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Foreword

In the first half of the nineteenth century, Justus von Liebig popularized the “Law of

the Minimum”, stating that plant growth is controlled by the scarcest resource—

being the “limiting factor”—rather than the total amount of resources available.

Although sunlight and temperature may be such limiting factors, the term mostly

refers to mineral nutrients. In view of the recognition of this principle, Liebig

highlighted that trace minerals—next to major nutrients—are essential for plant

growth and may often be a limiting factor for plant development and even survival.

This is particularly critical under conditions where micronutrients are in low supply

or even immobilized and, hence, cannot be taken up by the plant roots alone.

Fungi generally inhabit the rhizosphere of vascular plants, where they live off

organic material. They access their carbon and nutrient source via an extensive

network of hyphae with a very large surface area, aiding the decomposition of the

organic material in the root zone. Mycorrhizal fungi form a symbiotic association

within the plants’ rhizosphere. This may occur—mostly as a mutualistic associa-

tion—either intracellular (arbuscular mycorrhizal fungi) or extracellular

(ectomycorrhizal fungi). Due to their large reactive surface area, mycorrhizal

fungi are attributed with a significant function in biogeochemical cycles. They

play an important role in agricultural and natural ecosystems, where they increase

production in the former and sustainability of the ecosystem in the latter case,

particularly under low nutrient conditions (Pate and Beard 1984). The extent to

which plants depend on mycorrhizae varies, but most plants studies so far show

augmented development with mycorrhizal associations. Some orchid species are

even facultatively myco-heterotrophic and form a parasitic relationship with

mycorrhizal fungi for part of their life cycle. Other myco-heterotrophic plants are

totally dependent on mycorrhizal associations, in which case the relationship

becomes entirely parasitic in favour of the plant. On example is the ghost plant

(Monotropa uniflora), which is an herbaceous perennial plant devoid of chlorophyll
(Yang and Pfister 2006). Due to its lack of photosynthetic capacity, it is myco-

heterotroph on mycorrhizal fungi associated with certain trees (mostly beech trees),

providing the energy for the fungus and ultimately also for its parasite.
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In symbiotic plant associations with mycorrhizae, the benefit for the fungus is

generally attributed to the access to photosynthetically produced carbohydrates,

translocated from the plant’s leaves to the roots and its fungal associate. The

plant—on the other hand—benefits from the high absorptive capacity of the large

surface area of the hyphal system (the mycelium) for mineral elements and even

water. The fungal hyphae are much finer and longer than the plants roots, allowing

access and direct contact to a larger volume of soil. This improves access to mineral

nutrients, particularly also micronutrients, which often can be a limiting factor for

plant growth, as the “Law of the Minimum” suggests. The mycelium of micorrhizal

fungi can even mobilize nutrients that are physically or chemically immobilized

and, hence, cannot be taken up by the plant roots alone. Heavy clay soils are prone

to immobilization of certain micronutrients and even phosphate. Under such con-

ditions, mycorrhizal–plant associations may be essential for the survival of the

plant. Consequently, one may argue that the plant–mycorrhizal symbiosis is next to

the plant–rhizobial symbiosis (performing symbiotic nitrogen fixation) the most

important symbiotic system for sustainability and productivity of terrestrial plant

systems.

Plant–mycorrhizal associations are found under most environmental conditions

on the planet and in a vast number of combinations with varying associated

partners—multiple or singular. Consequently, we are still far from understanding

the details of the various combinations of relationships of plants with micorrhizae

formed in different habitats.

This volume is the fourth in a series of books on mycorrhizae, which on the one

hand acknowledges the vastness of the research area and on the other hand provides

a condensed insight into the most recent discoveries in the field. The book picks up

the points outlined above and exemplarily elucidates them in various settings and

environmental conditions. It mainly focuses on natural ecosystems while spanning

the bridge to agricultural systems where it is called for. Keeping to a holistic

approach, the various chapters explain how recent research results on plant–mycor-

rhizal associations in combination with new information on mycorrhizal and

rhizobial symbionts can help refining existing and new concepts on how such

symbiotic systems can augment ecosystem sustainability and vigour. In order to

outline the basis for progress in the field, the first chapter of this volume

puts mycorrizal research in a historical perspective. The following four chapters

employ various angles to focus on ways how the plant–micorrhizal system can

generate enhanced nutrient uptake and how bacteria can provide additional benefits.

Chapters 6, 7, 9 and 10 cover the role of the symbiosis in essentially undisturbed

and disturbed ecosystems, including the role in early succession. The signalling

processes in the establishment of rhizobial and mycorrhizal symbiotic endophytes

are discussed in Chap. 8, while several specific adaptations of fungi, e.g. Truffle

(Chap. 11), and plants, e.g. Grapevine (Chap. 13), or specific environmental

conditions, e.g. wetlands (Chap. 14), or hypoxic conditions (Chap. 16) are covered

in the second half of the book. Climate change and the question how arbuscular

mycorrhizal fungi are affected by this recent, global phenomenon is the topic of
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Chap. 15. The final two chapters introduce a new symbiont Piriformospora indica
(Serendipita indica) and outline its large-scale cultivation in a bioreactor.

With the intensive research in the area continuing, this volume presents the

current state of the art. As such, it is a valuable reference and basis for future

investigations. With more scientific progress in the field, we can look forward to

enhanced insights into this important and exciting symbiotic system.

Alexander P. Hansen
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Preface

We have already published mycorrhiza volumes in the years 1991, 1992, 1995,

1999, and 2008. Since then, a lot of new research findings and approaches have

been published in literature. The present volume will emphasize the current per-

spectives of mycorrhiza around the globe. Springer-verlag, Heidelberg, Germany,

has invited us to compile three new volumes in quick succession (2017) highlight-

ing the work on mycorrhiza after 2008. Mycorrhizas have been an essential

stabilizing factor in the terrestrial ecosystems for centuries. These fungi aid in the

productivity of plants via the formation of dynamic associations with plant roots.

The symbiotic associations formed are an important subject to evaluate numerous

opportunities using modern tools of biotechnology. The possibilities of genetically

manipulating these associations have led to optimization of plant productivity in

ecosystems with minimal risk of environmental damage. The resourceful manage-

ment of mycorrhizal associations has the potential to favor the sustainable produc-

tion of quality foods while ensuring environmental quality for future generations.

The unique associations formed by these fungi have sparked a vast array of

interest in mycorrhizal studies. Recent developments in the study of mycorrhizas

have encouraged us to present a new book on progress in this field. The fourth

edition of the mycorrhiza book gives exemplary insight into the advancements in

mycorrhizal studies. It is hoped that this new edition will interest readers in the

latest results of mycorrhiza research and also encourage young researchers to prove

the challenging field of mycorrhizal studies.

This volume consists of 18 chapters covering the diverse mycorrhizal associa-

tions by 46 subject specialists.

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

We wish to thank Drs. Jutta Lindenborn, Isabel Ullmann, Man-Thi Tran, and Hanna

Hensler-Fritton Springer Heidelberg for generous assistance and patience in con-

tinuing 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

ix



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 student Ms Diksha Bhola and other

technical staff.

Ajit Varma

Ram Prasad

Narendra Tuteja
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Chapter 1

Introduction to Mycorrhiza: Historical

Development

Ram Prasad, Diksha Bhola, Khalid Akdi, Cristina Cruz, Sairam KVSS,

Narendra Tuteja, and Ajit Varma

Abstract Arbuscular mycorrhizal fungi (AMF) are vital component of natural

ecosystem, being gifted to form symbiont with plant roots. AM fungi have mutu-

alistic relationships with more than 80% of terrestrial plant species. Because of

wide range of relationships with host plants, it becomes difficult to identify the

species on the morphological bases as the spores are to be extracted from the soil. In

spite of their abundance and wide range of relationship with plant species, AMF

have shown low species diversity. AMF have high functional diversity because

different combinations of host plants and AMF have different effects on the

numerous aspects of symbiosis. Recent fossil evidence has dated the appearance

of arbuscular mycorrhizae back to 460 million years, preexisting vascular plants.

These studies benefit the paleoecological importance of mycorrhizae and enhance-

ment to our understanding of the evolution of mutualisms.

1.1 Introduction

Arbuscular mycorrhiza (AM) association is the most widespread plant–fungal

symbiosis on earth, in the majority of extant land plants, and can be traced back

to the Early Devonian, more than 400 million years ago, which corresponds to the
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onset of the colonization of terrestrial habitats by plants (Fig. 1.1) (Remy et al.

1994; Schwendemann et al. 2011; Buscot 2015). Presently, the majority of land

plants have mutually beneficial symbiotic relationship with a fungal partner in

which the plant normally receives soil nutrients in exchange for photosynthates.

However, this understanding is based almost exclusively on investigations of the

AM associations of higher plants, whereas virtually nothing is known about their

functionality in the “lower,” more evolutionarily ancient land plant clades (liver-

worts, clubmosses, and ferns). There is evidence that AM is an evolutionary ancient

partnership that commenced with the earliest land plants, but the absence of

information on the functioning of the symbiosis in lower plants is a major gap in

our understanding of its significance in driving colonization of land plant, and the

costs–benefits of plant–fungal co-evolution in lower plants are mysterious.

1.2 Structure of Mycorrhizal Fungi

Frank (1885) was probably the first to identify the extensive nature of associations

between plant roots and mycorrhizal fungi (Frank and Trappe 2005). Four major

mycorrhizal types have been described based on their structure and function,

Fig. 1.1 Summary of the natural historical development of arbuscular mycorrhizal (AM) and

ectomycorrhizal (EM) symbioses in relation to the ecological radiation of terrestrial plants

(Reprinted with permission from Buscot 2015)

2 R. Prasad et al.



namely, arbuscular mycorrhiza (AM), ectomycorrhiza (EM), orchid mycorrhiza,

and ericoid mycorrhiza (Fig. 1.2 and Table 1.1).

Today, despite the large number of plant species forming AM associations

worldwide, two types of arbuscular mycorrhizal (AM) associations, the Arum

type and the Paris type, have been recognized based on morphological character-

istics of the colonization process. In the Arum type, the fungal symbiont spread in

the root cortex via intercellular hyphae. Short side branches penetrate the cortex

cells and produce arbuscules. The Arum type (linear) is commonly described in

fast-growing root systems of crop plants. In the Paris type (coiled), the hyphae grow

intracellular coils and spread directly from cell to cell inside the cortex.

Co-occurrence of Arum- and Paris-type morphology of AM is found in cucumber

and tomato (Kubota et al. 2005).

Arbuscules are relatively short-lived, at least in the Arum-type mycorrhiza, and

the hyphae are comparatively long-lived (Holley and Peterson 1979; Smith and

Dickson 1991). The arbuscules gradually degenerate, while the plant cell remains

Fig. 1.2 Examples of spores and colonization by arbuscular mycorrhizal fungi: (a) Subcellular

structure of a Glomus clarum spore broken and mounted in Melzer’s reagent. (b) Subcellular

structure of a Scutellospora pellucida spore broken and mounted in Melzer’s reagent. (c) Typical
mycorrhizae of Acaulospora morrowiae stained in 0.05% trypan blue. (d) Typical mycorrhizae of

Gigaspora rosea stained in 0.05% trypan blue; inset shows auxiliary cells. Abbreviations: sw spore

wall; sh subtending hyphae; sc sporogenous cell; iw1 first inner wall; iw2 second flexible inner

wall; arb arbuscule; ves vesicle; aux auxiliary cells. Scale bar¼ 20 μm (Reprinted with permission

from Bever et al. 2001)

1 Introduction to Mycorrhiza: Historical Development 3



alive, which is a difference related to many plant pathogenic fungi which cause

plant cell death. For rapidly growing crop species, the formation of arbuscules may

take 2–3 days and the whole arbuscular cycle may take around 1 week.

Mycorrhizal fungi live inside the cortex of plant roots, on the surface of the root,

or around the epidermal cells of the root. The hyphae of these fungi also grow out

from the roots into the soil where they forage for nutrients that are limiting to plant

growth, especially nitrates and phosphates, but organically bound nutrients are also

acquired by some mycorrhizal types (e.g., EM and ericoid mycorrhizal fungi) (Read

and Perez-Moreno 2003). These nutrients as well as other benefits are then deliv-

ered to their host plants in return for carbohydrates (Smith and Read 2008).

Consequently, the mycorrhizal symbiosis exerts a strong influence on plant growth

and fitness.

1.3 Taxonomy of Arbuscular Mycorrhizal Fungi

Taxonomy identifies and describes names, generating tools for taxonomic identifica-

tion of fungi (species lists, descriptions of formally delimited species, and identifi-

cation keys, among others). Arbuscular mycorrhizal fungi (AMF) are characterized

by the development of branching structures called arbuscules inside the cortical cells

of roots (Fig. 1.2). Arbuscules increase the contact area between plant root and fungus

Table 1.1 Numbers of plant and fungal species forming arbuscular mycorrhizal, ectomycorrhizal,

orchid mycorrhizal, or ericoid mycorrhizal associations (van der Heijden et al. 2015)

Mycorrhizal

type Major groups of plants

Number of

plant species

hosting

mycorrhizal

fungi Fungal identity

Total

estimated

number of

fungal

taxa

Arbuscular

mycorrhiza

Most herbs, grasses and

many trees, many horn-

worts and liverworts

200,000 Glomeromycota 300–1600

Ectomycorrhiza Pinaceae and Angio-

sperms (mostly shrubs

and trees, mostly temper-

ate), some liverworts

6000 Basidiomycota

and

Ascomycota

20,000

Orchid

mycorrhiza

Orchids 20,000–35,000 Basidiomycota 25,000

Ericoid

mycorrhiza

Members of the

Ericaceae, some

liverworts

3900 Mainly

Ascomycota,

some

Basidiomycota

>150

Nonmycorrhizal

plant species

Brassicaceae,

Crassulaceae,

Orobanchaceae,

Proteaceae, etc.

51,500 – 0
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and are thought to be the primary sites of exchange of the plant’s carbon for the

fungus’s phosphorus. One suborder of these fungi, Glomineae, also forms vesicles, or

sack-like reservoirs, within plant cortical cells (Fig. 1.2c). The presence of the fungi

(members of the Glomeromycota) within the root assists the uptake of nutrients and

water and may also have a protective effect against soil pathogens.

AMF are believed to propagate via infective hyphae, hyphal fragments, or

asexual spores (Fig. 1.3). A general life history begins with colonization of a root

and the development of arbuscules from branch hyphae within the root. Hyphae

may extend from one infected root to another or from an infected root to the root of

another plant. Spores form in the root cortex or in the soil. These spores may be

dormant for a period, but they will eventually germinate and colonize another root.

Spores may be dispersed away from the site in which they were formed. Viable

spores are generally short-lived (exceptions: some spores of Acaulospora species),

and viability is limited by dormancy, susceptibility to pathogens, and some

Fig. 1.3 Spores of arbuscular mycorrhizal fungi: the central picture is a collective spore from nine

species of AM fungi. Around this central photo, we have arranged pictures of individual species.

Starting in the upper left corner and moving clockwise around the central photo, these species are

Scutellospora calospora, S. pellucida, S. heterogama, Archaeospora trappei, Gigaspora gigantea,
Gi. rosea, Acaulospora colossica, and Ac. morrowiae. Scale bar ¼ 200 μm (Reprinted with

permission from Bever et al. 2001)
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supplementary factors. Although the morphology and architecture of external

hyphae and internal mycorrhizal structures can differ between families of AM

fungi (e.g., Fig. 1.2c, d), there are few differences between species to species within

the same genus. Therefore, taxonomy of these fungi is based on the discrete

characters of the spore subcellular structure, which can vary from simple to very

complex for a single multinucleate cell (e.g., Fig. 1.2a, b; Morton 1988; Morton and

Bentivenga 1994). On the basis of characteristic features of spore wall and spore

ontogeny, AMF are grouped into genera that include approximately 145 species

described to date. Undoubtedly, the majority of AM fungal species remain

undefined. The International Culture Collection of Arbuscular and Vesicular

Arbuscular Mycorrhizal Fungi (INVAM) at West Virginia University, for example,

currently maintain approximately 40 isolates that do not belong to currently

described species (Morton et al. 1993). For more information on this collection,

see the INVAM Web site at http://invam.caf.wvu.edu.

