al. 2015). AMF improve soil structure, soil water relation, plants’
tolerance to biotic and abiotic stresses, increase plants’ nutrient supply, plants’
growth, yield and reproductive success and reduce fertilizer requirement (Finlay

2008; Gianinazzi et al. 2010; Simard and Austin 2010; Barea et al. 2011; Al-Karaki

2013; Soka and Ritchie 2014). AMF influence plant community structure (van Der

Heijden et al. 1998; Hartnett and Wilson 1999; Renker et al. 2004; Heneghan et al.
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2008; Lin et al. 2015) and are considered to have a pivotal role in plant community

assembly and succession (Janos 1980; Renker et al. 2004; Kikvidze et al. 2010).

The beneficial effects of AM fungi on plant performance and soil health can be

harnessed for human welfare by applying them in sustainable management of

agricultural ecosystems (Jeffries et al. 2003; Barrios 2007), ecosystem restoration

(van der Heijden et al. 1998), bioaugmentation of plants of economic importance

(Amaranthus et al. 2009) and so on. Hence, AMF inoculation has grown to be a

biotechnological tool that is widely applicable in ecological restoration.

The myriad roles played by AMF in improvement of soil health and plant

performance have encouraged restoration technologists to use them as a green

tool. As such this review has been written to focus on how AMF interaction with

the plants help in eco-restoration purposes and what are the various challenges

faced by biotechnologists for AMF application.

23.2 Mechanism of Plant–AMF Interaction

The AMF interaction with plants can be categorized as a symbiotic or mutualistic

interaction. The rhizosphere of the mycorrhiza infected plants is known as

mycorrhizosphere (Barea et al. 2002) and it provides a critical link between plants,

other microorganisms and the soil (Hrynkiewicz and Baum 2011). Intricate inter-

actions like interactions between AMF and the plant, AMF and bacteria, AMF and

other fungi, and among AMF themselves take place within the mycorrhizosphere.

These interactions occurs when plant roots exude trigolactones (SLs) (Parniske

2008; Gutjahr 2014) which induce AMF spore germination and hyphal branching

(Parniske 2008). The AMF on their part, produce mycorrhiza (Myc) factors which
induce calcium oscillations in root epidermal cells and also activate plant

symbiosis-related genes (Parniske 2008). Then the AMF form special type of

appressoria called hyphopodia which develops from mature hyphae (Parniske

2008) and guides the fungus through root cells toward the cortex. The fungus

then leaves the plant cell and enters the apoplast, where it branches and grows

laterally along the root axis (Parniske 2008; Gutjahr 2014) and forms arbuscles and

vesicles.

Arbuscular mycorrhizal fungi are known to play role in plant nutrition as long as

they collaborate with other soil microbes (Barea et al. 2002; Antunes et al. 2007).

Arbuscular mycorrhizal fungi also interact with decomposer fungi (Soka and

Ritchie 2014) and phosphate solubilizing fungi (PSF) synergistically (Osoria and

Habte 2001). AMF are also known to have antagonistic relationship with root

pathogens (Soka and Ritchie 2014) and even leaf pathogens (Parniske 2008).

Arbuscular mycorrhizal fungi may also interact with each other synergistically. It

was experimentally found out that AMF effects are greater when AMF consortia

inoculums are applied than single AMF (Barea et al. 2011; Banerjee et al. 2013,

Sharma and Jha 2015). Improved access to scarce soil resources, especially
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phosphorus, is often the main mechanism through which AMF benefits their host

plants (Smith and Read 1997; Schultz et al. 2001; Miller et al. 2002; Johnson et al.

2010).

23.3 AMF and Eco-restoration

The pivotal role played by AMF in eco-restoration involves improved plant fitness,

improved nutrient uptake and accumulation, increased tolerance of adverse condi-

tions and altering plant community structure (Brundrett and Abbott 2002). How-

ever, the use of AMF, especially the native ones, for ecosystem restoration has

proved to be more successful than use of exotic ones (Requena et al. 2001;

Vogelsang et al. 2006) as native fungi have the capacity to promote growth as

well as improve water use efficiency (Querejeta et al. 2006) and also impart

tolerance to herbivory (Bennett and Bever 2007; Bennett et al. 2009).

AMF contributes towards ecorestoration by being one of the most effective soil

organisms in stabilizing soil structure (Augé 2004; Al-Karaki 2013) through its

hyphae. AMF also improve soil aggregation by influencing bacterial communities

that can improve soil aggregate formation (Rilling 2004). Furthermore, the dead

AMF hyphae produce glomalin which is hydrophobic stable aggregate (Barea et al.

2002; Simard and Austin 2010). Hence, AMF increase both soil aggregation and

stability. Further, AMF increase soil organic matter content and stability (Leifheit

et al. 2014). Improved soil aggregation also increases soil water relation (Marschner

1995).

Another attribute of AMF which makes them beneficial ecorestoration tool is

their role in phosphorous and nitrogen nutrition (Skujins and Allen 1986; Requena

et al. 2001; Govindarajulu et al. 2005). AMF were observed to improve potassium

nutrition too in plants (Dag et al. 2009; Garcia and Zimmermann 2014). AMF can

also increase the uptake of other macro and micro nutrients by plants (Birhane et al.

2012) by establishment of an underground network that links the different plants

and hence sequester carbon, nitrogen and phosphorous and also allow the transfer of

these nutrients among plants (Rodriguez-Echeverria et al. 2007). AMF also reduce

nutrient leaching from the soil (Rodriguez-Echeverria et al. 2007).

Another benefit of AMF as eco-tool is that they can increase plants’ tolerance to
drought and salinity (Al-Karaki 2013). As for e.g. by inoculating plants with

drought tolerant AMF, up to 42% reduction in plants’ water requirement could be

achieved (Gianinazzi et al. 2010). AMF are also known to increase heavy metal

stress in plants (Leyval et al. 1997; Hildebrandt et al. 2007; Soares and Siqueira

2008; Amir et al. 2013). The mechanism by which AMF increase plants’ tolerance
to drought, salinity and heavy metal stresses is mainly nutritional (Marschner 1995;

Soares and Siqueira 2008; Birhane et al. 2012; Al-Karaki 2013; Navarro et al.

2013). The non-nutritional mechanisms by which AMF increase plants’ tolerance to
drought include hormonal changes, hyphal soil improvement (delayed soil drying),

hyphal ability to scavenge water from micro-pores, increased plants’
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photosynthetic rate etc. (Marschner 1995; Birhane et al. 2012; Al-Karaki 2013).

Likewise, immobilizing heavy metals in their biomass mainly cell wall, vesicles

and in the glomalin is the non-nutritional mechanism by which AMF improve

plants’ tolerance to heavy metals stress (Hildebrandt et al. 2007). The positive

AMF effects on plants’ drought tolerance can improve plants’ salinity tolerance as

well. Other non-nutritional mechanisms by which AMF improve plants’ salinity
tolerance include exclusion of salt from plant cells by accumulating the salt within

the fungal hyphae, production of enzymes involved in antioxidant defense, and

change in cell wall elasticity and membrane stability (Al-Karaki 2013).

Another important attribute of AMF contributing towards the eco-restoration is

their ability to make plants stress resistant. Studies across more than 144 published

papers supports this view. As the role AMF is pivotal bioprotection, hence,

Gianinazzi et al. (2010) described AMF as ‘health insurance’ of plants. One

mechanism by which AMF increase plants’ pathogen tolerance could be the

synergistic interaction of AMF have with plant growth promoting rhizobacteria

(PGPR). Further, AMF stimulate the synthesis of plant secondary metabolites

(Gianinazzi et al. 2010) which aid in inhibition of herbivory. The other reason by

which AMF increase plants’ herbivory tolerance is compensatory growth.

An analysis of different published papers (Pouyu-Rojas and Siqueira 2000;

Habte et al. 2001; Lekberg and Koide 2005; Ouahmane et al. 2006; Dag et al.

2009; Kapulnik et al. 2010; Karthikeyan and Krishnakumar 2012; Manaut et al.

2015) on contribution of AMF towards plant growth and productivity revealed that

AMF generally increase growth and productivity of plants. As AMF can signifi-

cantly improve tree seedlings field survival and establishment hence AMF proves to

be an important tool for restoration of degraded lands.

The mycorrhizal community also influences the succession of plants in a partic-

ular site (Janos 1980; Zobel and Öpik 2014). However, it has been observed that the

plant community also influences the AMF community of that particular site

(Renker et al. 2004). Thus, there is always need of specific compatible relationships

between AMF and plant taxa and the loss of compatible AMF species or individuals

may limit the distribution of a particular plant species (Renker et al. 2004). AMF

further influence plant community structure by affecting richness or evenness of

co-existing plants (Brundrett and Abbott 2002). AMF have no host specificity as

only about 240 AMF morpho-species have been described forming associations

with 80% of terrestrial plants (Lee et al. 2013) and a single fungus can link different

plants together, thereby forming mycorrhizal networks (Simard and Austin 2010;

Song et al. 2014). These networks help in regeneration of new seedlings, alter

species interactions, and change the dynamics of plant communities therefore,

increasing plant diversity (Simard and Austin 2010). AMF may also aid in

inhibiting invasion by alien species.

23 The Role Played by Mycorrhizal Fungi in Ecorestoration 439



23.4 Use of AMF for the Restoration of Degraded Lands

The degraded lands usually have low level of AMF and therefore, plants with AMF

inoculation could potentially be considered as an important biotechnological tool in

degraded land restoration. As AMF show non-host specificity to forge symbiotic

relationship with plants and are ubiquitous (Abbott and Robson 1991; Brundrett and

Abbott 2002; Barea et al. 2011; Al-Karaki 2013), hence, many researchers argue

that AMF inoculation is likely to be valuable in only few conditions such as mine

fields where indigenous AMF inoculum is surely little or none available (Brundrett

and Abbott 2002). As such Koide and Mosse (2004) emphasized on managing the

indigenous AMF population of a site which can be quite economical and appropri-

ate to focus on. AMF inoculation has proved to be effective under wide range of soil

conditions (Janos 1980; Brundrett and Abbott 2002; Banerjee et al. 2013). Veiga

et al. (2011) demonstrated that AMF inoculation suppressed weeds and hypothe-

sized that AMF inoculation could suppress wild plants which can invade degraded

sites and compete with planted seedlings.

Though the use of native AMF inocula is preferred over the use of exotic inocula

but the several stage of the native AMF should be considered as early seral AMF

spores are better for restoration purposes (Allen et al. 2003). The early seral AMF

having small spores have smaller carbon demand (Allen et al. 2003) as compared to

the late seral AMF which have big spores and demand much carbon and hence,

seedlings may not benefit from them.

Though AMF is a powerful tool for eco-restoration purpose but the challenge

associated with the use of AMF biotechnology is related with inocula production

for large-scale application. As AMF is obligate in nature hence, they cannot be

cultured axenically (Azcón-Aguilar et al. 1999; Fortin et al. 2005) and host plant

based AMF multiplication is mandatory. Further, these host plant based inocula

production methods are costly and large scale production of AMF inocula may

hardly be possible. However, in India, monexenic in vitro culturing of AMF has

been used for large-scale industrial production of biologically clean AMF inocula

(Adholeya et al. 2005).

23.5 Ecorestoration with Mycorrhizal Application

Over the last few years, AMF is increasingly used for eco-restoration or environ-

ment improvement (van der Heijden et al. 1998; Streitwolf Engel et al. 2001;

Hajboland et al. 2010). Such improvement is because of different attributes of the

AMF such as when mycelium is formed between AMF and its host plant, the soil

contact area of host plant roots is expanded, resulting in improved nutrient and

water absorption of plant, and increased stress tolerance (Fokoma et al. 2012;

Spohn and Giani 2010; Augé 2001). Further, mycorrhizal inoculation also signif-

icantly increases the content of microorganisms in the rhizospheric soil, thereby
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improving the rhizospheric micro environment of the host plants and resulting into

improvement of soil productivity and ecological reconstruction (Lin et al. 2015).

Various human activities like construction, agriculture, and management prac-

tices alter AMF density and community composition thereby, promoting exotic

plant invasion (Cousins et al. 2003; Kulmatiski et al. 2006; Vogelsang and Bever

2009). Degradation of AMF communities also leads to slower success of native

plant community restorations, as native plants often have high dependence on AMF

(Wilson and Hartnett 1998; Vogelsang et al. 2006; Vogelsang and Bever 2009;

Koziol and Bever 2015) and therefore inoculation with AMF may increase the

diversity of native plants within restorations (Clemente et al. 2004). Several pot

studies have suggested that native plants perform better with AMF communities

derived from the native plants’ habitat (Fitzsimons and Miller 2010; Mangan et al.

2010; Taheri and Bever 2011; Johnson et al. 2012). The degree to which a plant is

colonized by commercially produced inoculum also depends on the commercial

product, growth medium, and greenhouse conditions (Corkidi et al. 2004). Some

studies evaluating plant response to local AMF in the field have shown a positive

response to AMF derived from native remnant communities in the restoration of

native vegetation (Williams et al. 2011; Zhang et al. 2012; Estrada et al. 2013).

There have been many successful stories involving AMF inoculation for resto-

ration purposes as are discussed below. Bever et al. (2003) observed that inocula-

tion with inoculum derived from native Prairie soil increased the plant diversity

more than inoculum from old fields or sterilized soil, suggesting that native locally

adapted inocula could be important. Several studies found the response of native

plants to commercially produced inoculum poor as compared to whole soil

(containing native AMF) in the field (Rowe et al. 2007; Paluch et al. 2013). Further,

understanding the variation in response to AMF inoculation across plant succes-

sional status may have important restoration implications. Several studies

suggested that early successional plants tend to be less responsive to mycorrhizal

colonization as compared to late successional plants because investment in a

mutualism has short-term costs but long-term benefits (Janos 1980; Allen and

Allen 1984, 1988; Hoeksema et al. 2010). Work of Middleton and Bever (2012)

found that the response to inoculation with native whole soil depended on the

succession status of the native Prairie plant species, with early successional plants

responding negatively and mid-and late-successional plants responding positively.

Though numerous studies have examined the effects of disturbance on soil

microflora and fauna (e.g., Wardle et al. 1995; Brussaard et al. 1997), and soil

biota are commonly employed as indicators of restoration success (Andersen and

Sparling 1997; Todd et al. 2006; Callaham et al. 2008) yet, soil fauna have rarely

been directly manipulated to improve restoration success. However, the use of

mycorrhizal fungi in restoration has attracted considerable attention in recent

years, and increasingly sophisticated knowledge of this group of soil organisms

can influence restoration. It has been found that the community and ecosystem

consequences of mycorrhizal infection vary with mycorrhizal dependency of the

dominant and rare species in a community (Bever et al. 2001; Bever 2002). For
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example, if dominant species depend on mycorrhizae, then their presence may be

necessary for restoring ecosystem function (Richter and Stutz 2002). Restoration of

rare species that are mycorrhizae dependent may require inoculation for establish-

ment and achieving the desired community composition (van der Heijden et al.

1998). Likewise, inoculation may be necessary to reclaim extremely degraded sites

and maximize productivity of a limited species pool under such circumstances

(Frost et al. 2001). Use of mycorrhizae in restoration requires an understanding of

ecological consequences from the relationship between below ground organisms,

above ground individuals, community structure, and ecosystem processes.

23.6 Challenges for Mycorrhizal Application

Though restoration of degraded soils using mycorrhizae is difficult (Cardoso and

Kuyper 2006) yet there is growing interest in using commercial mycorrhizae

inoculums to improve restoration success due to their myriad beneficial attributes.

However, application of mycorrhizae requires knowledge about site conditions as

they may or may not grow in a particular site. As for e.g. AMFmay not grow at sites

contaminated with heavy metals or where nutrients are very low (Vosátka et al.

1999). Additionally, they may also be inhibited by high levels of nutrients such as

nitrogen from vehicles and fertilizers (Egerton-Warburton et al. 2007).

For effective incorporation of mycorrhizae as a restoration tool, a moderate level

of knowledge about the interactions between the physical, chemical, and biological

factors prevailing at a site is needed. A major concern with respect to inoculation of

commercially produced, exotic AMF is that they will suppress native AMF and

potentially become invasive (Schwartz et al. 2006; Pringle et al. 2009). Study by

Middleton et al. 2015 showed that inoculation with non-locally adapted, commer-

cial strains of AMF suppressed the colonization of the plants by resident AMF. The

duration for the spread of commercial AMF within an ongoing restoration site

should be monitored so as to prevent them from becoming invasive problems.

Some view ecosystem restoration as impractical, in part because it sometimes

fails. According to Hilderbrand et al. (2005) many times uncertainty about the

ecosystem functions is not addressed, and that the time-scales set out for ‘complete’
restoration is unreasonably short. In some other cases, an ecosystem may be so

degraded that abandonment i.e. allowing an injured ecosystem to recover on its own

may be the best option (Holl 2006). High economic costs can also be perceived as a

negative impact of the restoration process (MacDonald et al. 2002).
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23.7 Conclusion

As discussed above, AMF is contributing immensely towards the maintenance of

plant community in an ecosystem and as such it is proving to be a strong biological

tool for eco-restoration. As there have been success stories of implementing AMF

in restoration of degraded soils hence, efforts should be put forth for more such use

of AMF for restoration purposes. However, the successful implementation of this

biological tool depends entirely on the strategies of restoration ecologists.

Restoration ecologists not only provide appropriate conditions for desired spe-

cies to establish but they also devise ways of preventing the establishment by

invasive plants or weeds (Zedler 2005). Further, it has been observed that some

low level of natural disturbance (e.g. logging, fire, flooding, etc.) can enhance

biological diversity and hence, encourage ecological restoration (Palmer et al.

1997).

Ecological restoration ranges from species reintroduction to population restora-

tion to community restoration (Young et al. 2001). Based on the restoration goal, it

ranges from reclamation to rehabilitation to true restoration. As the magnitude of

disturbance increases the return to pre-disturbance status may be impossible and

hence, return to an intermediate successional status of the given community may be

achieved i.e. rehabilitation may occur. When the disturbance is severe, the thresh-

old of irreversibility is passed and the return to pre-disturbance community status or

intermediate successional status will be completely impossible and hence, restora-

tion can only result in a novel community stature (reclamation) (Aronson et al.

1993). In the advent of climate change, to have reclamation as a restoration goal is

considered to be relevant since novel climatic conditions are anticipated in the

future (Choi 2004). In tropical lands ecological restoration, tree planting (Lamb

et al. 2005; Holl et al. 2010; Aerts and Honnay 2011) and re-vegetation/

reforestation (Cortines and Valcarcel 2009; Al-Karaki 2013) are known to be the

most effective and widely used biological measures.