1.4 Conclusion and Future Prospects

A major development have been through in the arena of mycorrhizal research after

the discovery that mycorrhizal associations are abundant and important for plant

nutrition. Currently, more than 100 years later, the ecological function of symbiosis

is much better implicit, the biodiversity and evolution of this symbiosis is no longer

a black box, genomes of a widespread array of mycorrhizal fungi have been

sequenced, and molecular and nanoscale level interactions establishing the symbi-

osis are starting to be revealed.
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Chapter 2

Mobilization of Micronutrients

by Mycorrhizal Fungi

Priyanku Teotia, Manoj Kumar, Ram Prasad, Vivek Kumar,

Narendra Tuteja, and Ajit Varma

Abstract Mycorrhizal fungus constitutes heterogeneous fungal taxa embracing an

array of plant species. This group is found allied with the roots of beyond 90% of the

plant species in this world. There is a range of mycorrhizal associations, among which

arbuscular and ectotrophicmycorrhizal interactions are of high biological and economic

significance. This chapter gives details about habitation, host range, and structural

components of these mycorrhizal groups, along with a meticulous discussion on the

mineral absorption, mechanisms involved in different absorption pathways. In addition

to enhancement of mineral nutrient uptake by plants in soil, several mycorrhizal fungi

execute an important task in mobilizing mineral nutrients from inaccessible organic

substrate,mineral particles, and rock surfaces.Mycorrhizal fungi adopt variousmethods

to achieve the purpose effectively, like greater area of absorption for the roots of plant,

liberation of biochemical compounds, and consortiumwith different microbes. Further-

more, mycorrhizal fungi also provide an imperative C sink in soil other than mobilizing

nutrients, consequently playing an important role in the cycling of these mineral

elements. The role of every partner in a mycorrhizal association is to be exposed by

the application of molecular and genetic tools, coupled with high-throughput sequenc-

ing and advanced microscopy. The signaling pathways between plants and fungi have

recently been elucidated, and recognition of a range of novel nutrient transporters has

unveiled a number of cellular processes which are fundamental to the mycorrhizal

symbiosis. Various transporters, particularly proton-coupled phosphate transporters,

have been documented on both the fungal and plant membranes which contribute to

transmission of phosphate from fungi to plants. Even though much work has been

formerly done on several aspects, such as symbioses, the extent to which these are

functionally essential in agriculture remains uncertain. It is a vital need to spotlight on

the questions, whose answers will offer novel perspectives on mycorrhizal utility.
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2.1 Introduction

Even the modest things are vital to the world particularly in relation to getting

plants established. Under natural environmental condition, plants remain in close

association with soil microorganisms called mycorrhizal fungi. The mycorrhizal

fungi inhabit plant roots and extend the root system into the adjoining soil.

Unexpected quantities of mycorrhizal filaments are found available in healthy

soil. An extremely small section of soil associated with dynamically growing plants

may be full of numerous fungal filaments. The affiliation is favorable for the reason

that the plants have the benefit of improved uptake of water and mineral nutrient,

resistance against diseases, greater survival, and enhanced growth.

The term “mycorrhiza” was coined by the German scientist, A. B. Frank, about a

century ago. Factually, word “Mycorrhiza” stands for fungus root; however, it is a

symbiotic association existing among a group of soil fungi and the roots of higher

plant (Habte 2000). This is a mutualistic organization that depicts the bidirectional

interaction and exchange of resources across the mycorrhizal interface. In this

association, the mycorrhizal fungus provides the host plant with mineral nutrients,

like phosphate and nitrogen, and amplifies the abiotic stress tolerance against

conditions of drought, salinity, and heavy metal and biotic stress resistance from

various root pathogens, and in return, the host plant transports about 4–20% of its

photosynthetic product, i.e., carbon compound to the mycorrhizal fungus (Wright

et al. 1998). Records of fossil study indicate that mycorrhizal association com-

menced about 400–450 million years back, and these mycorrhizal interactions

played a significant role in colonization of land by the plants (Smith and Read

2008). Even though mycorrhiza came to light nearly 100 years back, their signif-

icance in enhancing plant productivity did not get appropriate credit until past

50 years, until molecular biology got highly developed and gave an insight into the

mode of action of mycorrhizal fungi. Presently, numerous scientists around the

globe are engaged in study of the mycorrhizal interactions, and any research on

plant productivity can hardly be considered as complete, without inclusion of

mycorrhizal associations (Habte 2000). About 90% of the identified land plant

species formulate mycorrhizal relationship with the ubiquitous fungi in soil

(Bonfante and Genre 2010). In dissimilarity with the reciprocal beneficial mycor-

rhizal association, several mycoheterotrophic plants, nearly 400 species from

diverse plant families of bryophytes, pteridophytes, and angiosperms, rely on

mycorrhizal fungi to fulfill their carbon need. Such plants lose their photosynthetic

efficacy and become parasitic on mycorrhizal fungi coupled with adjacent autotro-

phic plant (Bücking et al. 2012).

In the following chapter, the main prominence is given to mutually beneficial

ectotrophic and arbuscular mycorrhizal associations, since they have great ecolog-

ical and economic implications (Marschner and Dell 1994). In environmentally

sustainable agriculture, arbuscular mycorrhizal fungi can be regarded as

“biofertilizer and bioprotector” owing to their capability to colonize and facilitate

ample variety of food and cash crops. In contrast, ectomycorrhizal fungi colonize a

10 P. Teotia et al.



smaller number of plant species and operate as symbiotic cohort of trees and shrubs;

these play a foremost role in the forest ecosystem (Finlay 2008) and could be a

fundamental element in phytoremediation as well as revegetation purposes

(Bücking 2011; Giri et al. 2005).

2.2 Occurrence and Host Specificity of Mycorrhizal Fungi

AM fungi in general belong to six genera from the class azygosporous

zygomycetes. While ectomycorrhizal fungi largely belong to the class basidiomy-

cetes, a few belong to the class zygosporic zygomycetes and ascomycetes. AM are

remarkably proficient in mobilizing the inorganic phosphorus (P) and thus prevail

well in temperate and arid climates where P is frequently a limiting factor. The AM

associations subsist in a large variety of tropical and temperate tree species, as they

are not much specific in forming association with the host plant species (Bücking
et al. 2002). These associations are known to rarely exist in members of the plants

belonging to families Amaranthaceae, Pinaceae, Betulaceae, Brassicaceae,

Chenopodiaceae, Cyperaceae, Juncaceae, Proteaceae, and Polygonaceae. As com-

pared to AM, ectomycorrhizal fungi are more efficient in captivating N, and these

are more frequent in boreal zone as well as in the temperate zone with high

humidity, as the occurrence of low temperature with high humidity promotes the

accretion of organic matter, reduced pH, and less N availability (Kilpeläinena et al.

2016). Ectomycorrhizal fungi interact with reasonably lesser section of all plant

species, probably just about 3%; however, this 3% embodies almost all of trees of

the temperate and boreal forests (especially the plant species of family Fagaceae

and Pinaceae); therefore, it can be said that the majority of the forests (in terms of

land area) on the surface of earth are dependent on ectomycorrhizal fungi (Habte

2000; Smith and Read 2008; Bonfante and Genre 2010).

2.3 Variation in Structure Among Mycorrhizal Fungi

Mycorrhizal fungi form a variety of associations with the plants; among these,

endomycorrhizal association of the arbuscular (AM) type and ectomycorrhizal

(ECM) associations have a greater economic and ecological importance.

Arbuscular mycorrhizal (AM) and ECM associations differ in their structural

aspects as well as the plant and fungal species these embrace (Fig. 2.1 and

Table 2.1).

In the ECM, the fungal hyphae infringe the cortex section in the root of the host

plant but do not penetrate the cortical cells. The ECM forms hyphal network around

cortical cells of the root; this hyphal network is known as the “Hartig Net.” In

addition to Hartig net, the ECM also forms a thick layer of hyphal mat on the

surface of roots, known as sheath or mantle; this sheath covers feeder roots. Thus,
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they are also known as “sheathing mycorrhiza.” Infectivity of the host plants by

ectomycorrhizal fungi generally leads to modification in the feeder roots that can be

observed by naked eyes (Genre 2010). The feeder roots inhabited by fungi are

thicker, show more branching, and are differently colored as compared to

uncolonized roots. Usually, the ectomycorrhizas initiate in between the fine roots

EPIDERMIS

XYLEM

PHLOEM

CORTEX

FUNGAL
SHEATH

HARTIG NET

Fig. 2.1 Ectomycorrhizal

fungi showing its structure

in an infecting root (Source:

http://www.

biologydiscussion.com/

plants/absorption-of-

mineral/absorption-of-

mineral-salts-by-higher-

plant-with-diagram/22764)

Table 2.1 Comparison between AM and ECM associations (Modified after Bücking et al. 2012)

Features AM fungi association Ectomycorrhizal fungi association

Transport of

nutrients to plant

Specifically important for phospho-

rus transport, also contribute to

nitrogen transport

Specifically important for nitrogen

Transport but also have significant

Contribution in P transport

Occurrence of

fungi

Mainly in warm and dry climates

where phosphorus availability is low

Climates with low temperature and

high humidity, where nitrogen

availability is low

Plant host range Associates with a very wide range of

hosts

Associates with comparatively

lower portion of plant species

Type of fungal

nutrition

Obligate biotrophophic fungi Facultative saprotrophytic fungi

Structural ele-

ments in fungi

Arbuscules, ERM, and vesicles in

some types

Mantle, Hartig net, and ERM

Fungal mode of

penetration in

host plant

Both inter- and extracellular

penetration

Only intercellular penetration

Pathway of

nutrient uptake

Both plant and mycorrhizal pathway Mainly mycorrhizal pathway
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and dikaryotic mycelia, which are formed by the union of two different

monokaryotic hyphae that germinate from spores. The distinctive fungal sheath

or mantle which is composed of aggregated hyphae appends to the surface of roots.

This mycelium is correlated to the extramatrical hyphae to facilitate exploration of

the substrate; moreover, these are accountable for mineral nutrition mobilization

and uptake of water in the symbiotic tissues (Fig. 2.2). “Hartig Net” in the inner

zone of the mantle forms an interface where exchange of metabolites takes place.

The root cells bounded by fungal hyphae are living; the fungal hyphae are

apoplastic but can colonize the epidermal cells as in angiosperms or cortical cell

as in gymnosperms (Barker et al. 1998).

In AM or in the fungi, hyphae enter into the cortical cells of the roots and either

may produce balloon-like, membrane-bound organelles of diverse shapes, outside

or inside the cortical cells, called vesicles, or may constitute finely divided dichot-

omously branched hyphal invaginations called arbuscules. These structures are

supposed to be the site for the exchange of materials among the host plant and

fungi. Vesicles, on the other hand, have twin function, they commonly act as

storage structure, and lately after they are aged, they function as reproductive

structures. The characteristic features of the VA mycorrhizas are vesicles and

arbuscules together with large spores. Vesicles are mostly invisible in these types

of mycorrhizal associations; therefore, several scientists recommend the use of the

term AM, more favorable over the designation vesicular–arbuscular

(VA) mycorrhiza. Both AM fungi and ECM fungi expand their hyphae from the

root into soil (extraradical hyphae), which are responsible for mobilization of

nutrients from soil into the roots (Fig. 2.2).

Fig. 2.2 AM fungi

showing its structures in

infecting root (Adopted

from: © http://www.

davidmoore.org.uk/assets/

mostly_mycology/diane_

howarth/am.htm)
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2.4 Nutrient Uptake Pathways in Mycorrhizal Roots

There are two pathways via which the plants take up nutrients from the soil (Smith

et al. 2011). The intake could be either by “plant pathway” that comprises of

unmediated uptake of the nutrients by the epidermal cells of the root hairs from

the soil or the nutrient uptake by plants can take place through the “mycorrhizal

pathway,” which consists of nutrient uptake by the extraradical mycelium of its

fungal associate which further transfers the nutrients to “Hartig net” in the ECM

association, or else to the intraradical mycelium in the AM association, and

ultimately to the plant from the interfacial apoplast (Harrison et al. 2002). The

nutrient uptake from the soil by means of plant pathway, on the other hand, is

consistently constrained by the reduced mobility of nutrients in the soil (Bücking
and Kafle 2015). AM and ECM roots diverge in their structural aspects, and this

dissimilarity has correlation with their slightly diverse method of nutrient uptake in

the AM and ECM plants (Fig. 2.3 and Table 2.2).

The AM roots do not create the fungal sheath and therefore can apparently

exploit both the pathways for uptake of nutrient from soil (Bücking et al. 2012). The
AM symbionts show a collective mode of the nutrient uptake, which has also been

suggested previously (Bücking and Kafle 2015). This led to the supposition that the
nutrient uptake through the mycorrhizal pathway can be evaded while availability

of nutrient in the soil is excess. Moreover, the plants associated with mycorrhiza do

not always show a affirmative growth response. However, such notion has become

contentious now (Smith and Read 1997; Smith et al. 2009, 2011), and it has been

established that the mycorrhizal pathway can direct the entire P uptake as well as

that the factual role of mycorrhizal pathway toward complete P uptake can be

“veiled” (Smith et al. 2003; Nagy et al. 2009). The transporters in plants, which are

concerned with P uptake by means of plant pathway, are downregulated in reaction

to AM symbiosis (Harley and Smith 1983; Chiou et al. 2001; Grunwald et al. 2009);

at the same time, mycorrhizal transporters that are particularly involved in the P

uptake from mycorrhizal interface are upregulated (Xu et al. 2007; Paszkowski

et al. 2002). The total amount of P uptake by common investment of the pathways

also depends on plant and the fungal species. Zhang et al. (2015) confirmed that

Rhizophagus irregularis was more proficient in P absorption as compared to

Acaulospora longula and Gigaspora margarita in Lotus japonicus. Grunwald

et al. (2009) have established that the Glomus intraradices species has the utmost

capability to repress the expression of P transporters in plants within the plant

pathway; at the same time,G. mosseae showed the slightest outcome. This evidence

also supports the concept that the positive input of mycorrhizal pathway to the

nutrient accessibility is reliant on the effectiveness with which the AM associates

interact along with exchange of nutrient across the mycorrhizal interface (Bücking
et al. 2012). The suppression of the plant pathway by AM fungi can result in growth

reductions in mycorrhizal plants, once the mycorrhizal pathway is unable to

reimburse the reduced uptake by the plant pathway (Smith and Smith 2011). The

assumption is that the AM fungus can induce the downregulation of the transporters
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Table 2.2 Transportation of

various nutrients by AM fungi

and ectomycorrhizal fungi

Nutrient transported AM fungi Ectomycorrhizal fungi

P + +

NH4
+ + +

Co + +

NO3 � +

K + +

Ca + �
SO4

+ + �
Cu + �
Zn + �
Fe + +

Mn + +

Mg + +

Vascular Cylinder

Root Arbuscular Mycorrhiza

Spore  (50–500m)

Sporocarp (5 mm)

Hyphae (10m–20m)

Endodermis

Cortex

Epidermis

Appressorium

Arbuscle

External Vesicles <50m

Root Hairs

B   (up to 80 mm)

(Mycorrhizal root)(Non-mycorrhizal root)

Internal Vesicle
(Clamydospore)

(1 mm)

A

P P

P
P

P

P
P

P

P

P

P

P

Fig. 2.3 Nutrient uptake pathways in non-mycorrhizal and mycorrhizal roots (Adapted from:

Available from: http://dx.doi.org/10.5772/52570)
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of plant pathway to augment its C accessibility. The higher reliance on mycorrhizal

pathway for the nutrient acquirement has shown to stimulate the C circulation to

root system of the plant (Nielsen et al. 1998; Postma and Lynch 2011).

Of the tree species associated with ectomycorrhiza, most parts of their root

surface consist of the region that is nonfunctional in nutrient uptake and the regions

that are actively responsible for nutrient acquisition like non-mycorrhizal white or

the ECM roots that stand for merely 2 or 16% of the entire root length, correspond-

ingly (Taylor and Peterson 2002). In this condition, the role of the fungal mantle or

the sheath that surrounds the root tips is mainly essential (Taylor and Peterson

2005). In a situation, when the fungal layer restricts the infusion of nutrient ions

through it, the root tissue lying beneath the fungal mantle would be separated from

the nutrient solution in the soil, and such roots will be exclusively reliant upon

mycorrhizal pathway for the nutrient acquirement. The ECM fungal species and its

structural and functional properties of the mantle are responsible for determining

whether the fungal sheath would present an apoplastic barrier or not. Taylor and

Peterson (2005) carried out research in relation to the evaluation of permeability of

the Pinus banksiana/Hebeloma cylindrosporum fungal mantle to the berberine and

the radioactive sulfate ions. They established that the fungal mantle was absolutely

impervious to the tracer dye. Above an exposure period of 24 h to sulfate ions, the

fungal mantle still demonstrated to be impermeable. Such outcomes revealed that

plant can exceedingly depend on the fungal partner for the supply of mineral

nutrients, because there is modest amount of plant tissue which has the ability of

nutrient absorption from exterior of fungal mantle. Some other fungi have been

shown to release hydrophobins during ECM development (Coelho et al. 2010).

Hydrophobin is a diminutive hydrophobic protein that is accountable for clasping

of the fungal hyphae to a surface; moreover, it may add to the impermeability of

water in the fungal sheath (Unestam 1991; Unestam and Sun 1995). Therefore, only

2% of root surface of the pines is non-mycorrhizal, as well as ERM of the ECM

fungus can signify nearly 99% of the nutrient-exchange interface along the length

of the roots in pine (Rousseau et al. 1992), ECM-associated tree species like pine

are thought to be greatly dependent on their fungal cohort (Ouahmane et al. 2009;

Brundrett 2002), and it may be established that the mycorrhizal pathway plays a

more significant role for nutrient acquisition in the ECM root systems as compared

to the AM root systems (Bücking et al. 2012).

2.5 Possible Mechanisms of Nutrient Acquisition

by Mycorrhizal Fungi

Mycorrhizal fungi are capable of absorbing and transporting almost all the 15 essen-

tial macro- and micronutrients vital for growth of the plant. Mycorrhizal fungi ooze

out strong chemical compounds into the soil that mobilize firm or rock-bound

nutrients such as phosphorous, iron, and other “tightly arrested” mineral nutrients
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in the soil. The entire process of dissolution and transportation of nutrients is of

great importance in providing nutrition to the plant, and this requires the consider-

ation of high levels of fertility by the non-mycorrhizal plants for maintaining their

health. Mycorrhizal fungi create an elaborate web of hyphae that confines and

absorbs nutrients restoring the nutritional assets in soils. In the non-mycorrhizal

situation, much of this fertility is exhausted or mislaid from the soil system.

Mycorrhizal interactions may directly influence the growth of the host plant

through the improvement in nutritional attainment by the fungal associate or

obliquely by altering the transpiration rates and constitution of the rhizospheric

microflora (Marschner and Dell 1994), mobilization of nutrient from the organic

substrates (Finlay 2008), by improving the fertilizer use efficacy (Jeff et al. 2005),

or by advantageous alliance with other soil microbes (Finlay 2008).

The two key steps in nutrient absorption from the soil and release of the nutrients

through mycorrhizal association involve:

(1) Mobilization and acquisition by the fungal mycelia

(2) Transportation of absorbed nutrients across the fungal–root interface

2.5.1 Mobilization and Absorption of Nutrients

In addition to the hyphae that are in the direct touch with the surface of the root,

every mycorrhizal fungi also builds up extramatrical mycelium that extends from

surface of infected root into the adjacent soil. Both the fungi, arbuscular mycorrhi-

zal (AM) and ECM, manufacture huge quantity of the extramatrical mycelium.

Among these, arbuscular mycorrhizal mycelium extends up to many centimeters

from the surface of the infected root while ECMmycelium most likely spreads up to

some meters (Goltapeh et al. 2008). In both cases, the mycelium stretches ade-

quately afar from the nutrient depletion zone for inaccessible and bound mineral

nutrients around each root; moreover, it also exhibits an intricate structure that

provides it with an efficient nutrient gathering network (Schachtman et al. 1998;

Bücking and Heyser 2001; Goltapeh et al. 2008). One of the components of

mycorrhiza is the extramatrical mycelium that competently exhumes bulk soil for

sparse nutrients plus transports obtained nutrients to the fungal–root interface

where nutrients are transferred to the host plant (Bücking and Kafle 2015). Many

ectomycorrhizal fungi spread extramatrical mycelium in the form of a dispersed

mat of the individual hyphae forming intricate linear multi-hyphal arrangement

recognized as rhizomorphs. The hyphae that are at the center of rhizomorphs are

devoid of cell wall and measure about 35 μm in diameter; these play an important

role in the transport of photosynthetic assimilates and inorganic mineral nutrients

(Table 2.2). Conversely, diffused hyphae in the disperse mat that grow in front of

the arbuscular mycorrhizas that measure nearly diameter 1–5 μm in diameter make

available a widespread surface area for the absorption of nutrient from the soil. At

the same time, hyphae with larger diameter of up to 10 μm are liable for an
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exceptional translocatory infrastructure for efficient transfer of solutes from the

bulk soil from the rhizospheric soil to the surface of root (Ravnskov and Jakobsen

1995). Other than increasing uptake of mineral nutrients by the plant, which are

previously there in soil, numerous mycorrhizal fungi could perhaps perform a major

function in mobilization of the mineral nutrients from the organic substrate (Hodge

and Fitter 2010), mineral element, or else cover rock surfaces (Finlay and Rosling

2006).

Several mycorrhizal fungi can possibly perform an important task in the mobi-

lization of nutrients, for example, nitrogen and phosphorus from the structural or

any other polymers that are, however, inaccessible to the plant roots. Withdrawal of

nutrients like N and P by means of mycorrhizal fungi from a variety of organic

substrates like saprotrophic mycelia (Lindahl et al. 1999), dead and decaying

nematodes (Perez-Moreno and Read 2001b), pollen grains (Perez-Moreno and

Read 2001a; Finlay 2008), and Collembola (Klironomos and Hart 2001) has been

verified by many researchers. The association of mycorrhizal fungus in the

microbe-based mobilization and immobilization cycle leads to mobilization of the

N and the P from plant litter, microfaunal, mesofaunal, and microbe base, permit-

ting the unique plant commune to flourish alongside the altitudinal or the latitudinal

ascent (Smith et al. 2003, 2009).

The ectomycorrhizal fungi that inhabit boreal forest ecosystems are the appro-

priate example of events like mobilization and transportation of nutrients. In such

ecosystems, N and P are present in the organic form that is not easily available for

utilization by the autotrophs. In these forests, the foremost plant species are

significantly dependent on the mycorrhizal symbionts to gratify their nutritional

requirements. Ectomycorrhizal symbiont has the capability to immediately act on

the structural polymers that might be a cause for nutrient unavailability and in the

mobilization of N as well as P from organic polymers (Read and Perez-Moreno

2003). Lindahl et al. (2007) observed that the saprotrophic microbes and fungi

produce a harmonized assembly of debris-degrading enzymes that are essential for

early phase of decomposition process; in addition, the N mobilized by such

saprotrophic fungi is reserved in their mycelia. With the fall of C:N ratio in the

decomposed organic matter, the saprotrophs contemplate to be less vigorous with

respect to mycorrhizal species that directly receive the host assimilates (Hodge

et al. 2000). The occurrence of ectomycorrhizal fungi in the finely degraded litter

along with humus presents signal that the mycorrhizal hyphae play a substantial

role in the mobilization of N from well-degraded organic waste in the boreal forest

soils. Moreover, the unsteady carbon librated in the soil via roots and allied

mycorrhizal fungi could play a crucial role to mobilize N. The production of

extracellular enzymes such as proteinases and peptidases by ectomycorrhizal

fungi enables them to competently hydrolyze the organic nitrogen resource to

liberate amino acids; these can be taken up by fungi. Also, the secretion of

extracellular phosphomonoesterase and phosphodiesterase enzymes by

Ectomycorrhizal fungi enables to mobilize mineral nutrients in the soil. The

enzyme phosphodiesterase is capable of mobilizing phosphorus, which is confis-

cated inside nucleic acids. Several ectomycorrhizal fungi also produce enzymes

18 P. Teotia et al.



which are hydrolytic in action; these fall within the family of cellulase,

hemicellulase, or lignase. The enzymes support the entry of hyphae into the dead

and decaying organic matter in the soil and get in touch with the mineral nutrients

seized within. In this way, the ectomycorrhizal fungi condense the typical mineral

nutrient cycles, releasing nutrients seized within the organic matter of the soil.

There are reports that suggest that the Ectomycorrhizal fungi are capable of

siderophores production, which bind and form complexes with iron and oxalate

that amplify potassium uptake by the symbiont. Production of reducing agents by

the ectomycorrhizal fungi magnifies the acquisition of ions from then stable oxides

like MnO2, consequently serving in enhanced plant nutrition (Lindahl et al. 2001,

2007).

The strict biotrophic character of AM fungi suggests that such fungi are unable

to utilize organic nitrogen sources (Bücking and Kafle 2015); nevertheless, a

number of studies reveal that the hyphae of AM fungi develop on the organic

matter and relocate nitrogen to its host plant (Leigh et al. 2009; Hodge and Fitter

2010), which results in elevated plant nitrogen content in the mycorrhizal plants

(Thirkell et al. 2015). Reynolds et al. (2005) established that there is no confirma-

tion about the promotion of plant N acquisition by AM fungi and the better growth

of old field perennial trees under low N supply situation; however, AM fungi could

be associated with the decomposing organic material in several ecosystems. While

Hodge et al. (2001) verified the improved decomposition and N mobilization from

dead and decaying grass foliage in the existence of AM fungi, Leigh et al. (2009)

established that AM fungi did not exhibit saprophytic competence and the fungus

captures N from organic matter almost certainly as the product of decomposition.

Though AM fungus speeds up the N absorptions from organic substance (Atul-

Nayyar et al. 2009) and manipulates the C exchange within the soil microbe

population during the decomposition process (Herman et al. 2012), advanced

research is still required to discriminate between direct competence of AM fungi

to mobilize organic material along with their probable, indirect consequence on

putrefaction and nutrient uptake by plant, which occurs by stimulation by decom-

posers and followed by uptake of the decomposed products by the mycorrhizal

fungus (Li et al. 2006; Finlay 2008).

In addition to the organic matter, mycorrhizal fungi are also accountable for

dynamically mobilizing nutrients from the mineral particles and the rock surfaces

by means of weathering; this may occur either by mycorrhizal fungi alone or in

alliance with other microbes like bacteria or any other fungi (Wallander et al. 1997;

Landeweert et al. 2001; Finlay and Rosling 2006; Finlay 2008). The role of

arbuscular mycorrhizal (AM) fungi in mineral/rock weathering is contradictory;

moreover, there are barely few verifications that suggest improved consumption of

comparatively insoluble type of inorganic phosphorus like rock phosphate by the

AM fungi. Such effects may perhaps depend on synergistic association among AM

fungi and the P solubilizing microbial community. Wallander (2006) confirmed the

vital contribution of mycorrhizal fungi in mineral weathering of forest soils.

Reports suggest that Ectomycorrhizal fungi produce certain low-molecular-weight

(LMW) organic acids, which are utilized in weathering of the minerals rocks
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(Ahonen-Jonnarth et al. 2000). Breemen et al. (2000) reported that several open

tubular apertures of about 3–10 μm in size were existing in the weatherable

minerals in every podzol surface soil and the shallow granitic rock under

European coniferous forests, and they suggested that these pores were created by

complexing LMW organic acids, which leach out in association with mycorrhizal

fungi. The hyphae of ectomycorrhizal fungi penetrate and, perhaps, generate

microsites that are otherwise far from the contact of the plant roots and inaccessible

from the bulk soil solution. The mobilized and dissolved nutrients can be further

carried to roots of the host plant, shunning soil solution with the frequently toxic

concentrations of the A13+ ions from the acid rain (Clark 1997), and also avoiding

antagonism for uptake of nutrient with other microorganisms.

2.5.2 Movement of Carbon and Nutrients Across
the Fungus–Root Interface

Whatsoever the form of mycorrhizal fungi is or the approach they take up for

mobilization of the nutrients, these ultimately reach at the fungal–root interface

within symplasm of fungus. The transfer of nutrients to the host plant engrosses the

efflux of mineral ions through plasma membrane of fungus followed by the

inclusion from apoplasm interface across the plasma membrane of the cells of

host root (Cairney and Burke 1996). Escape of the nutrient substances across the

interface is lowered by complex fungal arrangements.

It has been suggested that the local physiochemical conditions are directed by

the series of events occurring in either of the symbionts in an association. This

includes accumulation of impermeable extracellular resources between mycelium

within the mantle in several ectomycorrhiza and on the tip of the hyphal ingress into

root cells in the arbuscular mycorrhiza. Ectomycorrhizas produce an explicit

apoplasmic compartment, which averts surfeit of the nutrients from interface

apoplasm. The carbon required for growth and metabolism of the mycorrhizal

fungi is largely acquired as photoassimilate from the roots of the host plant

(Smith and Read 2008; Bonfante and Genre 2010). In distinction to ericoid mycor-

rhizal fungi and phytopathogenic fungi, arbuscular mycorrhizal (AM) and

ectomycorrhizal fungi (ECM) are unable to utilize sucrose as a source of carbon,

and therefore they seize on simple sugars like glucose and fructose, from mycor-

rhizal interface. The fungal genome contains invertase gene, which is associated

with its mode of nutrition, and in divergence to various plant-allied fungi, like

pathogenic fungi and endophytic fungi, there does not exist any proposal that

confirms the presence of invertase genes in AM or ECM fungi (Parrent et al.

2009; Bonfante and Genre 2010; Wahl et al. 2010) or else holding invertase activity

(Salzer and Hager 1996). As a result, mycorrhizal fungus depends on host cell for

its invertase activity, specifically in the region of interfacial apoplast, in favor of

sucrose hydrolysis. This hydrolysis of sucrose makes simple sugars such as
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hexoses, glucose, or fructose, available for fungal utilization. Further, the reports

suggest that the glucose is mostly engrossed by the hyphae of “Hartig net” while

fructose is largely taken up by the hyphae present in the inner layers of mantle

(Nehls et al. 2002). Numerous carriers have been recognized that are present

uniformly on plant and the fungal membranes, which are mainly responsible for

transporting nutrients from the fungal to plant cell. In perspective of the ECM

relationship, the transporter AmAMT2 of Amanita muscaria has high affinity for

NH4+ ions. This importer is induced in extraradical mycelium, while it is

downregulated in fungal sheath and “Hartig net” (Willmann et al. 2007, Martin

and Nehls 2009). The good expression of AmAMT2 transporter in ERM implies a

high competence of ERM for uptake of NH4+ ions. On the other hand, the reduced

level of expression in “Hartig net” specifies that NH4+ ions serve as imminent

nitrogen source, which is transported by mycorrhizal fungus to the roots of host

plant. The reduced level of expression of the NH4+ importer in “Hartig net” reduces

the reabsorption of the NH4+ in the fungual hyphae from interfacial apoplastic zone

along with rise of the total NH4+ transport to the host. The existence of upregulated

high-affinity NH4+ importers of plant in ECM roots also supports the transport of

NH4+ across the ECM interface (Selle et al. 2005; Couturier et al. 2007). A study

conducted on the rice andMedicago truncatula by Wang and Qiu (2006) suggested

that the transporter enzymes in plasma membrane, proton-ATPases (H+-ATPase),

are specifically upregulated in arbuscule enclosing cells, and these are requisite for

the improved proton pumping action in the membrane vesicles of AM

colonized roots (Harrison et al. 2002). Any alteration in the regulation and function

of H+-ATPase decreases the arbuscule size and diminutive uptake of nutrients by

the host plant via mycorrhizal symbiosis. Overexpression of the gene regulating

H+-ATPase Os-HA1 improved the phosphate uptake and the plasma membrane

efficacy, indicating that the H+-ATPase performs a significant role stimulating peri-

arbuscular membrane, so as to facilitate the nutrient exchange in plant cells having

arbuscule. A high-affinity phosphate (P) transporter, Pt4, is entirely manifested in

the mycorrhizal roots; besides, it is concerned with the getting hold of the

P delivered via the fungus (Xu et al. 2007). Another transporter, AMT2;2, is a

high-affinity ammonium transporter, which is positioned in peri-arbuscular mem-

brane (Guether et al. 2009). Furthermore, the occurrence of mycorrhizal induced

sulfate transporters in the AM roots proposes that the sulfate too is transferred

across the mycorrhizal interface from AM fungus to host plant (Casieri et al. 2012;

Allen and Shachar-Hill 2009; Helber et al. 2011).

2.6 Conclusions

A greater fraction of the higher plants are found to be allied with the Mycorrhizal

fungi. These symbiotic interactions differ extensively in their structures as well as

functions. Of the numerous kinds of mycorrhizal fungi, Arbuscular mycorrhizal

(AM) and ECM fungi play an important role in nature. Both the categories of
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mycorrhizal fungi not merely assist in uptake of the major plant nutrients such as

P and N but also help in captivating other micronutrients like Fe, Cu, Zn, etc.