Further, observing the myriad roles played by AMF in plant life, it is possible to

conclude that AMF inoculation can significantly increase the success of degraded

land restoration.

23.8 Future Prospect

The role of Restoration ecology is botanically based (Young 2000) and results in

greater emphasis on the role of soil’s physical and microbial processes (Allen et al.

2003). Human intervention in this case is used to promote habitat, biodiversity

recovery and associated gains. Human effort with the use of AMF will lead to better

results. AMF biotechnology is a potential mechanism to significantly improve the

restoration procedure of a degraded land. As AMF restores degraded lands by virtue

of improvement in plant and soil health, hence future research efforts should focus
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on various aspects of AMF–plant interaction as well as production of cost-effective

inocula which can be applied for the restoration of degraded ecosystems. Emphasis

should also be given on shortening the duration of restoration process.
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Chapter 24

Transkingdom Signaling Systems Between

Plant and Its Associated Beneficial Microbes

in Relation to Plant Growth and Development

Ahlan Sabah Ferdous, Mohammad Riazul Islam, and Haseena Khan

Abstract The concept of plants being holobiont, suggesting a co-existence with

their microbial symbionts has emerged only recently with increasing evidences,

indicating the versatile role of plant associated microbes in the growth and devel-

opment of a plant. Therefore plant is no longer considered a single entity but rather

a metaorganism, a world of diverse interkingdom interactome. This has led

researchers to focus on these associations, with a view to using them in agronomic

interventions. Most of these microorganisms are either bacteria or fungi, residing in

different parts of a plant, forming a mutualistic relationship with their host. They

provide essential nutrients for the growth of plants and protect them against

pathogens by acting as the plants’ very own army. They allow for a plant’s
development even in the presence of pathogenic organisms, and also exert an

effective role in rescuing plants from the detrimental effects of abiotic stressors.

These microorganisms are therefore found to mitigate conditions non-conducive for

plant growth. Plants in return, provide them with a secure habitat and adequate

source of carbon in order for them to thrive. The interkingdom relationship has been

found to be very systematic. Cross talk between the hosts and the benevolent guests

is very specific, with particular signaling pathways giving advantage to some

microorganisms over others, allowing for the creation of a specific niche. These

signals that stimulate plant growth are a focus of intense biological research with

more and more information being generated and our understanding of the role of a

plant microbiome in overall plant health gradually becoming clearer. This chapter

has focused on signaling strategies documented till date between microbes which

have their own specific forte in and around a plant. An application of this knowl-

edge would allow for the enhancement of crop production worldwide.
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24.1 Introduction

Cross-species association is a common phenomenon in the survival of a biosphere,

whether parasitic, mutualistic or commensal. This is especially apt for microbes, the

tiny organisms (bacteria, fungi etc.) with immense capability of building diverse

communication across species of other kingdoms. Vibrant roles performed by micro-

organisms in supporting the earth’s bionetworks add perseverance to our query about
this interrelationship. Plant–microbe interaction is one of the most comprehended

archetypes of such relations. Research findings over the last several years on micro-

organisms associated with plants have led to a new concept which now considers

plants as metaorganisms. A host of diverse microorganisms which could be endo-

phytes, rhizobial species or phyllosphere inhabiting epiphytes are emerging as the

second genome of plants which influence a plant mostly positively in its normal life

mode and especially in its tussle to overcome both biotic and abiotic stress conditions.

This ties the dynamic microbiome to the health of plants. Any change in the core

players of this microbiome is expected to affect a plant negatively. This transkingdom

communication has understandably turned into an issue of intense study, to learn how

microbes play the role of a friend for the benefit of crops which inmany cases continue

until senescence. Higher plants have evolved an extremely intricate relationship with

microbes of different kinds (Smith and Zhou 2014). A wide range of organic com-

pounds produced by plants including sugars, organic acids and vitamins, can be used

as nutrients or signals by microbial populations. Conversely, microorganisms release

phytohormones, small molecules or volatile compounds, which may act directly or

indirectly to activate plant immunity or regulate plant growth and morphogenesis.

These interactions do not always provide overt evidences. Some microbes do

practice a pathogenic relation resulting in some forms which manifest deterioration

of plant health. Other types of microbes induce plant immune system to fight

against pathogens and appear to be beneficial. Some colonization can be visually

seen (root nodules of legumes formed by rhizobia). Yet there are other microbes

which act covertly, without any signs or symptoms and provide various essential

metabolites, signals and physiological conditions that help the plant to survive.

Depending on the plant regions they inhabit and interact, plant associated microbes

are variously described. Microbes found in the outer parts of a plant are called

epiphytes and those residing within tissues of a plant are called endophytes. Both

endophytes and epiphytes are distinguished by the fact that they are asymptomatic.

Plant associated microbes can also be classified as phyllomicrobiome (those which

are found inside and outside of plant parts that are above ground) and

rhizomicrobiomes (those associated with rhizosphere, plant roots and its surround-

ing areas) (Fig. 24.1). Plants have evolved with microbes over millions of years, and

probably, mycorrhizal fungi have co-evolved for at least 400 million years

(MY) with early terrestrial plants (Pirozynski and Malloch 1975; Prasad et al.

2017). Plants are almost universally populated by endophytic and mycorrhizal

fungi (fungi that colonize the host plant’s root system), by bacterial biofilms on

plant surfaces, bacteria living inside plant tissues as endophytes, nitrogen fixing
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bacteria colonized inside root or stem nodules, and many pathogenic microorgan-

isms developing infections on leaves, roots and stems. There is ample substantia-

tion that microbes influence plant health directly or indirectly by their effects on

functional traits like nutrient delivery, photosynthetic changes, plant development

and stress tolerance (Friesen et al. 2011; van der Heijden et al. 2008).

This chapter is concentrated on understanding the molecular dialogue used in

transkingdom communication between plant and microbes that help to mediate

plant growth and development. The chapter will describe some of these microor-

ganisms and the various key players involved in the processes of interactive

attachment with plants.

24.2 Plant–Microbe Cross-Talk in the Rhizosphere

The rhizosphere is a complex ecosystem, formed around the soil that is in close

contact with plant roots. It is a crossroad for nutrient exchange between plants and

soil microbes, and this exchange is most likely mediated by density-dependent

Fig. 24.1 Location of beneficial microorganisms in plants that promote growth and development.

A plant is now defined as a metaorganism, comprising of numerous microorganisms closely

associated in specific locations. The microbes are classified according to the sites they inhabit.

The outer surface of a plant termed phyllosphere is the habitat for fungi and bacteria which are

known as epiphytes; they are mostly air borne organisms. The endosphere includes the inner

tissues of both roots and shoots. These parts harbor intercellular and intracellular endophytic

microorganisms. Rhizosphere, the complex area surrounding the roots is deeply influenced by the

same and contains bacteria and fungi that form close association with plant roots
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bacterial signaling, or quorum sensing (QS), between and among plants and bacte-

ria living at high cell densities in the rhizospheric soil (Vitousek and Howarth

1991). The combined genome of this microbial community is much larger than that

of the plant and is also referred to as the plant’s second genome.

The substances released by plant roots are collectively termed “rhizodeposits.”

These compounds include (i) water-soluble ions and low-molecular-mass com-

pounds such as mono-saccharides, amino acids and organic acids which are lost

passively along a concentration gradient, (ii) high molecular-mass compounds such

as carbohydrates, proteins and lipids which are actively transported along an

electrochemical gradient, (iii) insoluble mucilage composed of polysaccharides

and poly-galacturonic acid, (iv) an array of secondary metabolites such as antimi-

crobial compounds, nematicides and flavonoids and (v) remnants of the dead and

lysed root-cap and border cells (Hale et al. 1978; Whipps 1990).

Of these, sugars and amino acids are thought to be released in the greatest

quantities. This release or exudation of a large assortment of chemicals in the

rhizosphere comes at a significant cost of carbon and nitrogen to the plant, with

the ultimate benefit of attracting and promoting beneficial microorganisms while

combating pathogenic or otherwise harmful ones (Hartmann et al. 2014). It is

estimated that between 20 and 40% of all photosynthetically fixed carbon is

eventually transferred to the rhizosphere. A plant bears this high cost because of

the significant influence that the rhizosphere exerts on its health by affecting

processes such as nutrient and water uptake and establishment of beneficial inter-

actions with soil microbial populations.

The plant–microbe interaction in the rhizosphere may be categorized as asso-

ciative, symbiotic, neutralistic, or parasitic. The positive interactions include sym-

biotic and associative interactions with beneficial microbes, such as endo- and ecto-

mycorrhizal fungi, nitrogen-fixing bacteria and plant growth-promoting

rhizobacteria (PGPR) whereas negative interactions include association with para-

sitic plants, pathogenic bacteria, fungi, oomycetes, nematodes and invertebrate

herbivores (Haldar and Sengupta 2015; Prasad et al. 2015).

The most understandable rhizobial microorganisms’ interaction with plants are

the interactions between N2 fixing bacteria and the arbuscular mycorrhizal fungi or

AMF (both of them are therefore discussed separately below) which facilitate plant

nutrition through the acquisition of nitrogen and phosphorus, respectively, in

exchange for fixed carbon. Recent studies have shown striking similarities between

rhizobia and AMF in their crosstalk with the host plant. Non-symbiotic microor-

ganisms can also facilitate the uptake of nutrients and trace elements. For example,

bacteria and fungi can provide iron to plants via siderophores, such as the

pyoverdines produced by fluorescent Pseudomonas species and rhizoferrin, pro-

duced by Rhizopus arrhizus (Yehuda et al. 2000; Das et al. 2007) which are not

commonly known as symbionts. It has been shown that the insect-pathogenic

fungus Metarhizium robertsii, which is a plant endophyte as well, can transfer

nitrogen from the insect to the plant through a tripartite interaction (Behie et al.

2012). Interactions between bacteria and AMF can also be beneficial such that the

bacteria may help establish the mycorrhizal symbiosis, although the mechanisms
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involved are still unclear. Reciprocally, AMF can have an impact on bacterial

colonization and diversity (Philippot et al. 2013). A plethora of studies indicate

how below-ground interactions can influence above-ground communities of herbi-

vores, carnivores, mutualists and symbionts that interact with plants and vice versa.

Plant response to above-ground herbivory might depend on the association of the

plant with mycorrhizal fungi. Reciprocally, defense responses that are induced in

the phyllosphere can spread systemically to the roots and affect the rhizosphere

microbiota (Philippot et al. 2013).

24.3 Symbiotic Signaling in Nitrogen Fixation

Biological nitrogen fixation is a process that can only be performed by certain

prokaryotes. In some cases, such bacteria are able to fix nitrogen in a symbiotic

relationship with plants. Bacteria of the genera Azorhizobium, Bradyrhizobium,
Mesorhizobium, Rhizobium, and Sinorhizobium (collectively referred to as Rhizo-
bium or rhizobia) are able to establish an endosymbiotic association with legumes.

They produce nodules on the roots of legume plants, inside of which they transform

N2 of the atmosphere into NH3 that can be used by plants. In return, plants provide

the bacteria with the carbon compounds that they release (Gyaneshwar et al. 2011;

Oldroyd et al. 2011). It has been shown that bacteria in stems of sugarcane

(Velázquez et al. 2008), residing in the apoplast (the space outside the plasma

membrane through which substances can diffuse freely) in a low nitrogen, high-

sucrose environment can have N2 fixing ability.

The very complex process of nodule formation starts with some intricate com-

munication between the plant and the microorganisms. The formation of a nodule

requires the reprogramming of differentiated root cells to form a primordium, from

which a nodule can develop. When rhizobia have colonized the root surface of their

host, they induce morphological changes in the epidermis. These morphological

changes are preceded by the induction of certain genes in a broad region of the

epidermis. The best-studied examples are the early-nodulin genes, ENOD12 and

ENOD11 (Scheres et al. 1990; Journet et al. 2001). In some root hairs, the rhizobia

induce deformations that resemble a so-called shepherd’s crook, and such curled

root hairs play an important role in the infection process. During the curling

process, the bacteria become entrapped in the pocket of the curl. There the plant

cell wall is modified in a very local manner, the plasma membrane invaginates, and

new plant material is deposited. In this way a tube-like structure, the infection

thread, is formed that contains the bacteria. The infection thread will grow towards

the base of the root hair cell and subsequently to the nodule primordium (Fig. 24.2)

(Brewin 1998). Upon release, the bacteria remain surrounded by a membrane of

plant origin and subsequently will differentiate into their symbiotic form and will

start to fix nitrogen.

Legume-Rhizobia interactions are mediated by host-specific flavonoids (2-phe-

nyl-1,4-benzopyrone derivatives) secreted in the root-exudates. These molecules
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belong to a diverse family of aromatic compounds derived from a plant’s secondary
metabolism. Depending on the host and the bacterium, flavonoids activate a series

of transcriptional events culminating in the production of main rhizobial nodulation

signals called Nod factors (NF) or lipo-chito oligosaccharides (LCOs) (Fig. 24.3)

(Spaink 2000).

Root hair 

1. Recognition and attachment

       (Rhicadhesin + Host lectin) 

2.Excretion of Nod factors 

by bacterium causing root 

hair curling  

3. Invation. Rizobia penetrate

 root hair and multiply within an 

“Infection thread”

4. Bacteria in infection

thread grow toward root

cell 

5. Formation of bacteroid

state within plant cell  
6. Continued plant and

bacterial cell division

Infection thread

Uninfected root hair 

Invaded plant cells and those

nearby are stimulated to divide
Nodule

Fig. 24.2 Symbiotic root-nodule development. Root nodule formation is the key step of symbi-

osis development between legume plants and nitrogen fixing bacteria. Nodules are specific swelled

structural features of legume plants that provide an ideal oxygen limiting condition for fixing

nitrogen by bacteria populating the nodule. The development of nodules begins with attachment of

bacteria to an outer layer of plant root upon recognition by plant signal (lectins) followed by

morphological changes in root epidermis (1). This is perceived by some precise plant gene

expressions and the plant signals induce the bacteria to produce some specific factors (Nod factors)

that in turn are recognized by plants stimulating root hair curling (2). The curled root hairs entrap

the bacteria as they start to populate the hair threads (3) and upon stimulation by Nod factors the

curled root hairs start cell division and development (4). This developmental cascade forms nodule

primordial (5) and ultimately multiple cell division processes result in nodule formation. The

development of a nodule requires the reprogramming of differentiated root cells to form a

primordium, from which a nodule can be produced (6)
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These LCOs are recognized by plant receptor kinases at the root epidermis,

thereby activating a well-characterized signal cascade leading to nodule formation

(Oldroyd et al. 2011). The non-reducing terminal sugar of the LCO is attached to an

N-acyl group, and this acylated LCO can be further modified by a variety of

substituents on the GlcNAc subunits, such as methyl, fucosyl, acetyl and sulphate

groups (Denarie et al. 1996). These residues, coupled with the length and degree of

saturation of the N-acyl group, vary widely between Nod factors produced by

different rhizobial species, and this has been shown to be important for the

specificity of interactions between different rhizobia and host legume species

(Roche et al. 1991).

Mutant analyses in a range of leguminous species have defined loci that are

essential for the recognition of Nod factors and the activation of all known Nod
factor-mediated responses (Denarie et al. 1996). Genes at these loci are found to

encode receptor-like kinases with LysM (lysine motif) domains in the extracellular

region. These domains bind to oligosaccharides, the major composition of bacterial

cell wall. Two forms of LysM receptor-like kinases have been shown to function in

Fig. 24.3 Molecular communication between rhizobial and legume symbionts. Molecular signal-

ling is key to the development of a nodule and the resultant symbiosis of legume-N2 fixing

bacteria. These are specific communications that render legume and related plants the explicit

capability. The legumes secrete flavonoid compounds around their root. These flavonoids induce

rhizobia to produce Nod factors or lipochitooligosaccharides (LCO). The different structures of

the Nod factors provide definite interactions between specific Rhizobia species and legume plants.

These factors are recognized by plants and prompt different cascades of modulated development in

them which eventually allow attachment of the bacteria to plant root hair cells
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Nod factor signaling: (i) LysM I clade and (ii) LysM II clade. Recently it was shown

that these receptors bind Nod factors at nanomolar-range concentrations (Ruyter-

Spira et al. 2013). Such a binding affinity is consistent with the concentration of

Nod factors required for the activation of symbiotic signaling processes, such as

calcium oscillation. Both receptor types are equally important for rhizobial coloni-

zation and have been shown to interact in planta. LysM I type has a functional

kinase domain that is essential for Nod factor signaling and is capable of promoting

auto-phosphorylation, as well as trans-phosphorylation of the LysM II type’s
cytoplasmic domain. This suggests that these receptor-like kinases function as

heterodimers or hetero-complexes and indicates that trans-phosphorylation events

between the different kinase domains might be important for the activation of

downstream signaling. Leucine rich repeat (LRR) domain is evolutionarily con-

served in many proteins associated with innate immunity in plants, invertebrates

and vertebrates, and are known to be involved in microbial interactions with plants.

An LRR-containing receptor-like kinase gene known as symbiosis receptor-like

kinase (SYMRK) in L. japonicus and DMI2 (also known as NORK) inM. truncatula
is required for Nod factor signaling (Ruyter-Spira et al. 2013). The exact functions

of SYMRK and DMI2 have not yet been defined, but it is reasonable to presume that

the encoded proteins act as co-receptors with the LysM receptor complex during

Nod factor signaling. Nucleus-associated oscillations in calcium, link Nod factors

to gene regulation in plants. Although the mechanisms that link the receptor

activation to calcium oscillations in the nucleus remain unclear, it is reasonable

to presume that the receptor complex activates a second messenger that regulates

calcium channels. Two cation channels located on the nuclear membranes, CAS-

TOR and POLLUX, have been identified as essential for symbiotic calcium oscil-

lations in L. japonicus. Detailed calcium imaging combined with the location of

POLLUX and CASTOR implies that the symbiotic calcium store is the endoplas-

mic reticulum (Capoen et al. 2011) and that nuclear release from this store is

controlled by the nuclear envelope channels. Calcium oscillations are primarily

sensed by the nuclear-localized protein, calcium-and calmodulin-dependent serine/

threonine protein kinase (CCaMK). Stimulated CCaMK replaces the activity of

upstream components, implying that the symbiotic calcium oscillations happen

solely to activate CCaMK (Fig. 24.4). Activated CCaMK dictate the nature of

further gene expression ensuring nodulation signaling.