Mycorrhizal fungi implement various means to achieve the task effectively: mea-

suring the greater absorbing surface area of the plants, releasing biochemical

compounds along with alliance with other microbes in its ambience. Other than

mobilizing the mineral nutrients, mycorrhizal fungi also provide significant C sink

in soil; hence, these have a critical impact on cycling of the elements within soil.

Consequently, mycorrhiza is established as a significant association for nutrient

management in the ecosystem.

Acknowledgment Ajit Varma is thankful to Department of Science and Technology and Depart-

ment of Biotechnology for partial financial funding and to DST-FIST for providing confocal

microscope facility.

References

Ahonen-Jonnarth U, Van Hees PAW, Lundstr€om US, Finlay RD (2000) Production of organic

acids by mycorrhizal and non-mycorrhizal Pinus sylvestris L. seedlings exposed to elevated

concentrations of aluminium and heavy metals. New Physician 146:557–567

Allen JW, Shachar-Hill Y (2009) Sulfur transfer through an arbuscular mycorrhiza. Plant Physiol

149:549–560

Atul-Nayyar A, Hamel C, Hanson K, Germida J (2009) The arbuscularmycorrhizal symbiosis links

N mineralization to plant demand. Mycorrhiza 19:239–246

Barker SJ, Stummer B, Gao L, Dispain I, O’Connor PJ, Smith SE (1998) A mutant in Lycopersicon
esculentum Mill, with highly reduced VA mycorrhizal colonization: isolation and preliminary

characterization. Plant J 15:791–797

Bonfante P, Genre A (2010) Mechanisms underlying beneficial plant–fungus interactions in

mycorrhizal symbiosis. Nat Commun 1:48. doi:10.1038/ncomms1046

Breemen NV, Finlay R, Lundstrom U, Jongmans AG, Giesler R, Olsson M (2000) Mycorrhizal

weathering: a true case of mineral plant nutrition? Biogeochemistry 49:53–67

Brundrett MC (2002) Tansley review no. 134: coevolution of roots and mycorrhizas of land plants.

New Physician 154:275–304

Bücking H (2011) Ectomycoremediation: an eco-friendly technique for the remediation of pol-

luted sites. In: Rai M, Varma A (eds) Diversity and biotechnology of ectomycorrhizae. Soil

biology. Springer, Berlin, Heidelberg, pp 209–229

Bücking H, Heyser W (2001) Microautoradiographic localization of phosphate and carbohydrates

in mycorrhizal roots of Populustremula � Populus alba and the implications for transfer

processes in ectomycorrhizal associations. Tree Physiol 21:101–107

Bücking H, Kafle A (2015) Role of arbuscular mycorrhizal fungi in the nitrogen uptake of plants:

current knowledge and research gaps. Agronomy 5:587–612

Bücking H, Kuhn AJ, Schr€oder WH, Heyser W (2002) The fungal sheath of ectomycorrhizal pine

roots: an apoplastic barrier for the entry of calcium, magnesium, and potassium into the root

cortex? J Exp Bot 53:1659–1669

Bücking H, Liepold E, Ambilwade P (2012) The role of the mycorrhizal symbiosis in nutrient

uptake of plants and the regulatory mechanisms underlying these transport processes. In: Dhal

NK, Sahu SC (eds) Plant science. ISBN:978-953-51-0905-1

22 P. Teotia et al.

http://dx.doi.org/10.1038/ncomms1046


Cairney JWG, Burke RM (1996) Physiological heterogeneity within fungal mycelia: an important

concept for a functional understanding of the ectomycorrhizal symbiosis. New Physician

134:685–695

Casieri L, Gallardo K, Wipf D (2012) Transcriptional response of Medicagotruncatula sulphate

transporters to arbuscular mycorrhizal symbiosis with and without sulphur stress. Planta.

doi:10.1007/s00425-012-1645-7

Chiou TJ, Liu H, Harrison MJ (2001) The spatial expression patterns of a phosphate transporter

(MtPT1) from Medicago truncatula indicate a role in phosphate transport at the root/soil

interface. Plant J 25:281–293

Clark RB (1997) Arbuscular mycorrhizal adaptation, spore germination, root colonization, and

host plant growth and mineral acquisition at low pH. Plant Soil 192:15–22

Coelho ID, de Queiroz MV, Costa MD, Kasuya MCM, de Araujo EF (2010) Identification of

differentially expressed genes of the fungus Hydnangium sp during the pre-symbiotic phase of

the ectomycorrhizal association with Eucalyptus grandis. Mycorrhiza 20:531–540

Couturier J, Montanini B, Martin F, Brun A, Blaudez D, Chalot M (2007) The expanded family of

ammonium transporters in the perennial poplar plant. New Phytol 174:137–150

Finlay RD (2008) Ecological aspects of mycorrhizal symbiosis: with special emphasis on the

functional diversity of interactions involving the extraradial mycelium. J Exp Bot

59:1115–1126

Finlay RD, Rosling A (2006) Integrated nutrient cycles in forest ecosystems, the role of

ectomycorrhizal fungi. In: Gadd GM (ed) Fungi in biogeochemical cycles. Cambridge Uni-

versity Press, Cambridge, pp 28–50

Genre A (2010) Mechanisms underlying beneficial plant-fungus interactions in mycorrhizal

symbiosis. Nat Commun 1:48–52

Giri B, Giang PH, Kumari R, Prasad R, Sachdev M, Garg AP, Oelmüller R, Varma A (2005)

Mycorrhizosphere: strategies and functions. Soil Biol 3:213–252

Goltapeh EM, Danesh YR, Prasad R, Varma A (2008) Mycorrhizal fungi: what we know and what

should we know. In: Varma A (ed) Mycorrhiza, 3rd edn. Springer, Heidelberg, pp 3–28

Grunwald U, Guo WB, Fischer K, Isayenkov S, Ludwig-Müller J, Hause B, Yan XL, Kuster H,

Franken P (2009) Overlapping expression patterns and differential transcript levels of phos-

phate transporter genes in arbuscularmycorrhizal, pi-fertilised and phytohormone-treated

Medicagotruncatula roots. Planta 229:1023–1034

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

Habte M (2000) Mycorrhizal fungi and plant nutrition. In: Silva JA, Uchida R (eds) Plant nutrient

management in Hawaii’s soils, approaches for tropical and subtropical agriculture. College of

Tropical Agriculture and Human Resources, University of Hawaii at Manoa

Harley JL, Smith SE (1983) Mycorrhizal symbiosis. Academic Press, Toronto, pp 112–115

Harrison MJ, Dewbre GR, Liu J (2002) A phosphate transporter from Medicagotruncatula
involved in the acquisition of phosphate released by arbuscular mycorrhizal fungi. Plant Cell

14:2413–2429

Helber N, Wippel K, Sauer N, Schaarschmidt S, Hause B, Requena N (2011) A versatile

monosaccharide transporter that operates in the arbuscular mycorrhizal fungus Glomussp. is
crucial for the symbiotic relationship with plants. Plant Cell 23:3812–3823

Herman DJ, Firestone MK, Nuccio E, Hodge A (2012) Interactions between an arbuscular

mycorrhizal fungus and a soil microbial community mediating litter decomposition. FEMS

Microbiolol Ecol 80:236–247

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, Robinson D, Fitter AH (2000) An arbuscular mycorrhizal inoculum enhances root

proliferation in, but not nitrogen capture from, nutrient-rich patches in soil. New Phytol

145:575–584

2 Mobilization of Micronutrients by Mycorrhizal Fungi 23

http://dx.doi.org/10.1007/s00425-012-1645-7


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. doi:10.

1038/35095041

Jeff H, Taylor, Peterson CA (2005) Ectomycorrhizal impacts on nutrient uptake pathways in

woody roots. New For 30:203–214
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Chapter 3

Soil: Do Not Disturb, Mycorrhiza in Action

Cristina Cruz, Alessandro Ramos, Olubukola Oluranti Babalola,

Hessini Kamel, Teresa Dias, and Ajit Varma

Abstract Fungi are key actors in controlling primary productivity. Depending on

the fungal functional group, they may promote or decrease plant productivity. It is

consensual that arbuscular mycorrhizal and some endophytic fungi contribute to

promote plant productivity and defense against phytopathogenic organisms, includ-

ing fungi. However, there is not much information about the relation between the

distinct functional groups of fungi. In this chapter, we aim at understanding the

importance of arbuscular mycorrhizal fungi (Glomus intraradices) and

Piriformospora indica (Serendipita indica) inoculation in the tolerance of Tomato

(Solanum lycopersicum) plants to fusarium wilt.

Tomato plants grown at two nutritional levels were inoculated with Glomus
intraradices and/or Piriformospora indica (Serendipita indica) and then infected

with Fusarium oxysporum. Plant biomass accumulation showed that plants inocu-

lated with Glomus intraradices and Piriformospora indica (Serendipita indica)
accumulated more biomass and were more tolerant to Fusarium wilt. The analysis

of the root exudates showed that fungal infection changed the composition of the

root exudates and pointed out the importance of antioxidant compounds.
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3.1 Introduction

Fungi cannot fix energy and nutrients directly, so they use the energy stored in plant

and animal biomass to grow. They are a key group of organisms that interact with

other organisms and the abiotic environment to regulate ecosystem processes.

Fungi are able to share resources and span a range of spatial and temporal scales

to mediate flows of energy and materials.

The role of fungi in primary production goes behind making nutrients available

to plants. They form symbiotic associations with bacteria, algae, and plants and

work as a supportive network for photobionts (Dighton 2016). These symbioses

include mycorrhiza and endophytes, which can occur in multiple plant parts. Such

interactions improve nutrient availability for primary production, confer plant

tolerance to drought, salt, and heavy metals, and provide a degree of protection

from pathogenic fungi or bacteria and herbivory (Smith and Read 1997).

However, fungi may also have negative effects on the primary production. Some

of them are phytopathogenic and may attack plants below and above ground. The

effects of these phytopathogens are particularly evident in agrosystems, especially

in intensive monocrop agriculture (Termoshuizen 2014). Both plant pathogens and

mycorrhiza may play an important role in regulating plant productivity and plant

community composition. The degree of impact of the phytopathogen on plant host

depends on the fungal species and on the environmental conditions. In many cases,

the effect of the phytopathogen increases when plants are grown under suboptimal

conditions and are already under stress. The role of mycorrhiza is probably to

improve nutrient uptake by the host plant or to alter its physiology so the plant is

better able to defend itself against the pathogen (Volpin et al. 1994; Sharma and

Mukerji 2007) rather than direct competition between the symbiotic fungi.

In a meta-analysis of interactions between arbuscular mycorrhizal fungi (AMF)

and phytopathogen fungi, Borowicz (2001) concluded that about 50% of the studies

showed that AMF gave a degree of protection to their host plant against the

phytopathogens. The effect of the pathogenic fungus was usually to reduce the

growth of the AMF. The interactions between the functional groups of fungi

resulted in the reduction of the growth of each one in about 16%.

The aim of this work was to understand if the presence of the endophyte

Piriformospora indica (Serendipita indica) affected the relation between AMF

and plant phytopathogenic fungi. Tomato (Solanum lycopersicum) plants were

inoculated with AMF (Glomus intraradices, Gi) and or P. indica (Serendipita
indica) (Pi) and then infected or not with Fusarium oxysporum under low and

high nutrient availability. Results point out to a synergistic effect between P. indica
(Serendipita indica) and Glomus intraradices toward plant defense against

fusariosis.
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3.2 Protocol Applied

F. oxysporum was isolated from the host plant. The stem of a diseased plant was cut

lengthwise to reveal the xylem and trimmed of all the leaves and secondary roots

leaving only the main stem and root. The stem was surface sterilized by soaking in

10% bleach solution for 5 min and then cut into 2–4 mm pieces. Sterilized stem

pieces were incubated on Potato Dextrose Agar (PDA) plates under light condi-

tions. Once the fungus was grown sufficiently from the pieces, mycelium isolates

were transferred to new PDA plates and incubated for 10–14 days. Colonies of

F. oxysporum were recognized by the characteristic reddish-purple centre

surrounded by a pinkish white aerial mycelium. The morphological identification

was confirmed using molecular methods (Amaral et al. 2013).

Tomato seeds (Wt and AVP1OX), in the proportion of 1:10 (seeds: solution),

were surface sterilized first with sodium hypochlorite 10% (v/v) for 5 min and then

with 70% alcohol for 3 min. Seeds were then rinsed five times with sterile water.

After sterilization, seeds were plated in polypropylene trays filled with 20 cm3

autoclaved substrate composed of sand and vegetable soil in the proportion 1:2.

Seedlings were allowed to grow for 15 days in a growth chamber (16/8 h light/dark;

350 μmol m�2 s�1 at the leaf surface level during the light period, 25 � 1 �C, 70%
humidity).

Rhizoglomus intraradices, formerly Glomus intraradices BEG 24 (Gi), was

obtained from the Bank Exchange of Glomales (BEG, Dijon—France). Spores

were multiplied, in association with Sorghum tricolor roots grown in culture pots

(5 L) filled with sterilized sand:vermiculite (1:1) mixture, and allowed to grow for

three months under greenhouse conditions. The mixture of soil, fungal spores,

hyphae fragments, and roots of colonized S. tricolor was used as AMF inoculant.

Inoculant quality was assessed by fungal spore counting. Fungal spores were

extracted from the inoculant mixture by wet sieving (Vierheilig et al. 1998),

followed by centrifugation in 20 and 60% sucrose gradient. Fifty grams of each

were suspended in 2 L of water, and the suspension passed through overlapping

sieves of 710 and 45 μm. The material collected in the 45 μm sieve was transferred

to 50 mL tubes containing the sucrose gradient and centrifuged at 2000 g for 1 min.

Spores were collected and transferred to crosshatch Petri dishes for counting.

P. indica (Serendipita indica) was multiplied in PDA plates. 0.5 cm diameter

discs collected from the periphery of 9-day-old fungal colonies were used as

inoculants.

After 15 days of growth, tomato seedlings were transplanted into pots (500 mL)

filled with autoclaved sand:clay (2:1) mixture. AMF inoculation was performed by

applying, at a depth of 2–3 cm below surface level, 30 mL per pot of the AMF

inoculants containing Gi spores and hyphae, and Pi inoculation was performed by

introducing a disc of culture in contact with the root. Non-inoculated treatment

(control) received the same volume of substrate (30 mL). Seedlings were divided

into two groups: one received just water and the other received 100 mL of full-

strength Hoagland solution. Seedlings were irrigated with sterile water in order to
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maintain substrate water content between 40 and 60% of the substrate water

capacity. Fifteen days after the inoculation, seedlings were (or not) infected with

1 mL of 104 mL�1 spores of F. oxysporum per plant. Plants were allowed to grow

for more 30 days. Each treatment had 15 replicates.

Disease incidence was calculated as the ratio between the number of infected

plants and the total number of plants multiplied by 100. Disease severity was

determined according to Wellman (1939), where numerical values were assigned

to five groups (g1 ¼ 0.5, 1; g2 ¼ 2; g3 ¼ 3, 4; g4 ¼ 5, 6; g5 ¼ �7). Disease severity

was calculated by the following formula: Disease sever-

ity ¼ (ng1 + 2 ng2 + 5 ng3 + 10 ng4 + 20 ng5)/(n diseased plants). For confirmation

of F. Oxysporum f. sp. Lycopersici infection, segments of 2-cm length starting

upwards the shoot basis were dipped in 70% ethanol, flamed, and put into Petri

dishes containing PDA amended with antibiotics to prevent bacterial growth

(Steinkellner et al. 2011). The identification of F. oxysporum f. sp. Lycopersici
was done according to Nelson (1990) by visual and microscopic analyses.

At the end of the experiment, five plants per treatment receiving low nutrient

availability were gently removed from the substrate and washed thoroughly with

water. Roots were submerged in acetate buffer (25 mM, pH 5.5) for 6 h, in a

proportion of 10 mL:g root fresh weight. At the end, root exudates were stored at

�20 �C until further processing. After that plant root and shoot fresh weight were

determined. One root exudate per plant and five per treatment were prepared.

Root exudates were fractioned on an Amberlite XAD-1180 (Fluka Chemie

GmbH) to hydrophilic and lipophilic compounds using MQ water and absolute

ethanol as eluants. For GC-MS analyses, the hydrophilic fraction was hydrolyzed

with 10%HCl for 3 h at room temperature, followed by derivatization (Kanani et al.

2008). Lyophilized samples were dissolved in 50 μl of a solution of methoxyamine

hydrochloride in pyridine (20 mg/mL). After incubation at room temperature for

18 h, 50 μl N-methyl-N-TMS-trifluoroacetamide was added for derivatization into

trimethyl-silyl ethers and esters. 0.5 μl of the obtained solution was injected into an
AutoSystem XL gas chromatograph (Perkin Elmer Inc., Waltham, MA, USA) in the

split-less mode following the procedure described by Hage-Ahmed et al. (2013).

The obtained chromatograms were integrated with Turbomass 4.1.1 (Perkin Elmer

Inc.), and the peak areas of measured compounds were converted to relative

amounts (% of the total peak area of the chromatogram). Mass spectra were

tentatively identified by comparison with commercial (NIST 08, National Institute

of Standards and Technology, Gaithersburg, MD) and noncommercial databases

(Kopka et al. 2005) and grouped into classes of compounds. For HPLC-UV

analyses of lipophilic analytes, dried exudates were diluted in methanol (10 mg/

ml). The analyses were carried out using a Dionex Summit HPLC with a photodi-

ode array detector following the procedure described by Hage-Ahmed et al. (2013).

Germination of F. oxysporum spores (100 μl 107 microconidia/mL) was assayed

in 500 μl root exudates or acetate buffer (25 mM, pH 5.5) in 24-well culture plates

and incubated at 24 �C in the dark for 20 h, under shaking 200 rpm. After 20 h,

plates were observed under the microscope and 200 spores in each well checked for

germination.
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The degree of colonization of the tomato roots was assessed, based on 100 root

fragments from five plants of each treatment (Giovanetti and Mosse 1980) and

stained with trypan blue (Phillips and Hayman 1970). Briefly, thin roots were rinsed

in running water, cut into pieces of 1 cm, and treated with KOH 10% for 1 h. Then,

roots were rinsed five times with sterile water, treated with HCl 1% for 3 min, and

stained with trypan blue 0.05% diluted in lactoglycerol 0.02%. Roots were

observed with a stereoscope at 10–40� magnification.

3.3 Salient Features

The Fusariumwilt symptoms include loss of turgor and leaf chlorosis, starting from

the lower leaves, sometimes followed by leaf abscission and plant death. It may be

manifested on only one side of the host plant (Schwartz et al. 2005). Symptoms of

F. oxysporum infection were visible on control and Gi-inoculated plants. Symp-

tomatic plants were much smaller, chlorotic, and wilted.

The observation of root segments showed that all plants inoculated with Gi or Pi

were colonized independently of the presence of F. oxysporum. Colonization rates

ranged between 40 and 60% without presenting any relation with treatments.

Nutrient availability in the root medium determined plant biomass accumulation

only in plants not inoculated with Gi or Pi. As it would be expected, higher nutrient

availability allowed higher plant biomass accumulation and higher resistance to

F. oxysporum infection. Plant inoculation with Gi increased biomass accumulation

to the levels of the non-inoculated plants grown under high nutrient availability and

substantially increased plant tolerance to F. oxysporum. Plant inoculation with Pi

increased biomass accumulation by 10–20% in relation to control plants, but

although small, the effect of the infection with F. oxysporumwas evident. However,

plants inoculated with both Gi and Pi produced high biomass accumulation without

any effect of the F. oxysporum (Fig. 3.1). The simultaneous inoculation of the

plants with both fungi (Gi and Pi) reduced disease incidence and severity to less

than 25% of that observed for the control plants.

Disease incidence and severity were lower for control plants grown with higher

than with lower nutrient availability. The same tendency was observed for Gi- and

Pi- inoculated plants (Table 3.1). There was no correlation between disease inci-

dence or severity and the degree of Gi or Pi root colonization. Inoculation with Gi

and/or Pi was effective in decreasing the incidence and the severity of Fusarium
wilt. In particular, the co-inoculation of the plants with Gi and Pi reduced disease

incidence in 50% and severity in more than 75%, even at low nutrient availability

(Table 3.1).

In order to understand the mechanisms involved in the increased tolerance of

tomato plants to Fusarium wilt after inoculation with Gi and Pi, F. oxysporum
spores were germinated in root exudates obtained from the distinct treatments. Only

low nutrient availability treatments were considered. In comparison with buffer,

root exudates promoted F. Oxysporum germination. However, the germination of
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F. Oxysporum spores was much lower (10–30%) when roots were inoculated with

Gi and/or Pi. It is interesting that only in the presence of Pi root infection with

F. oxysporum affected the rate of spore germination in the root exudates (Fig. 3.2).

3.3.1 Chemical Composition of the Root Exudates

In the polar fraction of the root exudates, sugars and organic acids had the highest

peak areas ranging between 30–50% and 28–48%, respectively (Fig. 3.3); amino
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Fig. 3.1 Biomass accumulation of plants grown with the distinct treatments. Control plants were

not inoculated. L—low nutritional level. H—high nutritional level. F—Fusarium oxysporum.
Gi—Glomus intraradices. Pi—Piriformospora indica (Serendipita indica). GiPi—Co-inoculation

ofGlomus intraradices and Piriformospora indica (Serendipita indica). Values represent the mean

percentage of the control plants under low nutritional level and the bars the standard deviation.

N ¼ 10

Table 3.1 F. Oxysporum f. sp. Lycopersici disease incidence (%) and severity in the different

treatments (mean � sd)

Inoculants

Disease incidence (%) Disease severity (%)

Low nutrient High nutrient Low nutrient High nutrient

Control 86 57 2.0 � 0.2 1.3 � 0.3

G. intraradices 71 43 1.4 � 0.3 1.0 � 0.3

P. indica (Serendipita indica) 57 40 1.1 � 0.3 0.8 � 0.2

Both 41 30 0.3 � 0.2 0.3 � 0.8

Plants not infected with F. Oxysporum f. sp. Lycopersici did not present disease symptoms
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acids represented a much lower percentage of the pic area of the polar fraction of

the root exudates. Taking into consideration the general composition of the root

exudates, those of the control plants, especially when not infected with

F. oxysporum, differed from the other root exudates. Control plants had root

exudates less enriched in sugars and enriched in amino acids and organic acids.

According to their prevalence in the analyzed root exudates, glucose, fructose,

malate, citrate, and succinate were the polar metabolites selected for further anal-

ysis (Fig. 3.4). Glucose and fructose were more prevalent whenever root was

colonized by fungi. With the exception of the control plants, no significant differ-

ences were detected due to the presence of F. oxysporum. As far as organic acids are
concerned, malate and citrate were the more abundant across treatments. And,

contrary to sugars, the presence of fungi in the rhizosphere significantly decreases

the presence of malate in the rhizosphere. From the roots colonized with fungi,

those colonized with both Gi and Pi (in the presence or not of F. oxysporum)
presented the lowest relative amounts of malate in the root exudates. No significant

differences were observed for citrate concentrations across treatments.

In the nonpolar fraction of the root exudates, five main substances were identi-

fied (Fig. 3.5), namely, tryptophan, protocatechuic acid, chlorogenic acid, salicylic

acid, and caffeic acid. The relative peak area ranged from 0 to 8%. Chlorogenic and

caffeic acids were the only compounds where differences among treatments could
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MS analyses grouped into substance classes and treatments (mean � Sd, n ¼ 5). The low level

nutritional treatments comprised: F—Fusarium oxysporum. Gi—Glomus intraradices. Pi—

Piriformospora indica (Serendipita indica). GiPi—Co-inoculation of Glomus intraradices and

Piriformospora indica (Serendipita indica). Values represent the mean percentage of the control

plants under low nutritional level and the bars the standard deviation. N ¼ 5
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be detected. Roots colonized with Pi presented higher levels of both acids in

relation to the other ones.

3.4 Interpretation

In this study, we attempt to highlight the potential importance of fungi as regulators

of ecosystem functions, namely of primary productivity. Depending on the func-

tional group considered, fungi may contribute to increase or decrease plant biomass

productivity. It is consensual that AMF and some endophytic fungi promote while

phytopathogenic fungi decrease plant productivity. However, the rhizosphere is a

very heterogeneous place and plants are simultaneously colonized by many fungi

belonging to distinct functional groups. The output of this interaction is not well

known and the results obtained so far are contradictory. However, soil microbes

belonging to Trichoderma (Melo 1998) and Bacillus genera demonstrated to be

efficient in controlling Fusarium wilt. Our dataset showed that Gi and Pi may be

very efficient in controlling F. oxysporum disease (Fig. 3.1 and Table 3.1).

Although these effects are very dependent on all biotic and abiotic variables, they

show the potential of AMF and endophyte fungi to control Fusarium wilt.
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The mechanisms behind these interactions are complex and result from multi-

factorial responses. However, root exudates are certainly involved. The effect may

be a direct one resulting from the production of compounds by the AMF or

endophytic fungi, competition between the AMF and endophytic fungi with the

phytopathogen, or induction of plant defense pathways due to the priming effect of

AMF and endophytic fungi. Independently of the mechanism involved, a change in

the composition of the root exudates must be observed (Fig. 3.2–5). Although our

results must be taken with caution due to technical limitations in the analysis of the

composition of the root exudates, some changes were consistent with the treat-

ments. The fungal (beneficial or pathogenic) colonization increased the sugar

component of the root exudates, which makes sense since the fungus increases

the root sink for carbon (Fig. 3.1). The opposite was observed for malate.

Priming of the immune system of the plant leads to a systemic protection against

pathogens in combination with changes in the secondary metabolism (Jung et al.

2012), which may explain the relative increase in the amount of chlorogenic and

caffeic acids when roots were colonized with Pi (Fig. 3.5). Chlorogenic acids are a

group of phenolic secondary metabolites produced by certain plant species and an

important component of coffee (Coffea spp.). Chlorogenic acid has been implicated

in biotic and abiotic stress responses, while the related shikimate esters are key

intermediates for lignin biosynthesis (Lallemand et al. 2012). Elevated levels of

chlorogenic acid in transgenic tomato plants increased protection from UV light

(Clé et al. 2008) and enhanced microbial resistance (Niggeweg et al. 2004). More

recently, it has been shown that chlorogenic acid can act as a pest resistance factor

in ornamental plants (Leiss et al. 2009). Meanwhile, the closely related shikimate

esters are known to be key intermediates in the synthesis of lignin (Hoffmann et al.

2004; Chen and Dixon 2007).

3.5 Conclusion

Our results point out the relevance of mycorrhizal and endophytic fungi in the

regulation of phytopathogenic fungi and show that the effect may be mediated by

changes in the composition of the root exudates calling attention to chlorogenic

acid, which is an important group of antioxidants, soluble esters formed between

phenolic hydroxycinnamates and quinic acid. However, root exudates consist of

many different compounds with different effects on microorganisms in the rhizo-

sphere. Therefore, other compounds may be responsible or involved in the biolog-

ical control of Fusarium wilt mediated by AMF Gi and Pi. Taking into

consideration that fruits and vegetables are major sources of antioxidants, and

high levels of these compounds in the diet are believed to contribute to improved

health condition (Bazzano et al. 2002; Astley 2003), it would also be important to

investigate the levels of these compounds in comestible parts of the plants.

These results apart from highlighting the importance of AMF and AMF-like

fungi such as P. indica (Serendipita indica) in biocontrol also raise the question of
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crop management, since intensive soil management destroys the mycelium net-

works and may substantially minimize the work of fungi in controlling primary

productivity.
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Chapter 4

Mycorrhiza: Creating Good Spaces

for Interactions

Geetanjali Manchanda, Raghvendra Pratap Singh, Zhi Feng Li,

and Jun Jie Zhang

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

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

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

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

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

are cross facilitators, where AM fungi provide suitable specialized ecological

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

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

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

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

interactions.

4.1 Introduction

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

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

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

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

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

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

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

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

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

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

Glomeromycotina, Ascomycotina, and Basidiomycotina have been recorded as

mycorrhiza. Arbuscular mycorrhiza is the oldest and most widespread symbiosis

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

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

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

molecular sequence data suggest an arbuscular mycorrhiza originate before the

Devonian period when the first land plants formed associations with Glomalean

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

symbiosis, facilitating the adaptation of plants to the terrestrial environment

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

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

conduit for translocation of photosynthetically derived carbon to microsites in the

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

4.2 The Interactive Space

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

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

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

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

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

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

expanded to include the ubiquitous mycorrhizal fungal associates of roots

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

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

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

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

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

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

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

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

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

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

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

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

et al. 1997).

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

soil bacteria and composition of bacterial populations in the mycorrhizosphere

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

symbiotic status changes the chemical composition of root exudates while the

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

microbial communities and introduces physical modifications into the environment

surrounding the roots.

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

modifications in the microenvironments surrounding the mycorrhizal mycelium

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

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

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

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

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

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

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

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

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

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

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

released have different bioactivity on different soil microorganisms of the

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

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

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

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

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

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

4.3 AM: A Specialized Ecological Niche

The interactions between AM fungi and bacteria associated with their extraradical

mycelium as well as the presence of endosymbiotic intracellular bacteria living

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

new taxonomical identity Candidatus Glomeribacter gigasporarum (Bianciotto

et al. 1996, 2003).

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

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

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

surface. Bacterial attachment generally proceeds through two consecutive steps

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

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

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

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

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

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

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

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

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

ria because it promotes higher resistance to environmental and biological stresses

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

2007).

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

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

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

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

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

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

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

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

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

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

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

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

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

study revealed that Arthrobacter chlorophenolicus did not attach to hyphae,

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

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

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

Different bacterial populations may establish themselves under the influence of

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

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

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

subsequent competition between bacteria and AM fungi for this C source

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

bacterial populations in the rhizosphere.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

P. fluorescens by exudates collected from tomato roots colonized by

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

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

that hyphal exudates shape hyphosphere bacterial communities through specific

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

others.
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Molecular and morphological analyses demonstrate that some microbes select

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

biotrophic and obligate plant symbionts, themselves host additional endosymbionts

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

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

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

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

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

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

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

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

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

sequencing indicated that these bacteria are closely related to the genus

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

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

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

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

recently reassigned to a new taxon named “Candidatus Glomeribacter

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

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

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

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

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

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

Burkholderia (Bonfante and Balestrini 1994), Candidatus Glomeribacter

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

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

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

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

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

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

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

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

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

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

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

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

2012). These features suggest that Glomeribacter endobacteria are mutualistic

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

phylogenies indicate that while CaGg is a heritable endosymbiont (Bianciotto

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

28 investigated AMF samples from culture collections, including members of

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

which distinct types of endobacteria coexist in a single cell.

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

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

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

Transcriptome analysis revealed that the endobacterium had a stronger effect on

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

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

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

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

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

AMF, endobacterial symbiosis improves the fungal ecological fitness by priming

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

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

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

4.4.1 Cross Facilitation

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

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

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

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

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

stimulate the growth of mycelia and enhance the formation of mycorrhizas

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

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

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

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

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

bacteria (including Pseudomonas and Corynebacterium strains) isolated from

nonsurface-disinfected spores also increased spore germination compared to

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

by streptomycetes positively impacted AM fungal germination.

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

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

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

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

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

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

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

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

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

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

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

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

sition (Ruiz-Lozano and Bonfante 2000).

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

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

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

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

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

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

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

Examples of MHB strains are predominantly Bacillus and Pseudomonas, but

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

the presence of endosymbiotic bacteria, CandidatusGlomeribacter gigasporarum in

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

shown by increased hyphal elongation and branching following treatment with root

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

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

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

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

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

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

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

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

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

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

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

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

symbiosis improved the fungal ecological fitness by priming mitochondrial meta-

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

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

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

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

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

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

of view.

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

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

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

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

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

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

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

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

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

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

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

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

the soil.

4.4.2 Nutrition

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

were demonstrated to utilize.

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

hyphosphere assimilates photosynthates of the host plant from hyphal exudates of

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

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

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

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

photosynthates exuded by the fungus and promoted mineralization and turnover of

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

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

could indicate that the Burkholderia endobacteria supply the fungus with nitrogen

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

The bacteria associated with the mycorrhiza perform important functions such as

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

the deleterious effects of soilborne pathogens has been previously highlighted

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

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

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

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

cultures of Phytophthora cinnamomi in leachates of rhizosphere soil from AM

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

fluorescent pseudomonads and actinomycetes, capable of producing a broad range

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

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

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

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

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

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

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

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

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

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

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

rhizobacteria with biocontrol properties suggests that these bacteria would directly

reduce pathogen development within the mycorrhizosphere and would conse-

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

diseases.

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

harboring bacteria which could be active in bioremediation of petroleum-

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

demonstrated that the number of Tolþ bacteria was higher in mycorrhizospheric

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

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

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

(Sarand et al. 1999).