Even though a host plant benefits from nitrogen fixed by nodule forming

microorganisms, excessive nodulation has been found to have a negative impact

on plant growth since nitrogen fixation is energy intensive. To overcome this,

legume plants have evolved a negative feedback route which checks for the correct

number of nodules in a plant. This is an autoregulatory pathway (AON for

autoregulation of nodulation), involving long distance signaling between the roots

and shoots of a plant. This allows for a correct symbiotic balance. Studies based on

Lotus japonicus, a leguminous plant have identified two leucine-rich repeat

receptor-like kinases, hypernodulation aberrant root formation (HAR1) and

KLAVIER. In the plant shoot, these kinases monitor the formation of the signaling

molecules, CLE-RS1/2 peptides and allow for the production of SDI, a shoot
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derived inhibitor that travels to the root to signal a block to further nodule formation

(Capoen et al. 2011). Sasaki et al. (2014) have shown that CLE-RS1/2–HAR1

signaling leads to the synthesis of cytokinins which possess the inhibitor activity

that meticulously suppresses the formation of nodules.

Fig. 24.4 Nod-factor signalling pathway in legumes. Nod factors are produced by Rhizobia upon

stimulation by plant signals. These factors significantly modulate plant root development which

ultimately give rise to nodules. These factors are primarily recognized by plant kinase receptors

and is proposed to couple with the process of calcium signalling. Upon recognition of the nod

factors these receptors (Nod Factor Receptors, NFRS) dimerize and together with the co-receptors

like SYMRK they help activate the cation channels (e.g CASTOR and POLLUX) located in the

outer nuclear membrane. Activation of these channels triggers calcium release from endoplasmic

reticulum which shares membrane with the outer nuclear membrane and the calcium combines

with calcium binding proteins (CaM) and activates calcium dependent protein kinase CCaMK

which then dictates the downstream molecular process required for the development of symbio-

sis (adapted from Kouchi et al. 2010)
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24.4 Plant Signaling in Arbuscular Mycorrhizal

Association

The arbuscular mycorrhizal (AM) symbioses, formed between soil fungi and vascular

plants, have a long history, with fossils providing evidence of AM fungi in the roots of

the earliest land plants more than 400 million years ago (Oldroyd 2013; Prasad et al.

2017). The AM fungi are obligate biotrophs and depend entirely on plants to provide

them with carbon. Their main contribution is to assist plants with the acquisition of

mineral nutrients, particularly phosphorus, and recently it has been suggested that in

anAMsymbiosis, plants receive all of their phosphorus via their fungal symbiont. Soil

phosphate is transported along the mycelial network into the inner cortex of the root,

where it is delivered at specialized fungal structures called arbuscules that also serve

for the sugar uptake from the plant. Arbuscules are tree-like structures formed by

profuse dichotomous hyphal branching in the lumen of cortical cells surrounded by a

plant derived plasma membrane called the periarbuscular membrane (PAM). The

PAM is very special as it has a different protein composition from the rest of the

plasma membrane, hosting the transporters that will be key in the nutrient exchange

with the fungal partner (Pumplin and Harrison 2009).

Despite the ecological importance, the molecular and genetic mechanisms of the

signaling underlying this symbiosis are only partially understood. Interestingly,

LCO signals are also involved in symbiotic associations of plants and arbuscular

mycorrhizal fungi. These chemicals are most probably produced continuously, in

order to establish long-lasting colonization, but apparently is not very specific

because there is no plant host specificity. This indicates that either the plant signals

are conserved throughout the plant kingdom or possibly that a broad range of plant

compounds are involved (Harrison 2005).

AM fungal spores can germinate in water, which indicates that they do not require

a plant signal for germination; however, plant root exudates and volatiles, including

CO2, stimulate germination, which suggests that the fungus can sense components of

the rhizosphere (Philippot et al. 2013). In the absence of a plant root, hyphal growth

will cease but this happens before spore reserves are depleted so that the fungus has

an opportunity to germinate again and additional chances to find a host root. Some

species, with particularly large spores, are capable of germinating up to 10 times.

Fungi perceive a signal in root exudates that triggers an increase in respiration

and the onset of active growth. As fungal growth in the presence of exudates is

extensive and continues until spore reserves are depleted, it has been proposed that

the signal in the exudates initiates a transition to a “pre-symbiotic growth phase,” at

which point a fungus is committed to full utilization of its spore reserves. Some

molecules secreted from plant roots act as signals for AM fungi (D’Haeze et al.

1998); an example of which is strigolactone, a new class of plant hormones of

increasing importance in plant biology. Root colonization by AMF involves the

strigolactones which serve as rhizospheric signals to activate responses in AMF,

including hyphal branching, and thereby promoting mycorrhizal colonization of the

root surface. This involves the fungus making contact with the plant epidermal cell
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wall and forming a hyphopodium which is a lobed hyphal contact point with the

root that serves as the entry point of the fungus into the epidermis. The

hyphopodium is a specialized structure similar to, but distinct from, the pathogenic

appressorium, which is the tip of a hyphal branch that facilitates penetration of the

host plant (Jeremy et al. 2013). The fungus then passes through an epidermal cell

and colonizes the root cortex by extensive intercellular hyphal growth and the

formation of terminal intracellular structures called arbuscules. The arbuscule,

which serves as the nutrient exchange interface in the symbiosis, is highly branched

and is surrounded by plant plasma membrane.

Recently, monomers of cutin (Harrison 2005), the biopolyester derived from

cellular lipids have been implicated as a specific class of plant signaling factors

which play a crucial role in AMF stimulation. Two loci, RAM1 and RAM2

(‘required for arbuscular mycorrhization’), have been identified in Medicago
truncatula mutants seriously affected in AM symbiosis; they encode a GRAS

domain transcription factor and an acyl transferase, respectively, involved in the

production of cutin monomers (Fig. 24.5). This provides the first insight into a

Myc 
factor

AMF

CSP NSP2/RAM1
NSP2/NSP1

RAM2 Cutin 
monomers

Seed TFs Seed cutin

Seed 
development

hyphal branching

hyphopodia formation

arbuscule formation

Mycorrhization

strigolactones

Fig. 24.5 AMF-plant signalling and role of RAM1 and RAM2 in cutin monomer biosynthesis.

The arbuscular mycorrhizal fungi (AMF) develops symbiotic relationship with vascular plants.

Precise molecular signalling between plant and fungi develops this friendly interdependent

relationship. The fungi produces some factors which are recognized by plants through common

symbiosis pathway (CSP). This pathway in turn activates GRAS transcription factors NSP1,

NSP2, RAM1 and acyl transferase RAM2. These plant factors in turn induce production of

the plant hormone, stringolactone and also are associated with cutin monomer production. Both

these products help in plant and fungal development as well as arbuscular structure formation

leading to the development of mycorrhizal symbiosis
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mycorrhization specific signaling pathway and reveals cutin monomers as a critical

component of signaling in mycorrhizal symbiosis.

24.5 Plant Signaling to Endophytes and Epiphytes

The concept of plant “outsourcing” it’s essential components for efficient growth

and development to symbiotic microorganisms has further become plausible with

the documentation of the phyllospheric (air-contact surface of plants) and

endospheric (inner parts of plants) microorganisms. Plant development is now

considered a result of interspecies communication (Gilbert et al. 2012). The useful

traits of non-pathogenic endophytes and epiphytes of plants promote the potential

construction of microbiomes for crops to enhance agronomy with reduced chemical

inputs and at cheaper cost. Nonetheless, to combine useful microbiomes we need at

first to understand how they function.

The phyllosphere of a plant includes the aerial parts of the same, predominantly

the leaves, nonetheless also comprises of surfaces of stems (caulosphere), flowers

(anthosphere), fruits (carposphere), and leaves (phylloplane), all of which can

harbor different microbial inhabitants (Junker et al. 2011). These microbial com-

munities can range from pathogens to symbionts (Lindow and Brandl 2003).

Epiphytes are non-pathogenic fungi, bacteria, or algae that persist on the plant

surface without interior infiltration at any point in their life cycle (Zambell and

White 2015). An epiphytic lifestyle predominates for commensal phyllosphere

microorganisms. From several studies, it is apparent that plants actively select

their epiphytic organisms and therefore their distribution is not random. While

environmental factors largely affect the microbial epiphytic community, findings

suggest the involvement of plant genetic features that recruit these microbes, in a

selective manner. Conceivable mechanisms for such effects is initiated likely by the

chemistry of leave surfaces (Hunter et al. 2010), jasmonic acid (Kniskern et al.

2007) or GABA (γ-aminobutyric acid) signaling pathway) (Balint-Kurti et al.

2010).

Plants emit volatile organic compounds (VOCs) including terpenes,

phenylpropanoids, benzenoids, nitrogen and sulfur containing compounds that

have a pertinent role in defining the features of the microbial population that

dwell on plant exteriors, through their antimicrobial properties (thereby inhibiting

growth of microorganisms) or as carbon sources for some microorganisms (stim-

ulating inhabitants). VOCs are efficient mediators for communication acting uni-

versally as attractants, repellents or warning signals in organisms from all kingdoms

(Ortı́z-Castro et al. 2009). These volatile compounds are actively produced and

used as a refined “language” by plants to pursue communication with other organ-

isms (Choudhary et al. 2008). Soil microbial activity can degrade plant produced

monoterpenes and bacteria like Psuedomonas flourescens and Alcaligenes
xylosoxidans have been shown to metabolize α-pinene, a bicyclic monoterpene

and use the same as the only source of carbon. Plant produced sesquiterpenes found
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in the roots are also known to serve as carbon sources for microorganisms associ-

ated with roots of some plants (Junker and Tholl 2013). On the other hand, surface

microorganisms located between plant-atmosphere contacts (the interface for

essential gaseous exchange related to plant growth, for example, CO2 for carbohy-

drate production) are able to modify plant physiology and biochemistry (Farr-

é-Armengol et al. 2016). Other plant VOCs like methanol, some short chain

oxygenated compounds and low molecular weight fatty acid derivatives are also

active in communicating with microbes. Methanol (MeOH) emitted from wounded

plants have been found to retard the growth of a bacterial pathogen, Ralstonia
solanacearum in plants within the neighborhood known as “receiver” plants

(Dorokhov et al. 2012).

Endophytes (typically bacteria or fungi) are non-pathogenic towards their hosts

and spend at least some point in their life cycle by colonizing the interior spaces of

plant tissues, including roots, stems, leaves, flowers or seeds (Hallmann et al. 2006).

They may be limited in their distribution and metabolic activities within specific

plant tissues, or can exist in tissues in a nearly dormant phase; or they could

possibly be circulated through multiple tissues of host plants (Rodriguez et al.

2009). In terms of plant cell and tissue sites, endophytes are principally

intercellular, in many cases, may become intracellular and enter into the host

plant cytoplasm or become localized in the periplasmic area, between the cell

wall and plasma membrane (Paungfoo-Lonhienne et al. 2010; Thomas and Sekhar

2014).

Different endophytes are known to colonize different parts of a plant. The reason

behind such specificity must depend on the definite plant metabolites produced

locally. After initial colonization, some endophytes can move to other areas of the

plant by entering the vascular tissues and spreading systemically (Gaiero et al.

2013). Studies have shown a considerable distribution pattern of endophytes within

plants; however the mechanisms underlying the distribution pattern is still unclear

and is of intense research interest. Endophytic bacteria can be obligates which are

unable to survive outside the plant tissues and are considered to be transmitted via

seeds, as opposed to the facultative endophytes which originate from soil as free

living bacteria and colonize plants when they get the chance to enter through

coordinated infection (Hardoim et al. 2008). This has obvious benefits of special-

ized service provided by the endophytes which the plants enjoy in return.

Root endophytes reside in a vast number of plant species as part of their root

microbiome, with some found to influence positively the growth of a plant includ-

ing increase in root length, shoot biomass and root fresh weight. Such endophytes

colonize and infiltrate the epidermis at sites of lateral root development, below the

root hair zone, and in root fissures. Chemotactic response is the key for root

colonization. Some microbes penetrate the root by outnumbering other microbial

species. This requires coordinated gene expression of specific proteins in order to

invade the plant tissue, fight the immune system of the host plant, and find shelter in

a niche within the plant. Coordinated invasion by microbes on the root surface

comprises many signaling pathways and mutual signaling between host and

endophytes and between endophytes (Morris and Monier 2003; Rosenblueth and

Martı́nez-Romero 2006).
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Endophytic fungi are more known to protect plants against pathogenic attack, by

producing several anti-pathogenic secondary metabolites. These compounds com-

prise of alkaloids, steroids, terpenoids, peptides, polyketones, flavonoids, quinols,

phenols, and chlorinated compounds (Hardoim et al. 2015). These metabolites

prompt a plant’s induced systemic resistance (ISR), thereby triggering its own

defense army—by influencing the expression of pathogen related (PR) genes,

VOCs etc. Such signals protect a plant significantly from insects, nematodes and

bacterial pathogens. The enigmatic feature is that, in many cases, a plant’s defense
machinery is triggered even in the absence of mycotoxins. This may happen due to

the induction of other plant traits that may alter their nutrition/metabolic state

(Schulz 2006).

Several plant-associated bacterial species use Quorum Sensing (QS)—a process

depending on population size—for their establishment within a plant—and adjust a

wide range of phenotypes including rhizosphere competence, virulence, conjuga-

tion, secretion of hydrolytic enzymes, and the production of secondary metabolites

(Newton and Fray 2004). The most common QS system in gram-negative bacteria

uses acetyl homoserine lactone (AHL) as signals. The typical AHL QS system

contains a LuxI family synthase synthesizing the AHL. In each bacterial cell, AHL

works at a low basal level and also diffuses through the membrane as an

amphophilic substance to the neighborhood. Hence it is the AHL concentration

that denotes the cell density. When bacterial cell-density reaches a specific thresh-

old (“quorum”), AHL molecules bind to LuxR receptor protein in the bacterial

cytoplasm. This AHL-receptor complex acts as a transcriptional regulator. Thus,

the response to the AHL-signaling compounds is auto-inducing, making this regu-

lation extremely sensitive (Fuqua et al. 2001). Recently it has been demonstrated

that, AHLs can also act as interkingdom signals influencing plant gene expression

(Venturi and Fuqua 2013). Some compounds that are plant derived have been

reported to impede QS and play the role of agonists or antagonists of bacterial

QS systems (Bauer and Mathesius 2004).

A remarkable discovery has shown that some plant-associated bacterial LuxRs

do not bind and thus do not respond to AHL mediated compounds but they react

against low molecular weight plant-derived molecules (Bauer and Mathesius 2004).

These luxRs are now defined as a new subfamily of proteins which have evolved

away from binding to AHLs but can respond to plant signals, thus representing an

extensive novel inter-kingdom signaling module. In the pseudomonads of the

rhizosphere, one of these proteins called PsoR was found to be involved in

transcriptional regulation by responding to various plant compound(s) which

exert antimicrobial activity (Subramoni et al. 2011). In this widespread inter-

kingdom signaling system, the crucial plant signal(s) are the low molecular weight

plant secondary metabolite(s) which direct this communication. Plants alter their

gene expression, modify their protein profile and adjust their development, in

response to the presence of AHL in their surroundings (Bauer and Mathesius

2004). Whether AHLs induce systemic responses or are transported within plants

seem to depend on the structure of the AHL molecule, in particular on the

length and residues of the fatty acid chain (Schenk et al. 2012). Developmental
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changes altered by AHL that are related to changes in cell division, cell elongation

and cell differentiation and its mechanism of action are found to be independent of

auxin signaling. Multiple studies have shown that plants discharge components that

precisely stimulate or inhibit AHL dependent QS responses through interactions

with microbial AHL receptors (Teplitski et al. 2000); These QS imitators target

different steps of the QS circuit, including signal synthesis, signal stability and

signal sensing (Teplitski et al. 2000). Specific flavonoids are released that enable

certain bacteria to specifically populate a host plant through coordinated gene

regulation required for colonization.

There are ample evidences of plants producing quorum-sensing inhibitors

(Gaiero et al. 2013). These quenching compounds are considered to serve as an

armor against quorum sensing pathogenic species. Mycotoxins such as fusaric acid,

penicillic acid, and patulin are now viewed as quorum quenching compounds

produced by various fungi which can disrupt quorum-sensing regulation induced

by pathogenic bacteria (Rasmussen and Givskov 2006).

24.6 Microbial Signaling to Plants

Plant growth promoting bacteria and fungi, nodule forming rhizobia and arbuscular

mycorrhiza, are invariably recognized as non-self by the plant, which uses com-

mitted pattern recognition receptors (PRRs) to perceive conserved microbe-specific

molecules, termed microbe-associated molecular patterns (MAMPs) such as lipo-

polysaccharides, peptidoglycans, flagellin, and chitin (Zamioudis and Pieterse

2012; Millet et al. 2010). The MAMPs trigger a local basal immune defense,

which can then be converted into systemic defense responses that are controlled

by regulatory networks connecting signaling via the plant hormones, salicylic acid,

jasmonic acid, ethylene, and others (Venturi and Keel 2016). Plant growth promot-

ing rhizobacteria (PGPR) and fungi (PGPF) generally induce plant defense

response which is known as induced systemic resistance (ISR) (Zamioudis and

Pieterse 2012). This defense signaling depends on jasmonic acid and ethylene, and

is separate from the systemic acquired resistance (SAR) which is primarily induced

by pathogens and involves salicylic acid signaling (Ryals et al. 1996). The immune

response triggered by beneficial microorganisms is relatively minor and is based on

a process called priming which prepares the plant, upon sensitization by the

microbes, to react more efficiently to abiotic and biotic stress such as attack by

leaf pathogens and pests (Venturi and Keel 2016). Beneficial rhizosphere microor-

ganisms counter immune recognitions; the signaling involved in these immune

interactions is little understood and has generated considerable interest in these

microorganisms in recent years, and research in this field is rapidly evolving

(Zamioudis and Pieterse 2012).

Rhizospheric microorganisms elicit plant responses not only via MAMPs and

effector proteins but they also do so via diverse signaling molecules. Mycorrhiza

produce small secreted proteins (SSPs) that act as mutualistic effectors promoting
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mycorrhization by altering hormonal signaling pathways in their plant host (Plett

and Martin 2015). The ectomycorrhizal fungus—those which can penetrate the root

but cannot invade the cell of host plants, release upon root contact a small protein

from its hyphae. This protein then enters the host cells, localizes to the nucleus, and

interacts with plant hormone co-receptors to counteract jasmonic acid signaling and

promote symbiosis (Teplitski et al. 2000).

Antimicrobial compounds are another class of microbial molecules that stimu-

late systemic plant responses. 2,4-diacetylphloroglucinol (DAPG) induces salicylic

acid and ethylene signaling-dependent ISR against fungal and bacterial leaf path-

ogens (Iavicoli et al. 2003). DAPG is also described to have positive effects in root

development, and this is apparently found to occur via an auxin-dependent signal-

ing pathway (Brazelton et al. 2008).

Many VOCs which act as microbial signaling molecules are of considerable

interest because of their influence on plant growth promotion or inhibition (Bailly

and Weisskopf 2012). Bacterial volatiles have been found to be more complex than

that of plants. Indole, another bacterial signaling VOC produced by various PGPRs

affects root development via the auxin signaling pathway (Bailly et al. 2014).

Interestingly, indole released by plants also functions as a potent volatile signal

that primes the producer and neighboring plants against attacks from herbivorous

insects. Similar to AHLs and antibiotics, VOCs can also have multiple biological

roles in intra- and interspecies interactions among the bacteria themselves. There

are numerous reports showing that volatiles produced by bacteria such as ammonia,

butyrolactonas, HCN, phenazine-1-carboxylic acid, alcohols, among others, may

have activity in vivo (Trivedi and Pandey 2008). Production of bioactive VOCs is

widespread and highly diverse among PGPR and PGPF. It is evident that PGPR

VOCs can trigger different hormonal signaling networks in plants, involving

cytokinins, brassinosteroids, auxin, salicylic acid and gibberellins. This has gener-

ated new expectations about the role of volatiles during plant–microorganism

relationship with regard to plant development (Ortı́z-Castro et al. 2009). Experi-

ments on Arabidopsis suggest that VOCs have direct implications on auxin pro-

duction as seen by microarray analysis and are therefore directly related to plant

morphogenesis. Also, another study has shown that VOCs from plant associated

microorganisms can modulate endogenous ABA (abscisic acid)/sugar signaling and

improve the photosynthetic efficiency of plants. VOC-mediated microbe–plant

interactions are expected to be by far more complex than uncovered so far. A

further class of microbial molecules with interkingdom signaling properties are

phytohormone-like compounds, including auxins, gibberellins, and cytokinins, that

are not only produced by PGPR and PGPF but also by bacterial and fungal

pathogens. They affect growth, organ development, immune responses, and hor-

monal signaling in plants (Fig. 24.6).

Numerous evidences are suggestive that growth promoting phytohormones

produced in abundance by plant associated microbes regulate plant growth and

development. Diverse bacterial species produce auxins and their precursors as part

of their metabolism. Auxins are quantitatively the most abundant phytohormones

secreted by Azospirillum species, and it is generally agreed that auxin production is
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the major factor responsible for the stimulation of root system development and

growth promotion by this bacterium (Ortı́z-Castro et al. 2009). Many fungal species

also produce auxins. Recent findings on the role of fungal-produced indole acetic

acid (IAA) in different plant–fungus interacting systems open the possibility that

fungi may use IAA and related compounds to interact with plants as part of its

colonization strategy, leading to plant growth stimulation and (Ortı́z-Castro et al.

2009) modification of basal plant defense mechanisms. Cytokinins, produced by

plant associated microorganisms have been implicated in an increase in growth of

plants (Garcia de Salamone et al. 2001). In Arabidopsis, cytokinins produced by

bacterial species associated with a plant were found to promote biomass growth.

Disruption of cytokinin receptors result in significant reduction of growth promo-

tion activity, highlighting the importance of cytokinin perception in a plant’s
response to microorganisms. Endophytes have evolved ways to use plant hormone

signaling pathways to their advantage. ACC deaminase is a bacterial enzyme that is

often associated with alleviation of plant stress. This enzyme is responsible for

lowering the levels of ethylene in a plant by cleaving the plant-produced ethylene

precursor 1-aminocyclopropane-1-carboxylate (ACC) to ammonia and

2-oxobutanoate, preventing ethylene signaling (Hardoim et al. 2015). The plant

hormone ethylene acts in germination of seeds and responds to various stresses, and

Fig. 24.6 The key molecules that have a role in interkingdom signaling between plants and its

associated microbes. Plants actively recruit microbes by the secretion of volatile compounds and

other chemicals and provide them with carbon sources as well as a secure physical location for

them to inhabit. In exchange the microbes provide with nutrients that are otherwise unreachable

for plants as well as hormones for favorable growth of plants. They also provide antimicrobials to

protect the plants against pathogens and relieve stress through abiotic stress alleviating hormones.

The interplay between them are mediated by the volatile organic compounds (VOCs), molecules

involved in quorum sensing (QS) and other specific genetic traits
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it is the key regulator of colonization of plant tissues by bacteria. This suggests that,

apart from stress alleviation, ACC deaminase supports colonization of a number of

bacterial endophytes. Preferential selection of plant growth promoting bacteria with

high ACC-deaminase activity by plants could benefit the plant and give

ACC-deaminase containing endophytes an advantage. Endophytes use

ACC-deaminase and indole acetic acid to direct their hosts to effectively reprogram

some of their signaling pathways (Gaiero et al. 2013).

A study between interaction of plants and endofungal species (Tanaka et al.

2006) have shown that reactive oxygen species (ROS) produced by the fungi act as

signals for mutualism, while mutation of the ROS producing traits shifts the

interaction towards pathogenic consequences.

With the advent of more signaling related studies, it is expected that more

players will be uncovered and the pathways will gradually be better understood.

24.7 Concluding Remarks

An abundance of focused research has revealed an intimate symbiotic relationship

between plants and their associated microorganisms. Such associations leading to

the formation of plant specific microbiomes are extremely diverse both at the

structural and the functional levels. These studies have led to a fundamental change

in our understanding of plant physiology. A high interplay of bacteria, archaea, fungi

and protists forming themicrobiome appear to be at work in shaping the physical and

functional aspects of a plant. The plant microbiome is now recognized as an

important entity of a plant and it has led us to consider plants as metaorganisms.

Climate change is intensifying the challenges faced in agriculture. It is causing

the emergence of new phytopathogens the leading cause of crop yield decreases that

is threatening food security. Environmentalists and in some cases policy makers are

advocating use of natural means to combat such threats. Therefore for some time

now we are noticing an increased use of biofertilizers and biopoesticides. However,

there are questions regarding their efficiency and cost benefits. In this background

our recent understanding of plant and microbe association and appreciation of the

intricate crosstalk that takes place between them will help to develop means of

harnessing the same for enhancing crop protection and sustainable improvement in

its productivity. We now know that plant microorganism interaction can lead to

significant changes in the metabolome and a concomitant change in its physiology

and transcriptional status. An in-depth understanding of the same will allow us to

use them in pathogen resistance and in general as bio-control agents. This chapter

has focused on signaling between the host and its diverse and mostly benevolent

guests and has illuminated how such communications can lead to growth enhance-

ment including stimulus for germination, resistance from diseases and tolerance to

stress. It is now apparent that signaling between plants and its microbiome can be

used to engineer host microbial population of economically important crops in

order to enhance productivity under conditions considered to be adverse for plant
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growth. Adverse conditions ensuing from climate change will lead to more stressed

conditions and such conditions are likely to become more frequent and severe in the

near future. Therefore by a concerted manipulation of a plant microbiome the

adversities of climate change such as increased incidence of plant diseases and

decreased agricultural production can be thwarted to bring about a cleaner, greener

and a more sustainable world.
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Chapter 25

Mycorrhizae: A Sustainable Industry for Plant

and Soil Environment

Rouf Ahmad Bhat, Moonisa Aslam Dervash, Mohammad Aneesul Mehmood,

Bhat Mohd Skinder, Asmat Rashid, Javeed Iqbal Ahmad Bhat,

Dig Vijay Singh, and Rafiq Lone

Abstract The rhizosphere is an environment of plant roots in which most of the

microbial activities of soil occur. The two vital components of soil rhizosphere are

root exudates and soil microbes. Root exudates are the chemical compounds that

are secreted by roots and act as a source of food for soil microbes especially for

mycorrhizae. These chemical compounds plays significant role in soil microbe and

plant interaction. The soil mycorrhizae are important for plant growth development

and health. They are the main components that enrich the soil nutrients and

maintain the soil health in sustainable manner. Furthermore, they enhance the

plant growth regulators, provide defense mechanism to the plants, regulate enzy-

matic activities, increase rate of photosynthesis and supports in bioremediations,

thus acting as eco-facilitator in sustainable agriculture both in terms of production

and environmental protection.

25.1 Introduction

The rhizosphere is a soil environment that surrounds the plant roots and is crucial

for plant life. This region around the plant root is highly active and is also described

as a zone of maximum microbial activity. The microbial population present in this

environment is relatively different from that of its surroundings due to the presence

of root exudates that serve as a source of nutrition for microbial growth (Burdman

et al. 2000). The microorganisms may be present in the rhizosphere, rhizoplane,
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root tissue and/or in a specialized root structure called a nodule. Very important and

significant interactions were reported among plant, soil, and microorganisms pre-

sent in the soil environment (Antoun and Prevost 2005). These interactions may be

beneficial, harmful and or neutral, and can significantly influence plant growth and

development (Adesemoye and Kloepper 2009; Ahmad et al. 2011; Lau and Lennon

2011: Khanday et al. 2016). The microorganisms colonizing plant roots generally

include bacteria, algae, fungi, protozoa and actinomycetes. Enhancement of plant

growth and development by application of these microbial populations is well

evident (Bhattacharyya and Jha 2012; Gray and Smith 2005; Hayat et al. 2010;

Saharan and Nehra 2011). Fungi represent a significant portion of soil rhizosphere

microflora and influence plant growth. The symbiotic association generated by

fungi with plant roots (mycorrhizae) increases the root surface area, and therefore

enables the plant to absorb water and nutrients more efficiently from large soil

volume. The mycorrhizal association not only increases the nutrient and water

availability, but also protects the plant from a variety of abiotic stresses (Evelin

et al. 2009; Miransari 2010). Mycorrhizae play significant role in enhancing plant

growth by way of different mechanisms. Exploring the mechanisms of growth

promotion by mycorrhizae could be very useful for enhancing plant growth by

using these microbial populations together, particularly under stressful environ-

ments. Although a number of studies have shown that combined application of

mycorrhizae could be a meaningful approach for sustainable agriculture (Denton

2007; Najafi et al. 2012; Ordookhani et al. 2010), there are still certain aspects

which need further investigations for obtaining maximum benefits in terms of

improved plant growth from this naturally occurring population. The give and

take, and vice-versa association between plant roots and fungi has great impact

on crop quantity and quality. Ectomycorrhizae and arbuscular mycorrhizae are the

two common kinds of fungi involved in such interactions and certainly the most

plentiful fungi that are normally present in agricultural soils. They form symbiotic

association with terrestrial as well as aquatic plants (Christie et al. 2004; Liu and

Chen 2007; Willis et al. 2013). Almost 75–80% of all plants, including, terrestrial,

aquatic mostly agricultural, horticultural, and hardwood crop species are able to

establish this kind of symbiotic interaction that benefits both plant and fungi. These

fungi enter into root cortical cells and form a particular haustoria-like structure

called arbuscule that acts as a mediator for the exchange of metabolites between

fungus and host cytoplasm (Oueslati 2003). The mycorrhiza hyphae also proliferate

into the soil which helps plants to obtain mineral nutrients and water from the soil

and also contribute to improving soil structure (Javaid 2009; Rillig and Mummey

2006). AM fungi play a very important role in ecosystems through nutrient cycling

(Shokri and Maadi 2009; Wu et al. 2011a, b; Yaseen et al. 2012). Growth and

productivity of several field crops have been observed by root colonization of

mycorrhizal fungi (Cavagnaro et al. 2006; Nunes et al. 2010). Mycorrhizae increase

the availability and supply of slowly diffusing ions, such as phosphate to the plant

(Sharda and Koide 2010). In addition to their significant role in P acquisition, AM

fungi can also provide other macro- and micro-nutrients such as N, K, Mg, Cu and
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Zn, particularly in soils where they are present in less soluble forms (Meding and

Zasoski 2008; Smith and Read 2008).

25.2 Mycorrhizae to Improve Plant Growth Under

Extreme Adverse Conditions

The growth support due to mycorrhizal relationship can be described by numerous

ways of mechanisms performed by fungi under different conditions. These include

release of metabolites viz., phytohormones, amino acids, vitamins, mineralization

and solubilization processes. In addition to providing nutritional and structural

benefits to plants, they also impart other benefits to them including production/

accumulation of secondary metabolites, osmotic adjustment under osmotic stress,

improved nitrogen fixation, enhanced photosynthesis rate, and increased resistance

against biotic and abiotic stresses (Khaosaad et al. 2007; Ruiz-Lozano 2003;

Schliemann et al. 2008; Selvakumar and Thamizhiniyan 2011; Sheng et al. 2009;

Shinde et al. 2013; Takeda et al. 2007; Wu and Xia 2006). Many researchers have

reported that mycorrhizae fungi can improve plant tolerance to heavy metals,

drought, and salinity, and also protect plants from pathogens (Azcon-Aguilar

et al. 2002; Gamalero et al. 2009a, b; Gosling et al. 2006; Marulanda et al. 2006,

2009; Vivas et al. 2003; Zhang et al. 2010). They can also improve crop growth and

yield by alleviating the negative influence of allelochemicals (Bajwa et al. 2003;

Khanday et al. 2016). These effects can be described by number of different ways of

mechanisms that may differ depending on plant and mycorrhizae association as

well as internal and external stress factors. For example, a number of studies have

shown that improved P nutrition under salinity and water deficit environment is a

primary mechanism for promoting stress tolerance in plants (Cantrell and

Linderman 2001; Colla et al. 2008; Feng et al. 2002). There are many reports

which show that mycorrhizae fungi can increase soil enzyme activities, such as

phosphatase (Mar Vazquez et al. 2000). Some studies have also demonstrated that

mycorrhizae association not only influences P nutrition but also affects the physi-

ological processes of plants by increasing proline contents (Ruız-Lozano et al.

1995). Proline is known to act as an osmoregulator under stress conditions (Ashraf

and Foolad 2007). The mechanisms used by mycorrhizae to alleviate effects

induced adverse conditions of salinity on plant growth include: improvement of

plant nutrition, variation in Na+ and K+ uptake, modification in physiological and

enzymatic activities and alteration of the root architecture to facilitate water uptake

(Evelin et al. 2009; Gamalero et al. 2010; Zhang et al. 2011; Zolfaghari et al. 2013).

Physiological processes involved in osmoregulation like enhanced CO2 rate, water

use efficiency, and stomatal conductance are also influenced by the activities of

mycorrhizae fungi (Birhane et al. 2012; Ruiz-Lozano and Aroca 2010). Mycorrhi-

zae also increase the nitrogen availability of host plant under drought conditions

(Subramanian and Charest 1999). It has been shown that mycorrhizal plants absorb
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water more efficiently under water deficit environment (Khalvati et al. 2005) that

might be due to modification in root architecture which results in better root growth

due to numerous branched roots (Berta et al. 2005). As abscisic acid regulates the

stomatal conductance by closing stomata under water limited environment, the

positive effect of mycorrhizae fungi on plant growth and development under

drought stress might be due to its influence on abscisic acid concentration in plants

(Jahromi et al. 2008). It has also been observed that mycorrhizae fungi increase

salinity tolerance of host plants by improving water status of the inoculated plants

by facilitating water transport in plants (Ouziad et al. 2006). Mycorrhizae also

enhance soluble sugars and electrolyte concentrations in host plants. For example,

improved osmoregulation capacity in mycorrhizae inoculated maize was related to

higher soluble sugar and electrolyte concentrations (Feng et al. 2002). Porcel and

Ruiz-Lozano (2004) and Al-Garni (2006) also reported increased sugar concentra-

tions in mycorrhizal plants of soybean and Phragmites australis. It is also well

documented that mycorrhizae fungi affect the expression of a number of antioxi-

dant enzymes (Gamalero et al. 2009a, b), which protect the plants from reactive

oxygen species produced under stress conditions. Similarly, improved nodulation

due to increased activities of these enzymes under salinity stress has been observed

along with other factors such as leghemoglobin content, nitrogenase activity and

polyamine contents (Gamalero et al. 2009a, b; Garg and Manchanda 2008; Mata-

moros et al. 2010; Sannazzaro et al. 2007; Yaseen et al. 2012). Another mechanism

used by mycorrhizae fungi to facilitate plant growth under salinity stress is the

regulation of plant nutrition. High Na+ concentration under salinity stress is detri-

mental for normal plant growth and low K+/Na+ ratio has been observed generally

in salt sensitive plants (Ashraf et al. 2004). Therefore, improved K+/Na+ ratio is

believed to be a potential indicator of salinity tolerance in most plants. The AM

fungi also play an important role in maintaining a high K+/Na+ ratio in host plants

exposed to saline conditions (Giri et al. 2007; Sannazzaro et al. 2006; Selvakumar

and Thamizhiniyan 2011; Zhang et al. 2011). In general, mycorrhizae enhance

plant growth under stressful environments by a number of mechanisms such as

regulation of plant nutrition, production of hormones and antioxidant enzymes, and

regulation of a multitude of physiological processes. However, it is also evident

from the above discussion that the effectiveness of these mechanisms also depends

on the extent of mycorrhizae and host plant association as well as a number of soil

and plant factors.

25.3 Phytohormones

Plant growth regulators levels have been observed to change during mycorrhizae

fungi development reported by many researchers and almost all hormones have

been proposed as important regulators of the symbiosis (Hause et al. 2007; Ludwig-

Muller 2010; Foo et al. 2013). Moreover, many of these hormones have been shown

to be involved in root morphogenesis that enhances the development and
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improvement growth of plants especially crops (Rouached et al. 2010; Chiou and

Lin 2011; Hammond and White 2011; Sato and Miura 2011; Niu et al. 2013).

25.3.1 Auxin

Auxin is an essential regulator of plant growth and developmental processes. In the

roots, it positively regulates the size of the root apical meristem by promoting cell

division antagonistically to cytokinin, and it is involved in the regulation of cell

elongation with ethylene (Muday et al. 2012; Vanstraelen and Benková 2012).