Mycorrhizal symbioses are ubiquitous in terrestrial ecosystems and therefore

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

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

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

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

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

functional mechanisms of such cross-facilitative interactions and identification of

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

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

low-input sustainable cropping systems.
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Chapter 5

Mycorrhizal Helper Bacteria: Sustainable

Approach

Devendra K. Choudhary, Ajit Varma, and Narendra Tuteja

Abstract Microorganisms in rhizosphere play an important role in soil processes

that determine plant and soil productivity. Tremendous efforts have been made to

explore mycorrhizal diversity along with benign role of bacterial population in soil

habitats to understand the successful functioning of extraneous microbial

bio-inoculants (AMF/PGPR) and their influence on soil health. Improvement in

agricultural sustainability requires optimal use and management of soil fertility and

soil physical property and relies on soil biological processes and soil biodiversity.

Plants play an important role in selecting and enriching the type of microbes by the

constituents of their root exudates. The mycorrhizal and bacterial community

develops in the rhizosphere which is a result of diverse nature and concentration

of organic constituents of exudates and the corresponding ability of them to utilize

these as sources of energy. Therefore, rhizosphere microbial community has an

efficient system for uptake and catabolism of organic compounds present in root

exudates and further transportation in plants mediated through mycorrhizal helper

bacteria.

5.1 Introduction

The phrase “mycorrhiza (MRs)” originated from the Greek words wherein myco- is

“fungus” and -rhiza means “root” that makes an association with plant root. The

occurrence of MRs found in numerous environments showed ecological aspects in

form of ecto- and endo-MRs. There are about 6000 species of MRs belonging to the

Glomeromycotina, Ascomycotina, and Basidiomycotina and have been character-

ized based on phenetic and genetic approaches. The types of MRs are decided by

the taxonomic position of the plant and fungal partners and it leads to

endomycorrhizas (ENMRs) and ectomycorrhizas (ECMRs). It has been reported

that ECMRs locate extracellular in plants especially in epidermal or cortical cells

(Bonfante 2001). The study conducted suggests that releases of active diffusible
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molecules are important for the establishment of plant-ECMRs interactions, and it

leads major signaling mechanisms identified in ENMRs as arbuscular (A)-MRs

(Oldroyd and Downie 2008). It is required to make a physical contact between the

fungus and the plant which elicit enormous plant responses that lead to fungal

colonization (Genre et al. 2005). Upon interaction, the partners release active

diffusible molecules that are reciprocally perceived and reflect Ca-mediated

responses (Bouwmeester et al. 2007; Navazio et al. 2007). It has been reported

that the colonization process are common to all mycorrhizal fungi, whether they

form ECMRs and ENMRs including AMRs. As the natural habitat of MRs is soil

and wherein fungal symbionts develop in the rhizosphere (RS) those bridges

between soil and plant roots (Selosse and Roy 2009). This interaction retains the

concept of mutualism, i.e., an interaction of net benefit to both partners (Thompson

and Cunningham 2002) that allows nutritional exchange, e.g., AMRs possess active

phosphate transporters that take up inorganic phosphate (Pi) from the soil and

delivers it to the plant (Harrison and van Buuren 1995).

Researches on MRs also suggest that production of volatile organic compounds

(VOCs) from all the members of the underground flora and fauna that may be

important for inter- and intra-organismic communication (Tarkka and Piechulla

2007). It has been demonstrated that truffle VOCs have biological activity, causing

leaf bleaching and root inhibition of Arabidopsis thaliana (Splivallo et al. 2007).

Besides, bacterial VOCs may also affect soil fungi including the MRs ones (Tarkka

and Piechulla 2007). Such VOCs can be regarded as important elicitors for symbi-

osis establishment. To see the synergistic effect of VOCs, different approaches like

genomics, proteomics, and metabolomics have been deployed to understand the

basis of interaction between MHBs and their fungal and plant hosts (Tarkka and

Piechulla 2007). In ENMRs, ericoid, and orchid mycorrhizas, the hyphae penetrate

the root cells to establish an intracellular symbiosis, irrespective of the plant host

wherein AMRs are widespread among various plant taxa, ericoid, and orchid

mycorrhizas are restricted to the order Ericales and the family Orchidaceae, respec-

tively (Bonfante and Genre 2008; Smith and Read 2008).

Furthermore, plants also possess phosphate transporters that are mycorrhiza

specific. Their role is to receive Pi from the fungus and deliver it to plant cells. A

Medicago truncatula Pi transporter exclusively expressed during AMRs symbiosis

and located in the periarbuscular membrane not only is essential for the acquisition

of Pi delivered by the AMRs but is also required to maintain arbuscule vitality and

sustain development of the fungus (Harrison 2005; Javot et al. 2007). Pi transport

therefore seems to be a signal to sustain fungal growth inside the root and a

determinant of arbuscule morphogenesis. Nitrogen is the other important element

taken up by most mycorrhizal fungi. Genes involved in organic and inorganic

uptake of N have been identified in AMRs and ECMRs fungi (Smith and Read

2008).

Many molecular and physiological data show that plant N transporters are

activated during mycorrhization (Guether et al. 2009), suggesting that mycorrhizal

fungi release a substantial amount of N to their hosts. While these fungal and plant

transporters may be used as clear markers of mycorrhizal function, the reverse
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nutrient flow is not so clearly characterized. Carbon transfer from plants to mycor-

rhizal fungi was demonstrated in the 1960s (Smith and Read 2008), but the

molecular mechanisms are still unclear. With the exception of the gene described

in the glomeromycotan Geosiphon pyriforme (Schüßler et al. 2006), which forms

symbiosis with a cyanobacterium, and of the AmMst1 gene from the ECM fungus

Amanita muscaria (Nehls et al. 1998), no other hexose transporter responsible for

the uptake of C released by host cells has so far been characterized in mycorrhizal

fungi. In addition, the transfer does not always go in the expected direction; for

example, in orchid mycorrhizas or in other heterotrophic plants, C moves from the

fungus toward the plant (Selosse and Roy 2009). In this case the nature of the

benefit for the fungus is not obvious, although it might gain advantages, for

example, by living within a protected niche.

5.2 Associated Bacteria

In natural conditions, bacteria associated with mycorrhizal fungi colonize the

surface of extraradical hyphae or, at least in some fungal taxa, live in the cytoplasm

as endobacteria. Understanding the interactions between the microorganisms rou-

tinely found in the rhizosphere is essential for describing the nature of the soil–plant

interface. A brief review of the predominant prokaryotic species thriving in the

rhizosphere of mycorrhizal fungi is provided, followed by an analysis of their

nutritional interactions. Assessment of bacterial community structure in the soil is

based mostly on the use of cultivation-dependent methods as well as cultivation-

independent methods including soil metagenomics (van Elsas et al. 1998; Daniel

2005).

Mycorrhiza-associated bacterial communities have been investigated according

to established protocols, using microbiological (strain isolation and identification)

and molecular screening of 16S rDNA libraries. These investigations, begun in the

1990s, have revealed a wide repertoire of microbes, including several bacterial taxa

with a predominance of species from the genera Pseudomonas, Burkholderia, and
Bacillus (De Boer et al. 2005). Streptomycetes have been associated with

ectomycorrhizal fungi and have been discussed as modulators of plant symbiosis,

while archaebacteria thriving in the rhizosphere of mycorrhizal fungi have been

reported only in boreal regions, and their limited distribution may be explained by

their low preference for nonextreme environments and for rhizospheric soils in

particular (Ochsenreiter et al. 2003; Bomberg and Timonen 2007; Schrey and

Tarkka 2008). Notably, the detection of rhizosphere bacteria is often dependent

on the method of sampling. A significant difference in bacterial community com-

position associated with Tuber sp. fruiting bodies has been found, depending on the
origin and preparation of the samples; a predominance of fluorescent pseudomo-

nads in the culture-dependent samples was not confirmed by analysis of environ-

mental samples that, in contrast, showed the predominance of alphaproteobacteria
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represented by Sinorhizobium/Ensifer and Rhizobium/Agrobacterium groups as

well as by the nitrogen-fixing Bradyrhizobium spp. (Barbieri et al. 2005, 2007).

This suggests that environmental sampling more accurately describes the bac-

terial community, while culturing may be the best approach when selecting inter-

esting mycorrhiza-associated species. Investigation of the microbial diversity sheds

light on whether bacterial communities are influenced by mycorrhizal fungi. Elec-

tron microscopy has shown that ectomycorrhizal fungi, such as Suillus bovinus and
Paxillus involutus, host distinct populations of bacteria, suggesting spatially and

physiologically different habitats in the mycorrhizospheres (Nurmiaho-Lassila

et al. 1997). Many other investigations have confirmed this finding using molecular

approaches, stating that bacterial community structure depends more on AMRs than

on host plant identity (Roesti et al. 2005). In a study observing the negative

influence of the exotic tree Eucalyptus camaldulensis (Kisa et al. 2007), AMRs

fungal symbiosis was found to play a decisive role in the preservation of the soil

microbial structure. Similarly, Singh et al. (2008) showed that AMRs are the major

factor in determining the bacterial assemblage on grass roots; they also found that

this assemblage is influenced by soil pH and is spatially structured.

There is evidence for necrotrophic and extracellular biotrophic activities of

bacteria toward mycorrhizal fungi. Pathogenic and nonpathogenic soil bacteria

(Burkholderia spp.) penetrated the spores of the AM fungus Gigaspora decipiens
colonizing senescing spores and attaching to fungal hyphae, as detected in a spore

lysis assay using GFP-tagged bacteria (Levy et al. 2003). Different kinetics in the

attachment to living or nonliving Glomus spp. hyphae in five other GFP-tagged soil
bacteria from the genera Paenibacillus, Bacillus, Pseudomonas, and Arthrobacter
were described. These observations suggest that bacterial attachment to hyphae is

regulated by two factors: species specificity and fungal vitality (Toljander et al.

2006).

Electron microscopy has revealed bacteria that probably feed on the outer

hyaline spore layer of AMRs. As they represent several taxonomic groups of

biodegraders such as Cellvibrio, Chondromyces, Flexibacter, Lysobacter, and

Pseudomonas, it is not clear if their activity is beneficial (stimulation of spores

germination) or parasitic (Roesti et al. 2005). Although these reports offer good

examples of bacterial mycophagy involving both necrotrophy and extracellular

biotrophy, the observations are mostly descriptive, and the controlling mechanisms

are still unknown. Only in a few cases have molecular and biochemical mechanisms

been clarified: Two mutant strains of Pseudomonas fluorescens CHA0 with

increased capacity to produce extracellular polysaccharides display higher ability

to adhere to the surface of AMRs and plant roots, compared with the nonmucoid

wild type, showing the importance of cell wall composition for efficient bacterial

adhesion (Bianciotto et al. 2001). Another more recent example of a molecular

determinant for fungal–bacterial attachment is given by a truffle-secreted protein, a

lectin that binds Rhizobium sp. (Cerigini et al. 2008).

Interactions between AMRs and bacteria imply both a beneficial effect of the

fungi on bacterial development and vice versa (De Boer et al. 2005). An interesting

example is Paenibacillus validus, which when alone supports the growth and
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sporulation of Glomus intraradices independently of the presence of the plant

(Hildebrandt et al. 2002). Two isolates of P. validus are highly efficient in sustain-

ing fungal growth up to production of new germinating spores, probably owing to

the release of raffinose and a still unidentified trisaccharide (Hildebrandt et al.

2006). This result shows that at least one AMR can grow independently of its plant

host if it is in the presence of a bacterium. It might be interesting to see whether the

still unknown bacterial compounds are mimicking plant molecules and whether this

bacterium is required for establishment of the mycorrhiza (Bouwmeester et al.

2007).

5.3 Functional Attributes of Bacteria in Rhizosphere

Plant growth-promoting rhizobacteria (PGPR) are defined as free-living soil, rhi-

zosphere, rhizoplane, and phyllosphere bacteria that, under some conditions, are

beneficial for plants. Plant-associated bacteria can contribute to the health, growth,

and development of plants. Examples of bacteria which have been found to enhance

plant growth include species of Pseudomonas, Enterobacter, Bacillus, Erwinia,
Azospirillum, and Arthrobacter (Rodriguez et al. 2006). The positive effect of many

soil bacteria on plants is mediated by a range of mechanism including improvement

of mineral nutrition, enhancement of plant tolerance to biotic and abiotic stress,

modification of root development, and as well as suppression of soil-borne diseases

(Glick 2015). Plant growth promotion by bacteria may result either from direct

effects such as the solubilization of soil phosphorus and iron, the production of

indole acetic acid (IAA), or indirect effects such as the biocontrol of soil-borne

diseases through competition for nutrients and siderophore-mediated competition

for iron (Glick 2015).

In the last decade, bacteria belonging to different genera including Rhizobium,
Bacillus, Pseudomonas, Pantoea, Paenibacillus, Burkholderia, Achromobacter,
Azospirillum, Mycobacterium, Methylobacterium, Variovorax, and Enterobacter
etc., have been reported to provide tolerance to host plants under different abiotic

stress environments. Abiotic environmental factors include temperature, humidity,

light intensity, the supply of water and minerals, and CO2; these are the parameters

and resources that determine the growth of a plant (Choudhary et al. 2016). Soil

microorganisms with beneficial activity on plant growth and health represent an

attractive alternative to conventional agricultural method. In recent years, several

microbial inoculants have been formulated, produced, marketed, and applied suc-

cessfully by an increasing number of growers (Glick 2015). All the parts of plants

are colonized by microorganisms; the rhizosphere represents the main source of

bacteria with plant beneficial activity.
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5.3.1 Phosphate Solubilization

Phosphorus (P) is one of the major essential macronutrients for plant growth and

development. It is present at levels of 400–1200 mg/kg of soil. Most phosphorus in

soil is part of insoluble compounds, which makes P unavailable for nutrition.

Phosphorus exists in two forms in soil, as organic and inorganic phosphates. The

concentration of soluble P in soil is usually very low, only 5% or less of the total

amount of P in soil is available for plant nutrition. The phenomenon of fixation and

precipitation of P in soil is highly dependent on soil type and pH. Thus, in acid soils,

free oxides and hydroxides of aluminum and iron fix P, while in alkaline soils Ca

fixes it. Organic acid metabolite production and decrease of medium pH appear to

be the major mechanisms for P solubilization. Phosphate-solubilizing bacteria

(PSB) are capable of hydrolyzing organic and inorganic phosphorus from insoluble

compounds. They are commonly found in rhizoplane and rhizosphere (Estrada et al.

2013). PSB are known to bring a number of transformations of phosphorus, these

include:

• Altering the solubility of inorganic compounds of phosphorus.

• Mineralization of organic phosphate compounds into inorganic phosphates.

• Conversion of inorganic, available anion into cell components, i.e., an immobi-

lization process.

• Oxidation or reduction of inorganic phosphorus compounds of these minerali-

zation and immobilization are the most important reactions/processes in phos-

phorus cycle. Mineralization of most organic phosphorus compounds in most

soils is carried out by means of phosphatase enzymes. These catalyze

dephosphorylating reactions involving the hydrolysis of phosphoester or

phosphoanhydride bonds.

5.3.2 Iron Chelation and Siderophores

Iron is the fourth most abundant element on earth. In aerobic soils, iron is mostly

precipitated as hydroxides, oxyhydroxides, and oxides so that amount of iron

available for assimilation by living organisms is very low. Both microbes and

plants have a quite high iron requirement. To survive with a limited supply of

iron, in bacteria, cellular iron deficiency induces the synthesis of low molecular

weight siderophores, molecules with an extraordinarily high affinity for Fe+3, as

well as membrane receptor able to bind the Fe-siderophore complex (Dimkpa et al.

2009), thereby allowing iron uptake with the help of microorganism. Some impor-

tant siderophore-producing bacteria include Escherichia coli, Salmonella, Klebsi-
ella pneumoniae, Vibrio cholerae, Vibrio anguillarum, Aeromonas, Aerobacter
aerogenes, Enterobacter, Yersinia, and Mycobacterium species (Schalk et al.

2011).
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5.3.3 IAA Production

PGPB can promote the plant growth by production or changes in the concentration

of plant hormone IAA. IAA produced by bacteria improves plant growth by

increasing the number of root hairs and lateral roots (Singh et al. 2013). IAA affects

plant cell division, extension, and differentiation; stimulates seed and tuber germi-

nation; increases the rate of xylem and root development; controls processes of

vegetative growth; initiates lateral and adventitious root formation; mediates

responses to light, gravity, and fluorescence; and affects photosynthesis, pigment

formation, biosynthesis of various metabolites, and resistance to stressful condi-

tions. Microbial biosynthesis of IAA in soil is enhanced by tryptophan from root

exudates or decaying cells. It has been suggested that PGPB-synthesizing IAA may

prevent the deleterious effects of environment stresses (Tatsuki et al. 2013).