Moreover, it is the main regulator of each lateral root (LR) formation step (Fukaki

and Tasaka 2009; De Smet 2011). Elevated levels of auxin, either due to exogenous

application or to enhanced biosynthesis, are sufficient to increase lateral root

formation, while mutations that reduce auxin signalling, such as solitary root of

Arabidopsis, cause a strong reduction in lateral root formation (revised by

Ivanchenko et al. 2008). Since mycorrhizae colonization increases root branching,

the involvement of auxin in the root system architecture regulation of mycorrhizal

plants has been suggested (Ludwig-Muller 2010; Hanlon and Coenen 2011;

Sukumar et al. 2013). Auxin is involved in the mycorrhizae host–fungus interac-

tion. The addition of auxin has been shown to increase spore germination and

hyphal growth, and to influence the infection rate and percentage of colonization

(Ludwig-Muller 2010). The auxin level in plant tissues increases in different plant–

fungus associations (Ludwig-Muller 2010), probably independently of fungus

production (Jentschel et al. 2007; Ludwig-Muller 2010).

25.3.2 Cytokinins

Cytokinins play a crucial role in regulating the proliferation and differentiation of

plant cells, and also control many developmental processes. They are recognized as

essential regulators of the plant root system, as they are involved, antagonistically

to auxin, in the control of the size of the root apical meristem, and in the rate of root

growth and lateral roots organogenesis (Sakakibara 2006; Werner et al. 2010;

Marhavý et al. 2011). They can redirect assimilates and induce invertases, thus

contributing directly to the plant carbon redistribution (Ludwig-Muller 2010).

However, recent studies have suggested that cytokinins might not be involved to

any great extent in the regulation of mycorrhizal development (Foo et al. 2013). A

number of mycorrhizae plants accumulate more cytokinins than non mycorrhizal

plants in both the shoots and the roots (Torelli et al. 2000; Shaul-Keinan et al.

2002). Since the main sites of cytokinin synthesis include the root tips (Aloni et al.

2006), the high cytokinin level found may be, in part, a consequence of increased

root branching.
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25.3.3 Ethylene

Ethylene plays an important role in coordinating internal and external signals, as

well as in several stress responses and interaction of plants with other organisms

(Lei et al. 2010; López-Ráez et al. 2010). In mycorrhizae symbiosis, ethylene and

salicylic acid function as negative regulators of mycorrhizal intensity (Gamalero

et al. 2008; Ludwig-Muller 2010). In fact, a strong ethylene inhibitory effect has

been observed on early symbiotic gene expression, on fungus entry into roots

(Mukherjee and Ané 2011) and on intra radical fungal spread (Martı́n-Rodrı́guez

et al. 2011). The ethylene content is increased by a deficiency of ABA, which is in

contrast necessary for arbuscule formation and is positively correlated to mycor-

rhizal establishment (Ludwig-Muller 2010; Martı́n-Rodrı́guez et al. 2011). Accord-

ingly, most researchers indicate that ethylene production is diminished in

mycorrhizae-infected plants (López-Ráez et al. 2010), although a few contradictory

results have also been reported (Dugassa et al. 1996). Ethylene, like auxin and

cytokinin, is an important regulator of root morphogenesis. It inhibits root elonga-

tion by reducing cell elongation synergistically with auxin (Muday et al. 2012).

However, it also acts antagonistically to auxin by inhibiting LR formation in the

earliest stages of LR initiation, as has been shown through treatments with ethylene.

25.4 Mycorrhizae Symbiosis a Sustainable Ecosystem

Services

Plants in ecosystems perform a series of functions that are beneficial to the well-

being of humans, providing multiple resources and processes (Daily 1997). Trade-

offs and links between plants and soil microbial communities can act as drivers of a

wide range of processes in ecosystems (Lavorel 2013; Grigulis et al. 2013). Given

the beneficial functions of mycorrhizae fungi on plant fitness, resilience against

environmental stresses, nutrient cycling, and soil quality, mycorrhizae symbiosis is

now recognized to play a fundamental role as a provider of ecosystem services.

Various ecosystem services delivered by mycorrhizae have been identified:

biofertilization from the mycorrhizae promotion of plant growth, which in turn

reduces fertilizer requirements, stabilization of soil structure, and bioregulation

consequent to the plant metabolic modifications by mycorrhizae fungi (Gianinazzi

et al. 2010). Linking functional traits of plants and soil microbes, such as mycor-

rhizae fungi, with their delivery of multiple ecosystem services is currently con-

sidered a rational mean for assessing the functioning of a given ecosystem

(De-Bello et al. 2010). Less attention, however, has been given to beneficial soil

organisms in general and mycorrhizae in particular and their influence on the

processes of ecosystems that contribute to the ecosystem services in agroecology.

The positive effect of mycorrhizae on the ability of plants to counteract the

conditions of drought confers to mycorrhizae a pivotal role as a valuable technology
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not only for the sustainability of agricultural systems, but also for the restoration of

degraded natural arid and semi-arid areas, where multiple environmental stresses,

including drought, occur (Gianinazzi et al. 2010; Barea et al. 2011). In light of the

assessment of the multiple ecosystem services provided by mycorrhizae, critical

advances are required for elucidating the functional importance and value of plant

and mycorrhizal diversity that are necessary for the functioning of ecosystems.

These are also required for clarify the links among plant traits and their associated

mycorrhizae fungal characteristics to quantify the contribution of plant–mycorrhi-

zae fungi associations to ecosystem services under various environmental con-

straints (Barea et al. 2011; Grigulis et al. 2013; Lavorel 2013). The role of

mycorrhizae symbiosis in the functional traits of both plants and microbes that

could characterize above- and belowground ecosystem services has not yet been

explored. The application of a trait-based approach to both plant and mycorrhizae

fungal communities represents a promising opportunity to understand how func-

tional mycorrhizae feedbacks between plant and mycorrhizae fungi translate into

interactions between ecosystem services (Lavorel 2013).

25.5 Mycorrhizal Association Imparting Drought

Tolerance in Crop Plants

Mycorrhizal association improving drought tolerance of agronomically important

crop plants and has been reported by earlier workers in crops like wheat, soybean,

onion, capsicum, maize, barley, cotton, etc. (Beltrano et al. 2013; Maya and

Matsubara 2013). Improved growth and development of mycorrhizal plants espe-

cially in stressful environment is partly attributed to better water status of the leaf

tissues (Colla et al. 2008), improved abilities to absorb nutrients from soil, higher

root hydraulic conductivity and high photosynthetic rates of mycorrhizal plants

(Yang et al. 2014). Therefore, it is evident that the mycorrhizal fungal association

offers a number of benefits to the plants. Although the association is costly to the

plant as it has to shell down some amount of carbon to the fungi, still the benefits

derived in terms of protecting the plants under stress is much more than what the

plant is losing. Under the conditions of water deficit, the external mycelium of

R. intraradices may have a direct role in transport of considerable amount of

nitrogen in the form of NO�
3 as observed in maize plants where roots also had

higher glutathione reductase activity and P status in host plants (Subramanian and

Charest 1999). In general, drought affects the AMF colonization negatively (Ryan

and Ash 1996), in wheat AMF has been shown to alleviate the drought stress and

increase yield mainly through improved nutrient uptake (Al-Karaki et al. 2004).

Claroideoglomus claroideum (Glomus claroideum) seems to play a key role in

imparting drought tolerance in wheat by improved chlorophyll content and cell

membrane permeability (Beltrano and Ronco 2008). Various horticultural crops

have been shown to tolerate drought via AMF. For example, Wu et al. (2013) have
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reported that the AMF inoculated citrus exhibited higher drought tolerance than the

non-AMF citrus. In lettuce, an important vegetable crop in Europe, the AMF

association promoted secondary metabolite production thereby making the plants

to withstand abiotic stress (Baslam and Goicoechea 2012). AMF has been shown to

be associated with date palms indicating possible role of the AMF in withstanding

droughts of deserts (Symanczik et al. 2014).

Inoculation of tomato plants with R. intraradices resulted in improved nutri-

tional status, increased shoot dry matter, fruits and flowers with higher quantities of

ascorbic acid and total soluble solids (Subramanian et al. 2006). Ballesteros-

Almanza et al. (2010) observed that inoculation of common bean with AMF

imparted drought tolerance by improving intraradical and extraradical hyphae,

arbuscule development, and succinate dehydrogenase and alkaline phosphatase

activity in root system. The list of AMF conferring drought tolerance on different

crop species is given in Table 25.1.

25.6 Arbuscular Mycorrhizal Fungi as a Tool to Improve

the Phytoremediation

Many large areas around the world are contaminated with heavy metals and organic

compounds; most of these have not been remediated due to the high cost and

technical drawbacks of currently available technologies. Heavy metals tend to

accumulate in soils and aquatic sediments and can enter the food chain leading to

the biomagnification phenomenon thereby representing a risk to the environment

and to human health (Clijsters et al. 1999). Some essential elements, such as copper

(Cu) and zinc (Zn), may be present in soils and waters at potentially toxic levels

mainly as a result of agricultural and industrial practices (Ali et al. 2004). Alterna-

tive techniques for the clean-up of polluted soil and water, such as the cost-effective

and less disruptive phytoremediation, have gained acceptance in recent years

(Pilon-Smits 2005; Thewys et al. 2010). Trees have been suggested as suitable

for phytoremediation due to their high biomass production (Dickinson and Pulford

2005) and because tree plantations can be multi-purpose (Tognetti et al. 2013).

Poplar has many characteristics suitable for phytoremediation: a fast rate of growth,

a deep and wide-spreading root system and a metal-resistance trait (Aronsson and

Perttu 2001; Di Baccio et al. 2011; Sebastiani et al. 2004). Plant symbiotic fungi,

such as mycorrhizae, and soil bacteria can confer increased tolerance to stress

(Gamalero et al. 2009a, b). Arbuscular mycorrhizal fungi (AMF) form associations

with the roots of the vast majority of land plants; the fungus colonizes the roots and

forms arbuscules within root cortical cells thus improving plant nutrient uptake,

especially phosphorus (Smith and Read 1997a, b; Khanday et al. 2016). Moreover,

increasing evidence shows that symbiotic fungi contribute to plant adaptation to

multiple biotic and abiotic stresses (Gohre and Paszkowski 2006; Lebeau et al.

2008, Lingua et al. 2002; Liu et al. 2007; Rodriguez and Redman 2008; Smith et al.
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Table 25.1 Examples of AMF conferring drought tolerance in crop plants

Species Crop Stress Mechanism Reference

Claroideoglomus
etunicatum

Maize High

temperature

Reduced membrane

lipid peroxidation,

membrane perme-

ability and increased

accumulation of

osmotic adjustment

compounds and anti-

oxidant activity

Zhu et al.

(2010)

Glomus versiforme Citrus

(Citrus
tangerine)

Drought Higher activities of

catalase (CAT),

ascorbate peroxidase

(APX), superoxide

dismutase (SOD)

Wu et al.

(2006)

Funneliformis mosseae Maize

(Zea
mays)

Drought Accumulation of

amino acids and

imino acids, remark-

able increase in tre-

halose content and

higher trehalase

activity

Schellenbaum

(1998)

Funneliformis mosseae
and Claroideoglomus
etunicatum

Wheat

(Triticum
asetivum)

Drought Higher biomass and

higher grain yields,

shoot P and Fe con-

centration in mycor-

rhizal plants

Al-karaki et al.

(2004)

Glomus spp. Wheat

(Triticum
asetivum)

Water

stress

Mycorrhiza

increased the content

of free amino acids,

proline, total soluble

and crude protein,

total carbohydrate,

total soluble and

insoluble sugars, and

enhanced the activity

of antioxidant

enzymes like peroxi-

dase (POX) and cat-

alase (CAT)

Khalafallah and

Abo-Ghalia

(2008)

Rhizophagus
intraradices

Sorghum

(Sorghum
bicolor)

Drought Mycorrhiza mini-

mized the adverse

effect of drought and

increased the grain

yield by 17.8%

Alizadeh et al.

(2011)

Soybean

(Glycine
max)

Drought Higher leaf water

potential in mycor-

rhizal plants, and

mycorrhiza protected

the plants against

oxidative stress

Porcel and

Ruiz-Lozano

(2004),

Meddich et al.

(2015)

(continued)
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Table 25.1 (continued)

Species Crop Stress Mechanism Reference

Funneliformis mosseae
Rhizophagus diaphanum
Glomus versiforme

Trifoliate

orange

(Poncirus
trifoliata)

Drought Higher plant growth

and biomass, acid

and total phosphatase

activity, leaf and root

P contents in drought

stressed mycorrhizal

seedlings particularly

in F. mosseae

Wu et al.

(2011a, b)

Funneliformis mosseae Sunflower Drought Inoculated plants

produced more dry

matter, heavier seeds

and greater seed and

oil yields with

F. mosseae. Despite
of reduction in N

percentage due to

drought, N percent-

age was higher in

inoculated plants

compared to control

Gholamhoseini

et al. (2013)

Glomus spp. Boswellia
papyrifera

Pulsed

water avail-

ability

conditions

Higher level of AM

colonization under

irregular precipita-

tion regime where

mycorrhizal seed-

lings had higher bio-

mass, increased

transpiration, higher

water

Birhane et al.

(2012)

Funneliformis
mosseae + Rhizophagus
intraradices

Lettuce

(Lactuca
sativa.)

Water

deficit

Under water deficit,

the accumulation of

potential antioxi-

dants (mainly carot-

enoids, anthocyanins

and to a lesser extent

chlorophyll and phe-

nolics) in the leaves

of mycorrhizal let-

tuce plants were

more. Shoot biomass

in AM lettuce under

moderate water defi-

cit was equal to well

watered AM plants.

Improved lettuce

quality and reduced

irrigation without

affecting lettuce

production

Baslam and

Goicoechea

(2012)
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2010). In the case of heavy metals, the beneficial effect varies according to plant

and fungal species, metal and concentration (Bois et al. 2005; Lebeau et al. 2008;

Takacs et al. 2005; Todeschini et al. 2007). The mechanisms by which AMF offer

protection from stress has not been clarified, although decreased metal uptake has

been reported in some cases (Christophersen et al. 2012; Mrnka et al. 2012). The

potential of plant–microbe interactions in enhancing phytoremediation potential

has been reviewed extensively elsewhere (Doty 2008; Lebeau et al. 2008; Rajkumar

et al. 2012; Khanday et al. 2016). Also in poplar, the effects of bacterial endophytes

(van der Lelie et al. 2009), and of endo- and ectomycorrhiza (Mrnka et al. 2012) on

phytoremediation capacity have been described. Information regarding basic

molecular processes underlying metal detoxification/tolerance is scarce especially

in tree species. Metallothioneins are among the plant components that respond to

metal stress. They are small proteins encoded by a multigene family whose mem-

bers appear to be differentially regulated in relation to organ and developmental

stage, and in response to a number of stimuli including heavy metals (Cobbett and

Goldsbrough 2002). A role for metallothioneins in heavy metals detoxification and

homeostasis has been proposed either because they bind to HMs or because they

function as antioxidants (Akashi et al. 2004). The evidence is largely based on

metallothioneins gene expression studies and yeast complementation experiments

with plant metallothionein genes, and some of it comes from studies on poplar

species or hybrids (Balestrazzi et al. 2009; Castiglione et al. 2007; Hassinen et al.

2009; Kohler et al. 2004).

25.7 Significance of Arbuscular Mycorrhizal Fungi (AMF)

in Global Sustainable Development

25.7.1 Soil Fertility

Arbuscular mycorrhizal fungi can overcome nutrient limitation to plant growth by

enhancing nutrient acquisition (Clark and Zeto 2000). Most studies have investi-

gated P uptake but mycorrhizae have been implicated in the uptake of other

essential nutrients also (Khanday et al. 2016). The increase in inorganic nutrient

uptake in mycorrhizal plants is mainly because fungal hyphae provide the large

surface area for nutrient acquisition to external root surface as compared to

uninfected roots. As the fungal mycelium grows through soil, it scavenges for

mineral nutrients and is able to make contact with uninfected roots, sometimes of

different host species.
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25.7.2 Phosphorus Uptake

Phosphorus is a major plant nutrient required in relatively large amounts and plays a

vital role in all biological functions in energy transfer through the formation of

energy-rich phosphate esters and is also an essential component of macromolecules

such as nucleotiodes, phospholipids and sugar phosphates (Marschner 1995). The

benefits of mycorrhizae are the increase in the phosphorus uptake by the plant. The

general process of phosphorus uptake consists of three sub-processes; (i) absorption

from soil by AMF hyphae, (ii) translocation along the hyphae from external to

internal (root cortex) mycelia, (iii) the transfer of phosphate to cortical root cells

(Barea 1991). The various mechanisms proposed to account for enhanced nutrient

uptake include (i) increased exploration of soil; (ii) increased translocation of

phosphorus into plants through arbuscules; (iii) modification of root environment;

(iv) efficient utilization of P within plants; (v) efficient transfer of P to plant roots;

and (vi) increased storage of absorbed P. Uptake of phosphate by roots is much

faster than diffusion of ions to the absorption surfaces of the root (Bhat and

Kaveriappa 2007). This causes phosphate depletion zone around the roots. The

extensive extrametrical hyphae of AMF extend out into the soil for several centi-

meters so that it bridges the zone of nutrient depletion.

25.7.3 Nitrogen Uptake

Nitrogen (N) is essential for the formation of amino acids and is indirectly involved

in protein and nucleic acid synthesis. AMF associated plants have increased N

content in shoots. A number of mechanisms are suggested for this effects, namely

(i) improvement of symbiotic nitrogen fixation; (ii) direct uptake of combined

nitrogen by mycorrhizal fungi; (iii) facilitated nitrogen transfer, a process by

which a part of nitrogen fixed by nodulated plants benefits the non-nodulated plants;

(iv) increased enzymatic activities involved in nitrogen metabolism like pectinase,

xyloglucanase and cellulose which are able to decompose soil organic matter

(Barea 1991). The hyphae of AMF have the tendency to extract nitrogen and

transport it from the soil to plants. They contain enzymes that breakdown organic

nitrogen and contain nitrogen reductase which alters the forms of nitrogen in the

soil. AM improves growth, nodulation and nitrogen fixation in legume-Rhizobium
symbiosis. According to McFarland et al. (2010) more than 50% of plant N

requirement is supplied by mycorrhizal association. Mycorrhizal inoculation

enhanced activities of nitrate reductase, glutamine synthetase and glutamine

synthase in the roots and shoots of mycorrhizal corn (Zea mays L.) as reported by

Subramanian and Charest (1999). Recently, a plant ammonium transporter, which

is activated in the presence of AMF has been identified and indicated that the way

by which N is transferred in plant may be similar to P transfer (Guether et al. 2009).
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25.7.4 Supply of Organic Mineral Nutrients

Although many mycorrhizal fungi can access inorganic forms of N and P, some

litter-inhabiting mycorrhizal fungi produce proteases and distribute soluble amino

compounds through hyphal networks into the root and Glomus has been shown to

transport the amino acids glycine and glutamine into wheat (Hawkins et al. 2000).

25.7.5 Micronutrients

The extrametrical hyphae of AMF take up and transport potassium (K), calcium and

sulphates and AM colonization affects the concentration and amounts of K in

shoots. AM plants accumulate large quantities of some micronutrients (Zn, Cu,

Co) under conditions of low soil nutrient availability (Feber et al. 1990). The

absorption is attributed to the uptake and transport by external hyphae due to

wider exploration of soil volume by extended extrametrical hyphae. Uptake and

concentration of manganese (Mn) in plants may not be affected by AM and more

often it may be lower in AM plants, thus contributing to higher Mn tolerance in

plants. The enhanced iron (Fe) uptake may be due to specific Fe chelators.

25.7.6 Water Uptake in Mycorrhizal Association

AMF also play an important role in the water economy. The AMF association

improves the hydraulic conductivity of the roots and improves water uptake by the

plants or otherwise alters the plant physiology to reduce the stress response to soil

drought (Safir and Nelson 1985). Mycorrhizal plants show better survival than

non-mycorrhizal plants in extreme dry conditions. It reveals that mycelial network

extends deeper and wider in the soil in search of water and nutrients. The perme-

ability of cell membrane to water may also be altered by mycorrhizal colonization

though the improved phosphorus nutrition and colonization by AMF can improve

the drought resistance of plants (Sylvia and Williams 1992). Under conditions of

drought stress, AMF exert their influence by increasing the transpiration rate and

lowering stomatal resistance or by altering the balance of plant hormones (Huang

et al. 1985). The change in leaf elasticity due to AMF inoculation improves water

and turgor potential of leaf and also increase root length and depth (Kothari et al.

1990) and may also influence water relations and therefore, the drought resistance

of the plants.
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25.7.7 Soil Aggregation and Soil Stabilization

Disturbances in ecosystem affect the physical, chemical and biological processes in

the soil. AMF help in the binding of soil particles and improve soil aggregation and

soil conservation (Dodd 2000). Arbuscular mycorrhizal fungi are also known to

enhance soil fertility, as they produce glomalin which upon accumulation in soil,

along with the AMF hyphae forms micro aggregates and finally macro aggregates

and, thus, acts as a backbone for soil aggregation and soil stabilization directly. It

also releases exudates in the soil and thus promotes aggregate stability and also

boost up other microorganism growth (Johnson et al. 2002; Khanday et al. 2016).

25.7.8 Role of AMF in Wasteland Reclamation

AMF have a great potential in the recovery of disturbed lands and these can be used

in reclamation of wastelands. Inoculation with AM fungi can improve the growth

and survival of desirable revegetation species. Colonization with AMF can cause a

beneficial physiological effect on host plant in increasing uptake of soil phosphorus

(Gerdemann 1975). Nicolson (1967) suggested that plant growth in wastelands

could be effectively improved by incorporating AMF. It has been suggested that

many plants may require mycorrhizal infection in order to survive on disturbed

land. The absorptive surface area contributed by soil mycelium allows phosphorus

uptake from a much greater volume. Host growth is also enhanced particularly in

phosphorus-deficient soils (Mosse 1973). AM fungi have been conclusively shown

to improve revegetation of coal spoils, strip mines, waste areas, road sites and other

disturbed areas (Jha et al. 1994). Addition of AMF provides a nutritional advantage

to associated plants in addition to providing possible resistance to low pH, heavy

metal toxicants and high temperature. Presence and utilization of AMF has mark-

edly increased the success of rehabilitation to these moisture deficient zones.

Pre-inoculation of nursery seedlings with appropriate mycorrhizal fungi would

benefit in revegetation of disturbed mined land. Rani et al. (2001) from our

laboratory had worked on the effect of Glomus mosseae, G. fasciculatum along

with Rhizobium and Trichoderma on better biomass yield of Prosopis cineraria and
Acacia nilotica and reported further that co-inoculation with AM and Rhizobium
resulted in maximum growth and best nodulation.

25.7.9 Role of AMF in Agriculture

The AMF symbiosis has also been shown to contribute substantially to soil con-

servation via its role in the formation of water-stable soil aggregates by the

extrametrical hyphae. These aggregates are crucial for creating and maintaining a
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macroporous, water permeable soil structure, which is prerequisite for erosion

resistance and also necessary for efficient nutrient cycling. The profuse use of

phosphate fertilizers and chemicals causes pollution problems and health hazards.

So the use of AMF is being encouraged in agriculture. The exploitation of mycor-

rhizal fungi is not easy because large scale production of AMF on field scale is not

yet possible. But there is a possibility of mass production of AMF by means of

appropriate crop and soil management practices. More farm management practices

can influence the types of AMF found in agriculture soils. Apart from effects of

fertilizer application on AMF, other practices like crop rotation, minimal cultiva-

tion, monoculture, tillage, organic amendments, and application of biocides affects

the AMF (Kaur and Mukerji 1999) Mycorrhizal symbiosis plays an important role

in the tropical agricultural crops because in tropical region, the soil is phosphorus

deficient. Mosse (1973) reported that 75% of the phosphorus applied to the crops is

not utilized by them but get converted to forms unavailable to plants.

25.7.10 Crop Dependency on Mycorrhizae

The relative dependency on AMF for nutrient uptake in crop plants depend on root

factors such as surface area, root hair abundance and length, growth rate, response

to soil conditions and exudations (Smith and Read 1997a, b). Crops such as corn

(Zea mays) and flax (Linum usitatissiumum) are highly dependent on AMF to meet

their early phosphorus requirements. Legumes, beans and potatoes also benefit

significantly from mycorrhizae. Barley, wheat and oat benefit from mycorrhizal

symbiosis.

25.7.11 Crop Rotation

It has been well established that the AMF activity is decreased by non mycorrhizal

fungi host plants and highly mycorrhizal host crop increase AMF inoculum poten-

tial of the soil and colonization of the subsequent crops (Karasawa et al. 2002). An

increase in AMF colonization and growth in maize occurred following sunflower

(Helianthus annuus, mycorrhizal) when compared to corn following mustard

(non-mycorrhizal). Here non mycorrhizal plants in the rotation reduce the rate of

AMF colonization in following crops. Gavito and Miller (1998) also observed

delayed AMF colonization of corn (Zea mays) following canola (Brassica
napus); a non-mycorrhizal host species, when compared to the colonization of

corn following the AMF host species bromegrass (Bromus spp.) and alfalfa

(Medicago sativa).
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25.7.12 Phosphorus Fertility

The benefits of AMF are greatest in systems where P in the soil is low. As the level

of P available to plants increases, the plant tissue phosphorus also increases and the

plant carbon investment in mycorrhizae is not economically beneficial to the plant

(Grant et al. 2001). Encouragement of mycorrhizal symbiosis may increase early

uptake of phosphorus, improving crop yield potential without starter P fertilizer

application (Grant et al. 2005).

25.7.13 Seedling Establishment

AMF also play an important role in successful reforestation and there are several

reports of increased establishment of many of forest seedlings in the field, like

Quercus rubra (Dickie et al. 2001). In a study conducted by Ramos-Zapata et al.

(2006) on establishment of Desmoncus orthacanthos along with inoculation of AM
fungi resulted in a threefold increase in survival of seedlings in the field.

25.7.14 Alleviation of Environmental Stress

AMF are able to alter plant physiological and morphological properties in a way by

which plant can handle the stress (Miransari et al. 2008). AM fungi facilitate better

survival of plants under stress conditions through a boost up in uptake of nutrients

particularly P, Zn, Cu and water. They make the host resilient to adverse conditions

created by unfavourable factors related to soil or climate. The role played by these

fungi in alleviating the stress on the plant due to drought, metal pollution, salinity

and grazing is briefly described.

25.7.15 Water Stress

Water stress is a major agricultural constraint in the semi-arid tropics. It is well

known to have a considerable negative impact on nodule function. It inhibits

photosynthesis and disturbs the delicate mechanism of oxygen control in nodules.

The latter is essential for active nitrogen fixation. AMF symbiosis can protect host

plants against detrimental effects caused by water stress. Quilambo (2000) reported

that inoculation with indigenous inoculants resulted in increased leaf and root

growth and prevented the expected increase in root to shoot ratio and root–weight

ratio that is normally observed under phosphorus deficient and water stress condi-

tions in peanut. AMF improve the uptake of nutrients like N and P in water stressed
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conditions (Tobar et al. 1994). Water scarcity in soil is conveyed to the shoots by

means of non-hydraulic chemical signal that is relayed from the dehydrating roots

to the aerial shoots by the transpiration system. The response is expressed by the

leaves in terms of stunted growth and decreased stomatal conductance. AMF alters

this non-hydraulic root–to–shoot signaling of soil drying by eliminating the leaf

response (Auge et al. 1986). The extraradical AMF hyphae increase the absorptive

surface area of the roots (Hampp et al. 2000) which in turns reduces the resistance to

water uptake. Hence, the role played by AMF in alleviating water stress of plants

has been investigated and it appears that drought resistance is enhanced. An

increase reliance on AMF for nutrient uptake can frequently be detected. Hence,

AMF help to alleviate the water stress conditions.

25.7.16 Increased Resistance Against Root Pathogens

AM are intimately associated with their host plants, particularly the roots. There-

fore, an interaction between the symbionts and plant pathogens is bound to occur.

By creating new environments in their zone of influence, AMF contribute to the

proliferation of specific microorganisms, a few of them interact with pathogens by

antibiosis, competition and parasitism (Filion et al. 1999). Plants are subject to

attack by various organisms ranging from fungi, bacteria, viruses and nematodes.

Mycorrhizal plants usually suffer less damage from infection than non-mycorrhizal

plants (Dehne 1982; Filion et al. 1999). Soybean colonized with Glomus mosseae
grown in soils infested with pathogenic Macrophomina phaseolina, Fusarium
solani and Rhizoctonia solani had growth greater or comparable to plants grown

in without AMF inoculated soils. Mycorrhizal tobacco and alfalfa are reported to be

resistant to a plethora of fungal pathogens like Phytophthora megasperma,
Pyrenocheata terrestris, Fusarium oxysporum, Pythium ultimum etc. (Kaye et al.

1984; Schenk 1981). Several mechanisms have been proposed to explain the

protection extended by AMF to host plants against attack by pathogens. Mycorrhi-

zal root tissues are more lignified than non-mycorrhizal ones, particularly in the

vascular region. This restricts the endophyte to the cortex. The same mechanism

may hold back the invading organism too (Dehne 1982) increasing root thicken-

ings, and causing chemical differences. Amino acid content, particularly arginine

has been found to be high in AM plants. AMF altered physiology of roots may

prevent penetration and retard the development of nematodes (Schenk 1981). Some

authors have suggested that improved nutrition may protect the plant against

pathogens. Mycorrhizal fungi are believed to induce high activation of antimicro-

bial phenyl propanoid metabolism in roots. It has been reported that induced

resistance of AMF sweet orange to Phytophthora root–rot disease does not appear

to operate unless a P nutritional advantage is conferred on the AMF plant (Graham

and Egel 1988).
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25.7.17 Carbon Cycling

Significant amount of carbon flows through mycorrhizal mycelia to different

components of soils. Production of glycoproteins such as glomalin that are involved

in the formation and stability of soil aggregates may have also an important

influence on other microorganisms associated with the AMF mycelium (Johansson

et al. 2004 ).

25.7.18 Biohardening Tool

The technique of using AM fungi in micropropagation has been applied recently for

clonal selection in woody plants (Salamanca et al. 1992). The inoculation of AMF

to nursery plants has been proved both necessary and feasible and it has been

extended to micropropagated plants (Adholeya et al. 2005). Salamanca et al. (1992)

studied mycorrhizal inoculation of micropropagated woody legumes used in reveg-

etation programmes for desertified Mediterranean ecosystem. Inoculation of

micropropagated plantlets with active culture of AMF appeared to be critical for

their survival and growth (Yadav et al. 2011). This avoids ‘transient transplant
shock’ and stunted growth on transfer in the field. Endomycorrhization can modify

root architecture to give a root system which is better adapted for uptake of mineral

nutrients and water as well as increasing hormone production and resistance to

pesticides and root pathogens. Micropropagated plantlets inoculated with AM

spores increases the survival rate and growth in potted conditions.

25.7.19 Ornamental Flowering Plants

Vase life is an important consideration of choosing flowers. The longevity or

potential of vase life of flower is determined by environmental conditions under

which the flowers are produced and post harvest factors such as increase in the

activity of peroxidase enzyme, increase in level of ethylene and due to tissue

deterioration caused by microbes in the vase solution. Colonization by mycorrhizal

fungi has been shown to increase the vase life of cut flowers (Wen and Chang 1995)

but the mechanism involved is still unknown. Some of the reasons of having better

and prolonged vase-life of cut flowers in mycorrhizal inoculated plants can be

because of better vascular development by mycorrhizal fungi (Chang 1994) or due

to decreased ethylene production. Besmer and Koide (1999) also attributed the

increased vase-life of cut flowers of Antirrhium majus to the reduction of ethylene

production in mycorrhizal plants. Parish (1968) suggested that increase in peroxi-

dase activity is one of the most reliable indicators of maturity. Enhanced peroxidase

activity was associated with an increase in the level of peroxides and free radicals,
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which reacted with cellular constituent (Fridovich 1975). AMF inoculated plants

show less increase in peroxidase activity because AMF increase the activity of

antioxidative enzymes such as superoxide dismutase (SOD) and catalase (CAT)

(Blilov et al. 2000). Also, these anti-oxidative enzymes constitute an important

primary defense mechanism of cells against superoxide free radicals generated

under stress condition (Bowler et al. 1992).

25.7.20 Physiological and Biochemical Parameters

25.7.20.1 Photosynthesis

AM fungi may function as a metabolic sink causing basipetal mobilization of

photosynthates to roots thus providing a stimulus for greater photosynthetic activity

(Bevege et al. 1975). Increase in activity of hormones like cytokinin and gibberellin

could elevate photosynthetic rates by stomatal opening influencing ion transport

and regulating chlorophyll levels (Allen et al. 1982). AMF symbiosis need carbon

source from symbiotic partner synthesized by the process of photosynthesis and

upto 20% of the total photoassimilates substances can be transferred to the fungal

partner (Graham 2000). AMF are known to enhance the uptake of phosphorus

(P) from the soil which, in turn, has an important role as energy carrier during

photosynthesis.

25.7.20.2 Production of Growth Hormones

Plants with mycorrhiza exhibit higher content of growth regulators like cytokinins

and auxins as compared to non mycorrhizal ones. AMF colonized roots show

changes in root morphology by getting much thicker and carry fewer root hairs.

Hormone accumulation in the host tissue is affected by mycorrhizal colonization

with changes in the levels of cytokinins, abscissic acid, gibberellins like substances.

The effect of AMF on photosynthesis and host morphology could also be hormonal.

Glomus mosseae has been shown to synthesize phytohormones.

25.7.20.3 Alters Soil Enzyme Activity

Enzyme activity is often used as an index of total microbial activity in the soil as

well as its fertility (Dhruva-Kumar et al. 1992) and is also useful in the study of

changes caused in soil due to land degradation. Xyloglucanases, a hydrolytic

enzyme is involved in the penetration and development of AM fungi in plant

roots (Garcia-Garrido et al. 2002); esterase indicates catabolic activity in the soil,

directly correlated with microbial activity of soil; phosphatases include acid as well

as alkaline phosphatase that helps in release of inorganic phosphorus from
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organically bound phosphorus returned to soil (Kumar et al. 1992); chitinases are

known to catalyses degradation of chitin, a major component of most fungal cell

wall and are also known to enhance defense mechanism, thus helps in providing

protection against diseases; trehalose catalyses the hydrolysis of trehalose which is

known to be a very common signal in plant symbiosis (Mellor 1992). Peroxidase

enzyme activity increases in diseases and injured plant tissue but AM symbiosis is

known to retard this enzyme activity by enhancing root penetration and coloniza-

tion. Inoculation with AMF G. vessiforme enhanced soil proteinase,

polyphenoloxidase, urease and saccharase activities compares with control in

watermelon (Zhao et al. 2010). AM fungi are known to alter the soil enzymes

activity and, thus, increase plant establishment and transport problems.

25.7.20.4 AMF in Weed Control

Sustainable system targeting Striga management can be achieved by the AM fungi

inoculation technique. Several reports have suggested that AM fungi can change the

nature/composition of weed communities in mixed culture system in a variety of

ways, including changing the relative abundance of mycotrophic weeds species

(colonized by AMF) and non-mycorrhizal species (noncolonized). For example,

witch-weed (Striga hermonthica) has been found to seriously affect cereal produc-

tion in many tropical countries. Infection of Striga resulted in a significant reduc-

tion in cereal grain yield between 20 and 100%. AMF could provide a new means of

ecologically based weed management by affecting the fruiting of weed communi-

ties. According to Lendzemo (2004), Striga performance in the presence of AMF

was negatively impacted with reduced and/or delayed germination, attachment and

emergence.

25.8 Conclusion

The soil mycorrhizae are important for plant growth development and health. The

use of mycorrhizae has great potential to protect plants from diseases through their

biocontrol mechanism. This offers an alternative environment-friendly strategy by

reducing the use of chemicals. They are the main components that enrich the soil

nutrients and maintain the soil health in sustainable manner. Furthermore, they

enhance the plant growth regulators, provide defense mechanism to the plants,

regulate enzymatic activities, increase rate of photosynthesis and supports in bio-

remediations, thus acting as eco-facilitator in sustainable agriculture both in terms

of production and environmental protection. Such microbial populations need

systematic strategy so that their potential can be utilized in an effective way in

future prospects.
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Chapter 26

An Overview on Orchid Endophytes

Bijaya Pant, Sujit Shah, Roshni Shrestha, Sushma Pandey,

and Pusp Raj Joshi

Abstract Orchids, one of the most beautiful and diverse plant species in the nature,

are a bit of a mystery for their seeds lack endosperm and they must depend on

endophytes for germination, growth and adaptation. Naturalists and even the

general public are drawn to orchids for their ornamental, medicinal and food

value. In their keenness to harvest them, collectors have rendered many orchid

species threatened or even endangered. Recent research into orchids, which are

mycohetetrophic plants, has focused on isolation and identification of the mycor-

rhizal and non-mycorrhizal endophytes that directly or indirectly contribute to the

growth and development of orchids as well as the production of valuable secondary

metabolites. This article considers both the role such endophytes play and explains

how such symbiotic partner scan be used in the plant tissue culture technique to help

conserve and even commercialize various species of orchid.