5.3.4 Nitrogen Fixation

Nitrogen (N) is the most vital nutrient for plant growth and productivity. Although,

there is about 78% N2 in the atmosphere, it is unavailable to the growing plants. The

atmospheric N2 is converted into plant-utilizable forms by biological N2 fixation

(BNF) which changes nitrogen to ammonia by nitrogen-fixing microorganisms

using a complex enzyme system known as nitrogenase. Nitrogen-fixing organisms

are generally categorized as (a) symbiotic N2-fixing bacteria including members of

the family Rhizobiaceae which forms symbiosis with leguminous plants (e.g.,

rhizobia) and non-leguminous trees (e.g., Frankia) and (b) nonsymbiotic (free-

living, associative, and endophytes) nitrogen-fixing forms such as cyanobacteria

(Anabaena, Nostoc), Azospirillum, Azotobacter etc. (Yang et al. 2014). However,

nonsymbiotic nitrogen-fixing bacteria provide only a small amount of the fixed

nitrogen that the bacterially associated host plant requires. Plant growth-promoting

bacteria that fix N2 in non-leguminous plants are also called as diazotrophs capable

of forming a non-obligate interaction with the host plants. The process of N2

fixation is carried out by a complex enzyme, the nitrogenase complex (Zhao et al.

2006). Structure of nitrogenase was elucidated by Zhao et al. (2006) as a

two-component metalloenzyme consisting of (1) dinitrogenase reductase which is

the iron protein and (2) dinitrogenase which has a metal cofactor. Dinitrogenase

reductase provides electrons with high reducing power while dinitrogenase uses

these electrons to reduce N2 to NH3. Based on the metal cofactor, three different

N-fixing systems have been identified: (a) Mo-nitrogenase, (b) V-nitrogenase and

(c) Fe-nitrogenase. Structurally, N2-fixing system varies among different bacterial

genera. Most biological nitrogen fixation is carried out by the activity of the

molybdenum nitrogenase, which is found in all diazotrophs (Zhao et al. 2006).
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5.4 Helper Bacteria

Duponnois and Garbaye (1991) were the first to observe a significant stimulation of

ectomycorrhiza formation by Pseudomonas fluorescens BBc6. This was experi-

mental evidence for the so-called helper effect. Bacteria involved in mycorrhiza

establishment and/or its functioning were therefore defined as mycorrhiza helper

bacteria (MHB) by Garbaye (1994) and are currently the most investigated group

among bacteria interacting with mycorrhizas (Frey-Klett et al. 2007). Some species

are responsible for multiple helper effects, because they influence both plants and

associated mycorrhizal fungi. More recently, the stimulating effect of MHB has

been evaluated mostly when symbiotic associations are exposed to stresses ranging

from drought (Vivas et al. 2003a) to contamination with heavy metals such as Pb

(Vivas et al. 2003b), Zn (Vivas et al. 2006), and Cd(II) (Kozdrój et al. 2007). Frey-

Klett et al. (2007) proposed some mechanisms that may explain MHB success.

These mechanisms involve the production of growth factors that might stimulate

fungal spore germination, mycelial growth, increased root branching and greater

root colonization, and reduction of soil-mediated stress through detoxification of

antagonistic substances and inhibition of competitors and antagonists. A classic

example illustrating the helper effect is given by rhizobia producing

1-aminocyclopropane-1-carboxylate (ACC) deaminase; the molecule modulates

plant ethylene levels, increasing plant tolerance to environmental stress and stim-

ulating nodulation (Ma et al. 2002).

In agreement with this rationale, the ACC deaminase-producing Pseudomonas
putida UW4 promotes mycorrhization with the AMRs Gigaspora rosea when

inoculated into cucumber plants, whereas a bacterial mutant impaired in ethylene

production causes decreased mycorrhization (Gamalero et al. 2008). In other cases,

the beneficial effects of some MHB are related to changes in gene expression of the

mycorrhizal fungus. In a study involving L. bicolor S238 N and the MHB

P. fluoresce ns BBc6R8, bacteria stimulated fungal growth and development as

well as altered fungal gene expression. This led to activation of genes potentially

involved in recognition processes, transcription regulation, and synthesis of pri-

mary metabolism proteins (Deveau et al. 2007). Similarly, the MHB Streptomyces
sp. AcH 505 promotes hyphal growth and symbiosis formation with spruce in the

ECMRs Amanita muscaria, acting on basic cell growth processes. Immunofluores-

cence microscopy in fact revealed morphological changes in the actin cap of fungal

hyphae in the presence of bacteria (Schrey et al. 2007). AMRs and PSB could

potentially interact synergistically because PSB solubilize phosphate into a form

that AMRs can absorb and transport to the plant. However, very little is known

about the interactions between these two groups of microorganisms and how they

influence the growth of each other. We tested whether different strains of bacteria,

which have the capacity to solubilize phosphate, are able to grow along AMRs

hyphae and differentially influence the growth of AMRs both outside the roots of

carrot in in vitro conditions and inside the roots of potato in the presence of a

microbial community. We found strong effects of AMRs on the growth of the
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different bacterial strains. Different bacterial strains also had very strong effects on

the growth of AMRs extraradical hyphae outside the roots of carrot and on

colonization of potato roots by AMRs (Ordo~nez et al. 2016).
However, the interactions between PSBs and AMRs are poorly understood, and

the approach to using both these microbial groups for applications in agriculture is

often naive because of variation in soil abiotic and biotic environments in which

these organisms have often not been tested (Rodriguez and Sanders 2015). More-

over, very often, only single strains of these microbial groups have been shown in

laboratory or greenhouse conditions to have the capacity to solubilize P or to

improve plant P acquisition. Indeed, higher plant P uptake capacity has previously

been reported when plants are co-inoculated in greenhouse conditions, with AMRs

and PSB (Gamalero et al. 2004). These bacteria probably improved the availability

of P, which can subsequently be efficiently absorbed by AMRs hyphae (Nazir et al.

2009). Thus, on the basis of results, mostly from artificial experiments conducted in

sterilized soil, AMRs and PSB are thought to act synergistically. Recent evidence

also points not only to synergistic effects between AMRs and PSB but also to

cooperation between these organisms (Zhang et al. 2016). However, most of the

beneficial effects of AMRs are observed in experiments conducted in sterile soil

(Rodriguez and Sanders 2015). In reality, plants naturally become colonized by the

local AMRs community. A more realistic test of their potential is whether adding

AMRs inoculum and PSBs to unsterilized soil will give a growth benefit to the

plant. Such tests are rarely performed. Isolated beneficial microbes are then used in

field applications, where the bacteria and fungi encounter both diverse soil envi-

ronments and diverse microbial communities, including existing diverse

populations of both PSBs and AMRs. It is perhaps unsurprising; therefore, that

application of both AMRs and PSBs in agriculture has had very variable success

(Owen et al. 2015). Given that both AMRs and PSB must have coexisted in the

rhizosphere for millions of years, many possible interactions could have evolved

between them. Yet the interaction between AMRs and PSB is not well understood.

Firstly, in the mycorrhizosphere, the soil zone influenced by both the roots and the

mycorrhizal fungi (Johansson et al. 2004), AMRs exudates create an environment

that can influence bacterial growth (Toljander et al. 2007). Attachment of bacteria,

with P-solubilizing capacity, to extraradical AMRs hyphae, could ensure that

P-solubilizing activities of the bacteria would be located in the zone where they

can be most beneficial in allowing the fungi access to additional soluble P. At the

same time, attachment to the AMRs hyphae might provide bacteria with a route to

efficiently access the mycorrhizosphere (Bianciotto and Bonfante 2002). Some soil

bacteria have been shown to attach both to vital and non-vital AMRs hyphae in

in vitro conditions (Toljander et al. 2006). However, none of the bacteria in that

study were assessed for their P-solubilizing capacity. It is unknown whether any

bacteria with phosphate-solubilizing capacity have the ability to attach to AMRs

extraradical hyphae (Scheublin et al. 2010). Of those PSB that might associate with

AMRs hyphae, it is unknown whether these bacteria might influence either the

growth of AMRs inside the roots or of AMRs hyphae outside the roots. A positive

effect of PSB on extraradical AMRs hyphal growth could help PSB to access new
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areas of the mycorrhizosphere and increase access by AMRs hyphae to new sources

of solubilized P. Thirdly, populations of PSB are diverse in the soil, and it is

unknown whether there is variation among strains in the effects of PSB on AMRs

(Collavino et al. 2008; Jorquera et al. 2008; Naik et al. 2008; Meyer et al. 2011).

The finding that PSBs grow along AMRs hyphae is novel. It was already known

that bacteria adhere to the surface of AMRs hyphae (Toljander et al. 2006), but the

bacteria that adhered were never shown to be P solubilizers. In vitro experiments

also show that several different bacterial groups grow around hyphae of

R. irregularis and that they likely obtain their nutrition from exudates of AMRs

hyphae. However, no test was made in that study regarding the capacity of the

bacteria to solubilize P. All the bacterial strains we tested and that had

P-solubilizing capacity were able to grow on extraradical AMRs hyphae. However,

there was significant variation among strains in how much the strains could grow on

AMRs hyphae. We have only used one AMRs species in this study, and the ability

of different PSB strains to grow on AMRs hyphae could also potentially be AMRs

species specific as variable bacterial communities have been shown to colonize

spore surfaces of different AMRs species (Agnolucci et al. 2015). The observed

growth of some PSBs on AMRs hyphae could be beneficial for the bacteria in two

ways. They could use the hyphae as a route to access further areas of the soil, which

could be beneficial for the fungus as P solubilizers could grow away from the route

along AMRs hyphae into patches containing insoluble P. The bacteria could also

use the AMRs hyphae as a route allowing growth in the other direction toward the

plant and colonize the rhizosphere, an area that could be rich in resources from plant

exudates.

5.5 Conclusions

Understanding the complex microbial community in the rhizosphere environment

has proven to be a challenging task because of the vast diversity and the enormity of

the population inhabiting this unique habitat. Extensive studies have investigated

perturbation of microbial community equilibrium population by changes in envi-

ronmental conditions and soil management practices. It has long been recognized

that the activity of soil microorganisms play an intrinsic role in residue decompo-

sition, nutrient cycling, and crop production. Any shift in microbial community

structure can be reflected in implementation of various land use and management

systems that lead to development of best management practices for an

agroecosystem. This chapter has highlighted the importance of addressing restora-

tion of soil health in the context of multifunctionality of soil along with soil

biodiversity. Soil biodiversity indicators can be employed by farmers and govern-

ments to assess and monitor soil health and ecosystem functioning under different

land use system and management practices. They can help understand impacts of

land use change and land degradation processes brought about by various driving

forces. More importantly, the assessment and monitoring of soil life and soil health
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can be used to encourage the development and adaptation by farmers to develop a

more sustainable and productive farming system. It is clear that a range of appro-

priate indicators of soil health are required to account for the multiple dimensions of

soil ecosystem functions. Indicators should be selected that show a close link viz.,

between the soil characteristics and primary production wherein a positive indicator

of soil quality could be organic matter and a negative one, incidence of crop damage

by soil pathogens.

Acknowledgment Ajit Varma is thankful to Department of Science and Technology and Depart-

ment of Biotechnology for partial financial funding and to DST-FIST for providing confocal

microscope facility.

References

Agnolucci M, Battini F, Cristani C, Giovannetti M (2015) Diverse bacterial communities are

recruited on spores of different arbuscular mycorrhizal fungal isolates. Biol Fertil Soils

51:379–389

Barbieri E, Bertini L, Rossi I, Ceccaroli P, Saltarelli R (2005) New evidence for bacterial diversity

in the ascoma of the ectomycorrhizal fungus Tuber borchii Vittad. FEMS Microbiol Lett

247:23–35

Barbieri E, Guidi C, Bertaux J, Frey-Klett P, Garbaye J (2007) Occurrence and diversity of

bacterial communities in Tuber magnatum during truffle maturation. Environ Microbiol

9:2234–2246

Bianciotto V, Bonfante P (2002) Arbuscular mycorrhizal fungi: a specialised niche for

rhizospheric and endocellular bacteria. Antonie Van Leeuwenhoek 81:365–371

Bianciotto V, Andreotti S, Balestrini R, Bonfante P, Perotto S (2001) Mucoid mutants of the

biocontrol strain Pseudomonas fluorescens CHA0 show increased ability in biofilm formation

on mycorrhizal and nonmycorrhizal carrot roots. Mol Plant-Microbe Interact 14:255–260

Bomberg M, Timonen S (2007) Distribution of Cren- and Euryarchaeota in scots pine

mycorrhizospheres and boreal forest humus. Microb Ecol 54:406–416

Bonfante P (2001) At the interface between mycorrhizal fungi and plants: the structural organi-

zation of cell wall, plasma membrane and cytoskeleton. In: Hock B (ed) Mycota. IX Fungal

Associations. Springer, Berlin, pp 45–91

Bonfante P, Genre A (2008) Plants and arbuscular mycorrhizal fungi: an evolutionary-

developmental perspective. Trends Plant Sci 13:492–498

Bouwmeester HJ, Roux C, Lopez-Raez JA, Becard G (2007) Rhizosphere communication of

plants, parasitic plants and AM fungi. Trends Plant Sci 12:224–230

Cerigini E, Palma F, Barbieri E, Buffalini M, Stocchi V (2008) The Tuber borchii fruiting body-

specific protein TBF-1, a novel lectin which interacts with associated Rhizobium species.

FEMS Microbiol Lett 284:197–203

Choudhary DK, Kasotia A, Jain S, Vaishnav A, Kumari S, Sharma KP, Varma A (2016) Bacterial-

mediated tolerance and resistance to plants under abiotic and biotic stresses. J. Plant Growth

Regul 35:276–300

Collavino MM, Sansberro PA, Mroginski LA, Aguilar OM (2008) Comparison of in vitro solu-

bilization activity of diverse phosphate-solubilizing bacteria native to acid soil and their ability

to promote Phaseolus vulgaris growth. Biol Fertil Soils 46:727–738
Daniel R (2005) The metagenomics of soil. Nat Rev Microbiol 3:470–478

De Boer W, Folman LB, Summerbell RC, Boddy L (2005) Living in a fungal world: impact of

fungi on soil bacterial niche development. FEMS Microbiol Rev 29:795–811

5 Mycorrhizal Helper Bacteria: Sustainable Approach 71



Deveau A, Palin B, Delaruelle C, Peter M, Kohler A (2007) The mycorrhiza helper Pseudomonas
fluorescens BBc6R8 has a specific priming effect on the growth, morphology and gene

expression of the ectomycorrhizal fungus Laccaria bicolor S238 N. New Phytol 175:743–755

Dimkpa CO, Merten D, Svatos A, Buchel G, Kothe E (2009) Metal induced oxidative stress

impacting plant growth in contaminated soil is alleviated by microbial siderophores. Soil Biol

Biochem 41:154–162

Duponnois R, Garbaye J (1991) Mycorrhization helper bacteria associated with the Douglas fir–

Laccaria laccata symbiosis: effects in aseptic and in glasshouse conditions. Ann Sci For

48:239–251

Estrada GA, Baldani VLD, de Oliveira DM, Urquiaga S, Baldani JI (2013) Selection of phosphate-

solubilizing diazotrophic Herbaspirillum and Burkholderia strains and their effect on rice crop
yield and nutrient uptake. Plant Soil 369:115–129

Frey-Klett P, Garbaye J, Tarkka M (2007) The mycorrhiza helper bacteria revisited. New Phytol

176:22–36

Gamalero E, Trotta A, Massa N, Copetta A, Martinotti MG, Berta G (2004) Impact of two

fluorescent pseudomonads and an arbuscular mycorrhizal fungus on tomato plant growth,

root architecture and P acquisition. Mycorrhiza 14:185–192

Gamalero E, Berta G, Massa N, Glick BR, Lingua G (2008) Synergistic interactions between the

ACC deaminase-producing bacterium Pseudomonas putida UW4 and the AM fungus

Gigaspora rosea positively affect cucumber plant growth. FEMS Microbiol Ecol 64:459–467

Garbaye J (1994) Helper bacteria: a new dimension to the mycorrhizal symbiosis. New Phytol

128:197–210

Genre A, Chabaud M, Timmers T, Bonfante P, Barker DG (2005) Arbuscular mycorrhizal fungi

elicit a novel intracellular apparatus in Medicago truncatula root epidermal cells before

infection. Plant Cell 17:3489–3499

Glick BR (2015) Stress control and ACC aeaminase. In: Lugtenberg B (ed) Principles of plant-

microbe interactions. Springer, Cham, pp 257–264

Guether M, Balestrini R, Hannah M, He J, Udvardi M, Bonfante P (2009) Genome-wide

reprogramming of regulatory networks, transport, cell wall and membrane biogenesis during

arbuscular mycorrhizal symbiosis in Lotus japonicus. New Phytol 182:200–212

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
Hildebrandt U, Janetta K, Bothe H (2002) Towards growth of arbuscular mycorrhizal fungi

independent of a plant host. Appl Environ Microbiol 68:1919–1924

Hildebrandt U, Ouziad F, Marner FJ, Bothe H (2006) The bacterium Paenibacillus validus
stimulates growth of the arbuscular mycorrhizal fungus Glomus intraradices up to the forma-

tion of fertile spores. FEMS Microbiol Lett 254:258–267

Javot H, Varma Penmetsa R, Terzaghi N, Cook DR, Harrison MJ (2007) A Medicago truncatula
phosphate transporter indispensable for the arbuscular mycorrhizal symbiosis. Proc Natl Acad

Sci USA 104:1720–1725

Johansson JF, Paul LR, Finlay RD (2004) Microbial interactions in the mycorrhizosphere and their

significance for sustainable agriculture. FEMS Microbial Ecol 48:1–13

Jorquera MA, Hernandez MT, Rengel Z, Marschner P, Mora ML (2008) Isolation of culturable

phosphobacteria with both phytate-mineralization and phosphate-solubilization activity from

the rhizosphere of plants grown in a volcanic soil. Biol Fertil Soils 44:1025–1034

Kisa M, Sanon A, Thioulouse J, Assigbetse K, Sylla S (2007) Arbuscular mycorrhizal symbiosis

can counterbalance the negative influence of the exotic tree species Eucalyptus camaldulensis
on the structure and functioning of soil microbial communities in a sahelian soil. FEMS

Microbiol Ecol 62:32–44

72 D.K. Choudhary et al.
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with phosphate solubilizing capacity alter mycorrhizal fungal growth both inside and outside

the root and in the presence of native microbial communities. PLoS One 11:e0154438. doi:10.