26.1 Introduction

Orchids are a beautiful gift of nature whose evolution, survival and adaptation is

somewhat of a mystery, for orchids lack endosperm and are dependent on endo-

phytes for germination, growth and adaptation. Because orchids have considerable

ornamental, food and medicinal value, the demand for them in national and

international markets is high (Bulpitt 2005; Pant 2013). Specifically, they are

used in Chinese and Ayurvedic medicine to cure different diseases, often, in

some least developed countries at least, as part of a repertoire of medicinal plants

upon which people are dependent for primary healthcare (Pant and Raskoti 2013).

Almost all parts of the orchid plant, particularly the roots, leaves, and pseudo-bulbs,

have the potential to cure diseases like rheumatism, bronchitis, nervous disorders,

piles, inflammation, microbial infection and cancer (Gutiérrez 2010).

Orchid propagate in nature through seed germination and vegetative propaga-

tion, however both of the propagation process are very slow, and the rate of

successful natural propagation process is very low, <5% (Vij 2002).
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The physiology of seed germination in orchids is most interesting phenomenon in

biology. For the germination of minute orchid seed in nature, seeds must enter into

the symbiotic interaction with species specific Basidiomycetes fungus symbionts.

Once the fungus penetrate the orchid seed, which lacks endosperm, and has no

reserved food, get the nutrients from the fungus and initiates the germination

process. The germinating seed nourished from the colonizing fungal symbiont,

then forms protocorm, a unique embryonic structure, made up of a mass of the

cell found in no other flowering plants. Though this symbiosis between orchid and

fungus for mutual benefit is yet to be understood in details, it seems that orchid

controls and regulate the timing and degree of fungal association providing the

sufficient reasons for the fungus to colonize and be associated with the orchid plant

(Arditti and Predgeon 1997).

Since in the symbiotic germination, seed takes long time for their germination

and any disturbance in the habitat or physical environment destroy the whole

population, plant tissue culture technique have been accepted and applied as a

potential alternative method for the mass propagation of orchids, both for conser-

vation and commercial production (Arditti and Ernst 1984; Pongener and Deb

2011).

The orchids were the first flowering plants to be commercially propagated

in vitro through the plant tissue culture techniques which started in the early sixties.
Morel produced a large clone of a virus-free plantlet from the Cymbidium orchid

using shoot-tip culture (Arditti 1967). Soon after, 22 genera of orchids were

propagated through shoot tip, root tip and embryo culture (Murashige 1974). In

nature, it takes years for the seedling of an orchid to become an adult plant. In fact,

growth is so slow that some endangered, indigenous species of orchids may become

extinct. Not surprisingly, the Orchidaceae family is included in Appendix II of the

Convention on International Trade in Endangered Species of Wild Fauna and Flora

(CITES) (Cribb et al. 2003). The conservation of the orchid is an important task to

protect the concomitant losses of biodiversity, wild beauty and their therapeutics

potential (Pant et al. 2016).

The mass propagation of orchids can be achieved using plant tissue culture

techniques. Modified forms of media and different chemical compounds, gelling

agent, organic and inorganic salts and cofactors are used to propagate orchids

in vitro (Deb 2008; Hossain 2009; Pant and Thapa 2012; Pradhan et al. 2014,

2016). Light of different intensity and colour also play a significant role in plant

tissue culture (Baque et al. 2011). The isolation and identification of endophytes

from various orchid species in nature could be used as a biological tool to accom-

plish the same end. Endophytes play a significant role in plant growth and devel-

opment, nutrient supply and immune defence (Feng et al. 2002; Giri et al. 2003;

Shimura et al. 2007). The use of endophtyes is a promising practice that could help

to overcome some challenges face by in vitro plantlets during acclimatization, such

as high mortality rates, poor growth and poor immunity.

Some species of orchids found in Nepal from which diverse endophytes have

been isolated were identified in a recent research paper (Liu et al. 2010; Ma et al.

2015) (Fig. 26.1).
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26.2 Role of Orchid Microbes

Mycorrhizal association is an important phenomenon that emerged during the

course of evolution; indeed, it helped both plants and microbes to survive. Fossil

evidence suggests that this relationship existed over 400 million years ago in the

tissue of the first terrestrial plant (Pirozynski 1989). In nature, most plants function

in symbiotic association with microbes; in fact, some depend on their relationships

with bacteria or fungi for their very survival. Some of the bacteria that show

symbiosis with orchids are Streptomyces, Bacillus, Erwinia, Pseudomonas,
Flavobacterium, Sphingomonas paucimobilis ZJSH1, and Streptosporangium
oxazolinicum (Tsavkelova et al. 2007; Yang et al. 2008).

Fig. 26.1 (a-f) Some of the orchid species found in Nepal from which diverse endophytes have

been isolated
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Evidence of the significant role of bacteria in the formation and establishment of

mycorrhizal association was demonstrated by Duponnois and Garbaye (1991).

They showed that Pseudomonas flurorescens BBC6 help form ectomycorrhiza

and term them “mycorrhiza helper bacteria” (MHB). In conditions of stress, such

MHB secretes the secondary metabolite or biomolecules that help in fungal spore

germination, mycelia growth, root colonization, and the development of well-

developed root systems (Frey-Klett et al. 2007; Giri et al. 2005). The benefits go

both ways: while mycorrhizal-associated plants get sufficient nutrients such as

phosphate and other minerals from fungi, fungi get sugar in return (Al-Karaki

and Al-Raddad 1997). Endophytic fungi are localized in various plant tissues and

form rich and diverse fungi community (Gennaro et al. 2003). They colonize in

internal plant tissue, especially velamen layers, cortical cell layers, hyphae and

endodermal passage cells, without causing harm to the host (Moreira and Dos

Santos Isaias 2008).

One of the functions of mycorrhizal association that evolved is to fight against

pathogens, hence providing immunity to the plants (Feng et al. 2002). There is also

evidence that microbial association helps plants to overcome abiotic stress such as

drought, salinity, oxidative stress (Giri et al. 2003). For example, the production of

biomolecules by Rhizobia such as aminocyclopropane-1-carboxylate ACC miti-

gates plant stress (Macdonald and Chandler 1981).

Recent research on the isolation and identification of endophytes from host

plants can conserve plants and build our understanding about how plants adapt to

their native environments. In this regard, the discovery of Piriformospora indica
has revolutionized the field of plant and microbes interaction because it can be

cultured axenically and interacts with wide a range of plant species. In fact, it is

considered as an ideal endophyte for research and field application (Varma et al.

1999, 2012; Prasad et al. 2013; Gill et al. 2016).

Endophtyes play an important role in plant tissue culture: as illustrated in

Fig. 26.2 they function as bioregulators, biofertilizers and bioprotectors.

26.2.1 Biofertilization: The Role of Endophytes in Nutrient
Supply

For proper growth and development, plants obtain both macro- and micronutrients

from the soil, water and the atmosphere. While these nutrients are required in only

in trace amounts, their depletion from the surrounding environment can directly or

indirectly affect the growth and development of plant. Indeed, trace nutrients are

regarded as a limiting factor for plant growth and development. Mycorrhizal

association helps plants uptake minerals such as carbon, phosphorous, and nitrogen

because their hyphae penetrate the soil, thereby increasing the surface area for the

nutrient uptake and enabling a root system to uptake nutrients from beyond the zone

of depletion.
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Carbon is an important nutrient for plant development and growth. Orchids are

grouped into three categories based on carbon nutrition: fully autotrophic, fully

mycoheterotrophic, and partially mixotrophic (Zimmer et al. 2007). Generally,

achlorophyllous mycoheterotrophic orchids are considered “parasitic or cheating

orchids” as they are entirely dependent on partner endophytes for their nutrient

supply and growth. The host endophytes do not benefit from such orchids. For

example, Achlorophyllous epipogium, a mycoheterotrophic orchid rhizome colo-

nized by an endophyte Inocybe species which forms clamp and dolipores, provide a

significant amount of carbon to a plant (Roy et al. 2009).

Because orchids seeds lack the endosperm which provides the carbon needed for

the germination and growth of seeds, most orchids depend on microbes to uptake

carbon (Gennaro et al. 2003; Zimmer et al. 2007). Carbon is mainly deposited in the

form of starch in the roots of a plant. Alexander and Hadley (1985) were able to

track the movement of carbon alone from fungi to the host plant, Goodyera repens
using a radio-labeled insoluble carbohydrate as the carbon-only nutrient for the

external mycelium of the fungi. They were able to show that the infected protocorm

obtained the radio-labeled carbon from external mycelium. After a certain stage of

development, however, that transfer ceased. Clearly, an endophyte can help an

orchid meets it’s need for carbon for seed germination and protocorm development.

Biotic 
stress

Abiotic
stress

Seed germination, growth & development

Secondary metabolite production for 
immune defense

Nutrients such as C, P, N, Fe  supply

Symbiosis

Microbial  association 
with roots of orchid

Fig 26.2 The symbiotic relationship between an orchid plant and endophytic fungi. Endophtyes

acts as a biological tool promoting growth and development (bioregulation), nutrient uptake

(biofertilization) and production of phytohormone (bioprotection)
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Similar findings were reported by St€ockel et al. (2014), with the radio-labeled 13C

and 15N assay. They studied the carbon and nitrogen flow from the fungus to the

host plant, selected four orchids Neottia nidus-avis, Epipactis helleborine, Serapias
parviflora, Pseudorchis albida. They were able to find the specific association of

N. nidus-avis, E. helleborine with ectomycorrhizal fungi and that of S. parviflora,
P. albida with saprophytic rhizoctonia fungi. The flow or gain of carbon and

nitrogen from the fungus to the protcorms of N. nidus-Avis, E. helleborine was

significantly greater than that of adult. In contrast, the flow of carbon and nitrogen

from saprotrophic fungi to the protocorms of S. parviflora, P. albida significantly

lesser than that ectomycorrhizal fungus associated with N. nidus-avis,
E. helleborine. However, their finding was contradictory to the various finding

related to rhizoctonia being growth promoter of orchid seedling. Similarly, Gebauer

and Meyer (2003) showed the significant carbon and nitrogen uptake by autotrophic

Cephalanthera damasonium from fungal association. Similarly, Wang et al. (2013)

were able to demonstrate that mycorrhizal association plays a role in carbon

acquisition and utilization by Dendrobium officinale.
Phosphorous is another major nutrient plants require. It plays a role in various

functions such as energy metabolism, respiration, photosynthesis and bimolecular

nucleic acid. In soil, phosphorous is present in three forms: inorganic (orthophos-

phate and polyphosphate), organic (organically bound phosphate) and phytates

(Schachtman et al. 1998). The inorganic form, which comprises about 15% of the

total, is freely available, but the remaining 80�85, 5�7% are phyates, is immobile

and thereby unavailable to plants. Plants can uptake the phosphorous by two

distinct modes: through their own transport system or through mycorrhizal associ-

ation (Li et al. 2013). As is the case with all nutrients, phosphorous can be better

absorbed by a fungi-colonized root because the fungi increase the surface area for

absorption and extend beyond the nutrient-depleted area surrounding a plant.

P. indica is an endophyte well known for phosphate solubilization (Malla et al.

2004). It has acidic and alkaline phosphates that convert the organic form of

phosphate into the inorganic form (Das et al. 2014), thereby providing soluble

phosphorous to a plant (Shahollari et al. 2005). Similarly, phosphate solubilizing

bacteria secrete phosphatase enzymes to solubilize insoluble phosphate (Kim et al.

1998). These bacteria, which include Bacillus, Streptomyces luteogriseus and

Pseudomonas. Matsuoka et al. (2013) also foster the production of siderophores.

Microbial association not only helps in nitrogen uptake, it promotes the formation

of nitrogenous compounds and nitrogen metabolism. The role of microorganisms is

especially crucial as plants cannot absorb nitrogen from the atmosphere, where it is

plentiful, because they lack a nitrogenase enzyme system. Microbes, however, do

have such a system and can fix nitrogen.

While both the ammonium and nitrate forms of nitrogen are freely available to

plants (Miller and Cramer 2005), most plants prefer the ammonium form (Scherer

and Ahrens 1996). They also use organic forms of nitrogen such as low molecular

weight amino acids (Chapin et al. 1993). Nitrogen fixation is carried out by both

nitrogen-fixing bacteria and arbuscular fungi. Already, extensive research work has

been carried out on the nitrogen-fixing bacteria found in legumes. In particular, the

symbiotic diazotrophs, Rizobium and Frankia have been studied in great detail.
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While research on the presence of such bacteria in orchids is, in contrast, in its

nascent stages, Dighe et al. (1986) did report the presence of the nitrogen-fixing

bacteria Azotobacter in an epiphytic orchid, Vanda tessellate. Moreover, they were

able to show that microbial association enables the production of auxin.

26.2.2 Bioregulation: Role of Orchid Endophytes in Growth
and Development

Plant hormones such as auxin, cytokinin, gibberelline, and ethylene play an important

role in plant growth and development, and microbial association helps in the produc-

tion and regulation of these and other phytohormones by regulating their pathway.

Several studies show the importance of endophtyes in the germination of orchid seeds

and the growth of protocorns, seedlings and adult plants. Xu and Guo (1989) reported

the association of two different species of fungi with Gastrodia elata at different

stages of the plant life cycle, while Leake (1994) suggested that more than 100 species

of orchids depend on endophytic fungi throughout their lifetime. Rhizoctonia zeae
isolated from Vanda coerulea showed it plays a significant role in promoting in vitro
seed germination and seedling growth as well as in increasing the survival rate during

acclimatization (Aggarwal et al. 2012). Orchid seed germination and protocorm

development is also dependent on the effects of P. indica (Varma et al. 2013).

These facts suggest that endophytes are crucial for plant growth and development

and that more research into the role of endophytes and their co-evolution with orchids

needs to be done (Rasmussen and Rasmussen 2009) (Fig. 26.3).

Microbial association helps in the production of auxin, a hormone which

plays an important role in organogenesis, cell expansion, cell division, cell differ-

entiation and gene regulation. Endophytes such as Streptomyces, Bacillus, Pseudo-
monas, Burkholderia, Erwinia and Nocardia colonized in Paphiopedilum roots and

endophytes such as Pseudomonas, Flavobacterium, Stenotrophomonas, Pantoea,
Chryseobacterium, Bacillus, Agrobacterium, Erwinia, Burkholderia and

Paracoccus colonized in the roots of Pholidota articulata Lindl orchid helped

produce auxin (Tsavkelova et al. 2007). Endophytic bacteria of the strains Bacillus,
Burkholderia, Enterobacteria and Curtobacteria isolated from Cattelya walkeriea,
an endemic and threatened orchid species found in Brazil, were shown to play a

significant role in auxin production, too. The interaction of these rhizobacteria,

especially Bacillus and Enterobacter species, with seeds and seedlings resulted in

high rates of germination and growth and better acclimatization (Galdiano Junior

et al. 2011).

Orchid endophytes help plants in other ways, too. Two endophytic bacteria

isolated from Cymbidium eburneum, Paenibacillus lemtimorbus and Paenibacillus
macercus, have the potential to synthesize indole acetic acid. These endophytes

were able to increase the root length, shoot length and number of plantlets and to

promote survival during acclimatization. Similarly, the Sphingomonas
paucimobilis ZJSH1 associated with Dendrobium officinale helps in the production
of phytohormones such as auxin, zeatin and ABA (Yang et al. 2014a).
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26.2.3 Immune Modulator: The Role Orchid Endophytes
as a Defense Mechanism

Plants have immune systems that enable them to address environmental challenges.

Certain bacteria and fungi help to modulate that system. Specifically, endophytes

such as bacteria or fungi help overcome both biotic and abiotic stresses because

they help produce the phytohormones necessary to resist those stresses. Biotic

stresses are due to disease-causing pathogens present in the environment and

abiotic stresses include salinity, drought, high acidity, extreme cold and heats,

free radicals and reactive oxygen species.

Orchid extracts contain various important compounds like flavonoid,

Bibenzyl derivative; Coeloginanthridin, Coeloginanthrin;2,4,7-Trihydroxy-9,10-

Dihydrophenanthrene; 3,7-dihydroxy-2,4,8-Trimethoxyphenanthrene; Coelonin;

Stilbenoids; Sesquiterpene derivatives; 3,7-Dihydroxy-2,4-dimethoxyphenanthren

which are referred as secondary metabolites (He et al. 2006; Majumder et al. 1999;

Majumder and Bandyopadhyay 2010; Moin et al. 2012; Zeghad and Merghem

2013). These compounds possess antioxidant, antimicrobial as well as free radical

Fig. 26.3 Root induction of in vitro grown Cymbidium aloifolium (protocorm stage) when treated
with 10% fungal elicitor for 30 days (a) compared with the in-vitro grown Cymbidium aloifolium
(protocorm stage) without fungal elicitor treatment for 30 days (b)
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scavenging properties (Paudel et al. 2015; Chand et al. 2016). In fact, plants, in

general, are a good source of catalase, glutathione reductase, and ascorbate-

glutathione peroxides, all antioxidants which regulate reactive oxygen species

and other free radicals in the biological system (Almeselmani et al. 2006). Plants

also form superoxide and hydrogen peroxide, compounds that acts as signaling

molecules and help activate various proteins (Tripathy and Oelmüller 2012). Since
the accumulation of such reactive oxygen species can lead to DNA damage, protein

dysfunction and cell death (van Breusegem and Dat 2006), it is important that their

production be regulated. Antioxidants and secondary metabolites can do this. In

fact, these compounds play an important role in DNA repair, the regulation of free

radicals and reactive oxygen species, the activation of protein and the inhibition of

pathogens, making the contribution that endophytes make to the production of such

compounds an important issue to explore.

Endophytes can overcome not just biotic stress, but also abiotic ones, as the

isolation of a novel compound from orchid endophytes shows: Pestalotiopsis,
an endophyte isolated from Dendrobium officinale, has both antifungal and antiox-

idant properties. It controlled microbes such Candida, Crytococcus neoformans,
Trichophyton rubrum and Aspergillus fumigatus. AM fungi like Glomus
fasciculatum andG. macrocarpum also play a key role in overcoming abiotic stresses

like salinity. P. indica is an endophyte that helps to overcome abiotic stresses.

Hordeum vulgare cv whose roots are colonized by P. indica show more growth

and resistance to salinity than do controls (Baltruschat et al. 2008), and Arabidopsis
sp. and Brassica campestris sp. whose roots are colonized by P. indica were more

able then controls to overcome drought and increase their survival and growth rates

(Sherameti et al. 2008; Sun et al. 2010). Further research into how microbe orchid

interaction helps plants address abiotic stresses have tremendous potential.

Interestingly, many research over the years have concluded that endophytes can

encounter the human pathogen (Wu et al. 2016). For example, endophytes, which

have antioxidant properties, can induce the apoptosis of cancer cell lines. Indeed

fungi can synthesize most known natural compound taxols (Yang et al. 2014b),

compounds which are used to treat cancer. Other compounds like alkaloids, terpe-

noids, isocoumarin derivatives, coumarins, chromones, quinones, semiquinones,

peptides, xanthones and xanthone derivatives; phenolic compound and lactones, all

of which can be synthesized by endophytes, also have the potential to cure diseases

(Nicoletti and Fiorentino 2015; Chen et al. 2016).

26.3 Molecular and Cellular Interaction Behind

Mycorrhizal Establishment

Researchers are interested in how plants are able to recognize compatible or even

beneficial partners from among the vast pool of diverse microbes present in nature.

Decades of research into this ability has discovered that fine tuning and molecular

coordination between plants and microbes is the key. The orchid fascinates not just

humans and pollinators but also microorganisms when it secretes volatile
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compounds that give-off a strong aroma. It can be speculated that microorganisms

are directly or indirectly involved in the production of such compounds and which

may be one factor that promotes high reproduction successes or fitness and thereby

enable the orchid to survive in a challenging environment.

It is, however, a matter of debate whether or not endophytes increase the

reproduction and fitness of orchids by interacting with flowers. Jacquemyn et al.

(2013) were able to isolate microorganisms such as the bacteria Acinetobacter,
Bacillus, Curtobacterium, Dermacoccus, Enterobacter, Erwinia, Frigoribacterium,
Leuconostoc, Microbacterium, Methylobacterium, Paenibacillus, Pectobacterium,
Plesiomonas, Pseudomonas, Serratia, Sphingomonas, Staphylococcus, Tatumella,
and Terrimonas and fungi such as Cryptococcus from the floral nectar of three

Epipacti species, E. microphylla, E. muelleri and E. palustris.
Some researchers have proposed that flavonoid is the signaling molecule respon-

sible for such microbe–plant interactions. The phenolic produced by microbes also

works as a signaling molecule (Mandal et al. 2010). During a microbe–plant

interaction, a series of characteristic complex morphogenetic changes take place

in the structure of the fungus which has colonized a host. It may change its

germination of spores, hyphal differentiation, or arbuscular formation (root pene-

tration) (Koide 1992; Bonfante and Perotto 1995).

During mycorrhizal association, nutrients such as carbon, nitrogen and phos-

phate flow from soil to fungus and fungus to plant or vice-versa. Many reports

suggest that from fungi require carbon from plants for energy or chitin synthesis.

Chitin synthesis is a complex process requiring the coordination of multiple chn
genes, the genes that may regulate symbiotic association (Lanfranco et al. 1999).

Some researchers have also reported the role of involvement of genes encoding

glyceraldehyde-3-phosphate dehydrogenase, β-tubulin and P-type ATPases in the

AM fungus Gigaspora rosea (Harrier 2001). When plants obtain phosphate from

the soil indirectly by mycorrhizal association transporters must take phosphate from

the soil to the fungus before it is passed on to the plant. High-affinity phosphate

transporters characterize fungi such as Glomus versiforme, G. intraradices, and
G. mosseae and P. indica. Such transporters can be detected only in the extra-

radical mycelium and not in the fungal structures within the root (Buuren 1995).

The exact mechanism by which phosphate is transferred from the fungus to the host

plant, however, is still unclear (Buuren 1995). Recent research produced an X-ray

crystal structure of a high affinity phosphate transporter, PiPT. This structure can

provide information regarding phosphate affinity required for phosphate transloca-

tion. At the molecular level, signaling molecules are required for plant and fungi

interaction (Pedersen et al. 2013).

The role of endogenous regulatory non-coding RNAs (microRNA) in many

plant fungi symbiotic interactions has been studied. miRNAs, are involved in the

production of plant hormones and in nutrient supply, regulation and signaling. For

example, miRNA growth promotion promotes growth in Oncidium orchids with

P. indica (Ye et al. 2014). Using uncolonized roots as a control, Ye et al. (2014)

studied the involvement of miRNA in 8-week-old roots colonized by P. indica.
They obtained conserved miroRNA as well as putative novel miRNAs from the

colonized roots.
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26.4 Use of Endophytes in theMass Propagation of Orchids

Researchers have identified various uses of orchids, including ornamental medic-

inal and edible, and demand for them is high (Arditti 1967; Hossain 2009; Gutiérrez

2010; Pant 2013). Orchids are the first flowering plants ever commercially propa-

gated by seeds and tissue culture (Arditti 1967; Pant 2013). Most of them are

enlisted as threatened and endangered species. Thus, plant tissue culture, technique

used to conserve endangered plant species as well as to mass produce high-quality,

disease-free, genetically identical plants and their secondary metabolites, holds

much promise, not just for conserving endangered species but for producing species

in demand in large quantities.

Despite its advantages, however, plant tissue culture is significantly handicapped

by the high mortality rate of in vitro plantlet when transferred to the field. Plants

in vitro are fragile and weak immune systems, so they find it difficult to acclimatize

and many die. To achieve the end of mass propagation, the use of endophytes as

biological tools holds much promise. Endophytes overcome field problems such as

the hardening of plant tissue and the acclimatization process in general, thereby

resulting in higher survival rates of plantlets. Indeed, they have already been used to

promote orchid seed germination and development and to promote plant growth in

order to produce protective phytohormone (Zhang et al. 2013; Jian-wei et al. 2016).

Orchids are colonized by different species of endophytes at different stages of

their lifecycles, but not all endophytes have a role in the growth and development.

Those that are not called non-mycorrhizal endophytes though they may contribute

to the production of plant hormones and secondary metabolites that are beneficial

for plant growth and development. Generally, such endophytes are not host-specific

(Sudheep and Sridhar 2012; Yuan et al. 2009). Both mycorrhizal and

non-mycorrhizal endophytes have been used as a biological tool to stimulate the

growth of in vitro plantlets and seedlings and to promote seed germination. Sour

et al. (2015) reported the various endophytes present in eight different orchids,

Grammatophyllum scriptum, Cymbidium dayanum, Dendrobium hercoglossum,
Dendrobium palpebrae, Torenia fournieri, Doritis pulcherrima, Dendrobium
crumenatum, Dendrobium friedericksianum and Grammatophyllum specinoum.
Similarly, Wu et al. (2016) isolated endophytes from D. officinale, and they

identified the antioxidant property of a novel compound.

The endophytes present in orchids are likely to be diverse, as the isolation of six

endophytic fungi as three binucleated Rhizoctonia like fungi identified as

Tulasnella violea, Epulorhiza repen, Trichosporiella multisporum along with

Beauvaria and Fusarium from seven seed derived protocorms of Dendrobium
friedericksianum (Khamchatra et al. 2016). The fact that Chen et al. (2013) isolated

961 endophytes, of which 217 belonged to the Xyalariaceae group of fungi were

isolated from seven species ofDendrobium,D. nobile,D. chrysotoxum,D. falconer,
and D. aphyllum among them, shows not just the diversity of endophytes but their

specificity to the host as well. Similarly the diversity of endophytes was studied by

Chen et al. (2012). About 127 endophytic were fungi isolated of which fungi belong
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to Rhizoctonia-like strains and fungi belonging to order Cantharellales were iden-

tified from protocorm D. nobile. Whereas fungi belonging to Sebacinales were

isolated from the root of D. chrysanthum.
These findings suggest that in-situ seed baiting is beneficial for screening for

mycorrhizal fungi compatible with plant growth and therefore the mass propagation

of epiphytic orchids. Already, a Rhizoctonia- like root endophyte was identified

associated in the roots of Dendrobium lancifolium using morphological and nucle-

otide sequencing and phylogenetic analysis (Agustini 2016).

Zi et al. (2014) isolated two fungi, Tulasnella sp. and Trichoderma sp. from the

seed baiting of D. aphyllum, Tulasnella sp. increased seed germination by 13.6%,

protocorm formation by 85.7% and seedling development by 45.2%. In contrast,

Trichoderma sp. suppressed seed germination by 26.4%. Epulorhiza isolated from

Cymbidium manni showed seed germination by 6.5% and protocorm formation by

20.3%. Various types of fungi FDa17 (Tulasnella sp.), FDd1 (Epulorhiza sp.) and

FCb4 (Epulorhiza sp.) were identified from D. aphyllum, D. devianum and Cym-
bidium manni respectively. FDa17 and FDd1 both promoted protocorm formation

and seedling development of D. aphyllum and D. devonianum when they were

inoculate separately. Over 60 days of growth, D. devonianum seeds inoculated only

with FDa1 showed significant response: 44.36% of seeds grew to protocorms and

42.9% to seedlings. In contrast, only 14.46% ofD. aphyllum seeds co-inoculated by

FDa17 grew to protocorms and 12.07% to seedlings from the seed. Ding et al.

(2014) reported the presence of Rhizoctonia sp. in Liparis japonica and found that

they had a role in seed germination. Moreover, nitrogen fixation and the production

of phytohormone such as salicylic acid (SA), indole-3-acetic acid (IAA), Zeatin and

abscisic acid (ABA) were significantly improved by the endophytic bacteria

Sphingomonas paucimobilis in orchid species (Yang et al. 2014a). These bacteria

are potential to promote growth of D. officinale.
Many other endophytes appear to promote growth. Zhang et al. (2013) studied

the unique mycorrihzal relationship of the F-23 fungus, Mycena sp. isolated from

Anoectochilus formosanus Hayata. This fungus plays a role in the production of

secondary metabolites such as kinsenosides and flavonoids, both of which ulti-

mately help the growth and development of seedlings. Similarly, Dan et al. (2012a,

b) isolated Gliocladium, Epulrohiz, Fusarium, Moniliopsis, Cephalosporium and

Mycena species from D. nobile, D. candidum and A. Roxburghii also showed the

role of those endophtyes in the growth and development of the orchid seedlings of

those species. Hou and Guo (2009) focused more narrowly on the growth-

promoting effect of the dark septate endophyte, Leptodontidium on seedlings of

D. nobile and found the heights of shoots, number of new buds, number of roots,

stem diameters and dry weights of fungal-colonized plantlets were all greater than

those of uncolonized plantlets. Other efforts include those of Warcup (1981), who

reported that endophytes such as Sebacina vermifera, Tulasnella calospora,
T. asymmetrica, T.cruciata, T. irregularis, T.violea and T. allantospora are

involved in seed germination in different orchid species (Table 26.1).
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Table 26.1 List of endophytes that can be used as biological tool in the micropropagation of

orchids

S.N. Endophyte Orchids

Role of

endophytes References

1. Tulasnella viole,
Epulorhiza repe,
Trichosporiella
multisporum, Beauvari,
Fusarium sp.

Dendrobium
friedericksianum

Seedling

growth

Khamchatra et al.

(2016)

2. Bacillus subtilis BS87 Anoectochilus
Roxburghii,
A. Formosanus

Seedling

growth

Jian-wei et al.

(2016)

3. Rhizoctonia sp. Dendrobium lancifolium Seed

germination

Agustini (2016)

4. Tulasnella
sp., Trichoderma sp.

D. aphyllum Seed

germination

Zi et al. (2014)

5. Epulorhiza sp. Cymibidium manni Seed

germination

Zi et al. (2014)

6. Tulasnella sp.,
Epulorhiza sp.

D. aphyllum,
D. devianum and Cym-
bidium manni

Seedling

growth

Zi et al. (2014)

7. Tulasnella Dendrobium aphyllum Seed

germination

Zi et al. (2014)

8. Sphingomonas
paucimobilis

Dendrobium officinale Seedling

growth

Yang et al.

(2014a)

9. Rhizoctonia sp. Liparis japonica Seed

germination

Ding et al. (2014)

10. Xyalariaceae sp. D. nobile,
D. Chrysotoxum,
D. falconer, D. aphyllum

Seed

germination

Chen et al. (2013)

11 Piriformospora indica Dactylorhiza majalis Seed

germination

Varma et al.

(2013)

12. Psathyrellaceae sp. Coprinellus domesticus Seed

germination

Yagame et al.

(2013)

13. Cephalosporium
sp., Epulrohiza
sp., Gliocladium sp.,
Mycena dendrobii,
Mycena anoectohila

D. nobile, D. candidum Seedling

growth

Dan et al. (2012a)

14. Epulrohiza
sp., Gliocladium sp.,
Mycena dendrobii,
Mycena anoectohila,
Moniliopsis sp.

Anoectohilus roxburghii Seedling

growth

Dan et al.

(2012b)

15 Guignardia
endophyllicola

Dendrobium crumenatum Seed

germination

Mangunwardoyo

(2012)

(continued)
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Table 26.1 (continued)

S.N. Endophyte Orchids

Role of

endophytes References

16. Leptodontidium Dendrobium nobile Seedling

growth

Hou and Guo

(2009)

17. Fusarium
sp., Rhizoctonia sp, Rhi-
zoctonia
sp., Papulaspora sp.

Anacamptis pyramidalis,
Ophrys fusca, Serapias
vomeracea, Orchis
sancta

Seed

germination

Gezgin and

Eltem (2009)

18. Alternaria
sp., Chaetomium sp.

Cymbidium eburneum Vegetative

growth

Zhao and Liu

(2008)

19. Fusarium sp. Cymbidium eburneum Vegetative

growth

Zhao and Liu

(2008)

20. Fusarium
sp., Trichoderma
sp., Paeciloomyces sp.

Pleione yunnanensis Seed

germination

Yang et al.

(2008)

21. Mycena osmundicola Gastrodia elata Seed

germination

Kim et al. (2006)

22. Rhizoctonia sp. Cymbidium goeringii Seedling

growth

Wu et al. (2005)

23. Trichoderma sp. Cymbidium goeringii Seedling

growth

Huang (2004)

24. Mycena osmundicolor Gastrodia elata Seed

germination

Hong et al.

(2002)

25. Sebacina sp. Neottia nidus-avis Seed

germination

Leake et al.

(2002)

26. Phacodium sp. Paphiopedilum
armeniacum

Seedling

growth

Li (2001)

27. Fusarium sp. Cypripedium reginae Seed

germination

Vujanovic (2000)

28. Sebacina vermifera Microtis unifolia Seed

germination

Warcup (1981)

29. Tulasnella calospora Diuris maculala,
D. sulphurea, Orthocersa
strictum, Spiranthes
sinensis, T. Ixoides,
T. Media, Dendrobium
discolor, T. flexuosa,
Calochilus sp.

Seed

germination

Warcup (1981)

30. T. asymmetrica D. maculala, Orthocersa
strictum, O. Strictum,
S. Sinensis, T. Ixoides,
T. Media, Dendrobium
discolor, T. flexuosa,
Calochilus sp.

Seed

germination

Warcup (1981)

(continued)
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Over the years endophytes and mycorrhizal fungi have been isolated from

plants in nature. Now, recent reports on the isolation and identification of

endophtyes from host plants suggest that it is time to pursue this line of future

investigation. Indeed, finding out more about microbe–plant interactions is

crucial if we are to be able to conserve this remarkable creation of nature

and find out more about how plants adapt to their native environments. As

demand for orchids continues unabated and climate change creates havoc on

ecosystems, we ignore this fact at great risk to ourselves and to the orchid

itself.

Some of the endophytes isolated and identified from the roots of Dendrobium
moniliforme in Central Department of Botany, Plant Biotechnology Laboratory.

Tribhuvan University, Nepal is given in Fig. 26.4. (The data are unpublished;

co-culture assay of orchid with isolated fungi to investigate their growth promoting

effect is ongoing research in our laboratory).

Table 26.1 (continued)

S.N. Endophyte Orchids

Role of

endophytes References

31. T. cruciata D. maculala. Strictum,
S. Sinensis, T. Ixoides,
T. Media, Dendrobium
discolor, T. flexuosa,
Calochilus sp.

Seed

germination

Warcup (1981)

32. T. irregularis O. strictum, D. maculala,
S. Sinesis, T. Ixoides,
T. Media, Dendrobium
discolor, T. flexuosa endl,
Calochilus sp.

Seed

germination

Warcup (1981)

33. T. violea Thelymitra carnea,
D. maculala Sm,
O. Strictum, S. sinesis,
T. media, Calochilus sp.

Seed

germination

Warcup (1981)

34. T. allantospora Thelymitra cyanea,
Diuris maculala,
S. sinesis, Dendrobium
discolor, T. flexuosa.,
Calochilus sp.

Seed

germination

Warcup (1981)
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Fig. 26.4 (a) Bird’s-eye view of a colony on PDA and a microscopic view at 40�. Seven-day-old

Leptosphaerulina sp. Colony with a grayish-brown appearance Micro-morphology: Mycelium

septate without sporulation. (b) Overse colony on PDA and microscopic at 40�. Seven-day-old

Fusarium oxyporum colony with a white-to-pinkish floccose texture Micro-morphology:

Microconidia with pointed and curved ends. (c) Overse colony on PDA and microscopic at 40�.

Seven-day-old Collectotrichum colony with a sparse cottony-white periphery and an orange

colored center. Micro-morphology: Conidia cylindrical-shaped with rounded ends
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26.5 Conclusion

Fungi are essential for the growth and development of orchids and the production of

secondary metabolites that are beneficial both for plants and human health. The fact

that it is endophtyes that link microbes, plants and human makes such microorgan-

isms a key topic of research. In addition, finding out more about microbes and plant

interactions will benefit efforts to conserve orchids through mass propagation.

Orchid sets an example for understanding the co-evolution of diverse form of

microbes continuously interacting with a plant at different stages of lifecycle.

Such research can be extended beyond orchids, too, to promote a wider under-

standing of the diverse forms of microbial interactions with plants.
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