1371/journal.pone.0154438

Owen D, Williams AP, Griffith GW, Withers PJA (2015) Use of commercial bio-inoculants to

increase agricultural production through improved phosphorus acquisition. Appl Soil Ecol

86:41–54

Rodriguez A, Sanders IR (2015) The role of community and population ecology in applying

mycorrhizal fungi for improved food security. ISME J 9:1053–1061

Rodriguez H, Fraga R, Gonzalez T, Bashan Y (2006) Genetics of phosphate solubilization and its

potential applications for improving plant growth-promoting bacteria. Plant Soil 287:15–21

Roesti D, Ineichen K, Braissant O, Redecker D, Wiemken A (2005) Bacteria associated with

spores of the arbuscular mycorrhizal fungi Glomus geosporum and Glomus constrictum. Appl
Environ Microbiol 71:6673–6679

Schalk IJ, Hannauer M, Braud A (2011) New roles for bacterial siderophores in metal transport

and tolerance. Environ Microbiol 13:2844–2854

Scheublin TR, Sanders IR, Keel C, Van der Meer JR (2010) Characterisation of microbial

communities colonising the hyphal surfaces of arbuscular mycorrhizal fungi. ISME J

4:752–763

Schrey SD, Tarkka MT (2008) Friends and foes: streptomycetes as modulators of plant disease and

symbiosis. Antonie Van Leeuwenhoek 94:11–19

5 Mycorrhizal Helper Bacteria: Sustainable Approach 73

http://dx.doi.org/10.1371/journal.pone.0154438
http://dx.doi.org/10.1371/journal.pone.0154438


Schrey SD, Salo V, Raudaskoski M, Hampp R, Nehls U (2007) Interaction with mycorrhiza helper

bacterium Streptomyces sp. AcH 505 modifies organisation of actin cytoskeleton in the

ectomycorrhizal fungus Amanita muscaria (fly agaric). Curr Genet 52:77–85

Schüßler A, Martin H, Cohen D, Fitz M, Wipf D (2006) Characterization of a carbohydrate

transporter from symbiotic glomeromycotan fungi. Nature 444:933–936

Selosse MA, Roy M (2009) Green plants that feed on fungi: facts and questions about mixotrophy.

Trends Plant Sci 14:64–70

Singh BK, Nunan N, Ridgway KP, McNicol J, Young JP (2008) Relationship between assem-

blages of mycorrhizal fungi and bacteria on grass roots. Environ Microbiol 10:534–541

Singh RK, Malik N, Singh S (2013) Improved nutrient use efficiency increases plant growth of rice

with the use of IAA-overproducing strains of endophytic Burkholderia cepacia strain RRE25.

Microb Ecol 66:375–384

Smith SE, Read DJ (2008) Mycorrhizal symbiosis, 3rd edn. Academic, New York

Splivallo R, Novero M, Bertea CM, Bossi S, Bonfante P (2007) Truffle volatiles inhibit growth and

induce an oxidative burst in Arabidopsis thaliana. New Phytol 175:417–424

Tarkka MT, Piechulla B (2007) Aromatic weapons: truffles attack plants by the production of

volatiles. New Phytol 175:381–383

Tatsuki M, Nakajima N, Fujii H, Shimada T, Nakano M, Hayashi KI, Hayama H, Yoshioka H,

Nakamura Y (2013) Increased levels of IAA are required for system 2 ethylene synthesis

causing fruit softening in peach (Prunus persica L. Batsch). J Exp Bot 64:1049–1059

Thompson JN, Cunningham BM (2002) Geographic structure and dynamics of coevolutionary

selection. Nature 417:735–738

Toljander JF, Artursson V, Paul LR, Jansson JK, Finlay RD (2006) Attachment of different soil

bacteria to arbuscular mycorrhizal fungal extraradical hyphae is determined by hyphal vitality

and fungal species. FEMS Microbiol Lett 254:34–40

Toljander JF, Lindahl BD, Paul LR, Elfstrand M, Finlay RD (2007) Influence of arbuscular

mycorrhizal mycelia exudates on soil bacterial growth and community structure. FEMS

Microbial Ecol 61:295–304

van Elsas JD, Duarte GF, Rosado AS, Smalla K (1998) Microbiological and molecular biological

methods for monitoring microbial inoculants and their effects in the soil environment. J

Microbiol Methods 32:133–154

Vivas A, Marulanda A, Ruiz-Lozano JM, Barea JM, Azcón R (2003a) Influence of a Bacillus
sp. on physiological activities of two arbuscular mycorrhizal fungi and on plant responses to

PEG-induced drought stress. Mycorrhiza 13:249–256
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Chapter 6

Mycorrhization of Fagaceae Forests Within

Mediterranean Ecosystems

Francisca Reis, Rui M. Tavares, Paula Baptista, and Teresa Lino-Neto

Abstract Mediterranean Fagaceae forests are valuable due to their ecological and

socioeconomic aspects. Some profitable plant species, such as Castanea (timber

and chestnut), Quercus (timber and cork), and Fagus (timber), encounter in this

habitat the excellent edaphoclimatic conditions to develop. All Fagaceae plants are

commonly associated to ECM fungal species, which are found in these forests in

quite stable communities, mainly enriched in Russulaceae and Telephoraceae

species. Currently, the Mediterranean Basin is considered as one of the global

biodiversity hotspots, since many of their endemic plant species are not found

elsewhere and are now under threat. Due to climate changing and introduction of

disease agents, Fagaceae forests are facing an adaptation challenge to both biotic

and abiotic threats. Although ECM communities are highly disturbed by climate

factors and tree disease incidence, they could play an important role in increasing

water availability to the plant and also improving plant tree defense against

pathogens. Recent advances, namely, on genomics and transcriptomics, are pro-

viding tools for increasing the understanding of Fagaceae mycorrhization process

and stress responses to biotic and abiotic stresses. Such studies can provide new

information for the implementation of the most adequate management policies for

protecting threaten Mediterranean forests.

6.1 Introduction

Plant nutrient acquisition is mainly performed by root symbionts in about 86% of

land plant species (Brundrett 2009). From the two most common mycorrhizal

associations, arbuscular mycorrhizal (AM) fungi colonize a diverse spectrum of

plant species, whereas ectomycorrhizal (ECM) fungi become specialized in trees
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and shrubs colonization playing an essential role in forest sustainability. The

physiology of colonization is also different. AM hyphae are capable of enter inside

the root cells forming arbuscules, whereas ECM hyphal growth takes place in

intercellular spaces of root cells forming an Hartig net, and the root tip is covered

by a mantle (Bücking et al. 2012). Boreal, temperate forests (Mediterranean,

Northern Hemisphere, South America), rain forests (Africa, India, and Indo-

Malay), and seasonal woodlands of Australia are the most important habitats for

ECM communities (Tedersoo et al. 2010). Both responsible for seedling establish-

ment and tree growth, ECM are crucial for Pinaceae, Fagaceae, Betulaceae,

Nothofagaceae, Leptospermoideae, Dipterocarpaceae, and Amhersteae families in

woodland and forest communities (Tedersoo et al. 2010).

The Fagaceae family has a worldwide distribution and is well recognized for

comprising the largely widespread beeches (Fagus), chestnuts (Castanea), and oaks
(Quercus) species. However, this family comprises a total of about 900 plant

species, which are included in nine genera of both deciduous and evergreen trees

and shrubs (Kremer et al. 2012). Fagaceae family is currently divided into two

subfamilies depending on their floral attributes, fruit morphology and germination:

Castaneoideae (comprising Chrysolepis, Castanea, Castanopsis, and Lithocarpus
genera) and the less consensual subfamily Fagoideae (Manos et al. 2001). The

placement of Fagus together with Quercus and Trigonobalanoid genera

(Trigonobalanus, Formanodendron, and Colombobalanus, which sometimes are

collectively included under Trigonobalanus) in Fagoideae is still under debate

(Nixon and Crepet 1989; Manos et al. 2001; Oh and Manos 2008; Kremer et al.

2012). Recently, a new genus, Notholithocarpus, has been isolated from

Lithocarpus, since it is more closely related to Quercus, Castanea, and Castanopsis
(Manos and Oh 2008). Presenting a high economic value (mostly Castanea,
Quercus, and Fagus genera), due to their timber, fruits (chestnuts), and cork, the

plantation areas of these plant species have been increasing in the past years (FAO

2013).

6.2 Fagaceae Forest Distribution

Fagaceae forests are mainly distributed in the northern temperate hemisphere,

presenting also a biodiversity hotspot in Southeast Asia (reviewed by Kremer

et al. 2012). While the temperate, subtropical, and semiarid floras are particularly

rich in Quercus, Castanea, and Fagus, the warmer forests of Southeast Asia are

comparably diverse in the castaneoid Lithocarpus and Castanopsis genera

(Fig. 6.1). Northern Hemisphere temperate forests are all very similar, presenting

high abundance of Castanea, Fagus, and Quercus genera. These temperate forests

are characterized by well-defined seasons and moderate climate, comprising at least

4–6 frost-free months with regular rates of precipitation (Manos and Oh 2008). For

this reason, European and North America ecosystems are the most closely related

(Manos and Oh 2008), being both currently affected by a decrease of native beech
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and oak forests and natural reforestation (Brunet et al. 2010; Dulmer et al. 2014).

Anthropogenic influence and disease incidence are two major threats. The Fagaceae

forest cut down and forest clearing for activities like agriculture or natural products

extraction (e.g., coal mining) has been a major source of income but is degrading

forest ecosystems (Bauman et al. 2013). The population awareness for the need of

appropriated reforestation programs is thus important to decrease forest erosion and

desertification. The knowledge of ECM community of a particular geographic place

could contribute for increasing tree adaptation and reforestation survival rate (Ding

et al. 2011; Bauman et al. 2013; Dulmer et al. 2014).

Mediterranean climate features have provided unique conditions for the remark-

able evolutionary adaptation and divergence of life. Mediterranean Basin only

represents 1.5% of earth dry land but comprises about 10% of the total plant species

identified (Blondel et al. 2010). From 22,500 plant species found in this region,

11,700 (52%) are endemic to Mediterranean Basin and cannot be found anywhere

else in the world (Valavanidis and Vlachogianni 2011). However, the Mediterra-

nean biodiversity has been currently threatened by the habitat loss and degradation,

provided by the pollution levels, drought, alien invasive species spread, and

overexploitation, among others. For example, from the original Mediterranean

forests and shrubs lands, 70% have been destroyed by 1990 (Acácio et al. 2009).

This resulted in the recognition of Mediterranean Basin as one of the first 25 Global

Biodiversity Hotspots and a hyper-hot candidate for conservation due to the pres-

ence of exceptional totals of endemic plants (Myers et al. 2000). For these reasons,

Fig. 6.1 World distribution of Fagaceae genera (adapted from Kremer et al. 2012). Quercus,
Castanea, and Fagus genera are the most widespread genera and dominate broadleaf deciduous

Mediterranean forests
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the European Union (EU) has classified the Mediterranean Basin as an area of

European Community importance and established the “EU Habitats Directive” for

the conservation of wild animal and plant species and natural habitats. From the

37 world habitat types identified as priority, 26 occur only in the Mediterranean

region (Condé et al. 2005).

Mediterranean natural forests contain about 100 different tree species, whereas

only 30 are present in forests of central Europe (four times larger; Valavanidis and

Vlachogianni 2011). The Mediterranean forest is mainly composed by broadleaved

evergreen tree species, such as oaks and mixed sclerophyllous trees, that alone

present more than 20 species in the Mediterranean region (Valavanidis and

Vlachogianni 2011). Conifers are also frequently found (Aleppo pine, Pinus
halepensis; stone pine, P. pinea), being the rare conifer species of Abies, Juniperus,
and Taxus commonly found in mountains. The most frequent oak species are the

cork oak—Quercus suber—Fig. 6.2a; the holm oak, Q. ilex [considered as two

subspecies, Q. ilex subsp. ilex and Q. ilex subsp. rotundifolia (Amaral Franco

1990), or as two different species: Q. ilex and Q. rotundifolia (Lumaret et al.

2002)]; or the Turkey oak, Q. cerris. While some oak species, like holm oak and

kermes oak (Q. coccifera), encircle whole the Mediterranean Sea, others like cork

oak and Mediterranean oak (Q. canariensis) exhibit a denser distribution in the

western region (Condé et al. 2005). Although Q. robur is also found in Mediterra-

nean countries, this tree species distribution is more evident in central and northern

Europe (Fig. 6.2b), as also reported for Fagus sylvatica that has the preferable

Fig. 6.2 European distribution of the most important Fagaceae species for the economy of

Mediterranean Basin countries. Quercus suber (a), Fagus sylvatica (b), Quercus robur (c), and
Castanea sativa (d) (www.euforgen.org)
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climate and soil properties in the central Europe (Fig. 6.2c; EUFORGEN 2016).

Castanea sativa presents the smallest forest area in Europe (predominantly in north

of Iberian Peninsula, France, and west of Italy), mainly due to widespread diseases

and cultural practices (Fig. 6.2d; Condé et al. 2005). On the other hand, regions with

increased water availability are more favorable for downy oak (Q. pubescens),
Valonia oak (Q. ithaburensis), or golden oak (Q. alnifolia—Cyprus native) growth

(Condé et al. 2005). In all Mediterranean region, the dominant shrubs present in

Fagaceae forests are highly aromatic, namely, Cistus, Genista, Calluna, Arbutus,
thyme, and sage (Condé et al. 2005).

6.3 Mycodiversity in Fagaceae Forest Ecosystems

The interaction between trees and ECM fungi is dependent on many factors,

namely, tree species, environmental conditions, and belowground interactions,

among others (Öpik et al. 2006). Even season variations have an important role in

ECM fungal dynamics in the soil. According to Vořı́šková et al. (2014), seasonal

changes have a significant impact on fungal activity, biomass content and compo-

sition, as well as in the relative abundance of different fungal groups in temperate

oak forests. A recent work performed in Castanopsis fargesii, Lithocarpus
harlandii, Pinus armandii, and Pinus massoniana forests revealed that ECM

community is much more dependent on the host plant species (33.3%) than soil

origin (4.6%) (Ding et al. 2011). This is an important result to take into consider-

ation in reforestation programs, dictating that adequate tree species selection is

essential due to ECM host preference.

Fagaceae forests present a quite stable ECM community, mainly consisting of

Basidiomycota species, like Russulaceae (Russulales), Thelephoraceae

(Thelephorales), Boletus (Boletales), Cortinariaceae, Inocybaceae, and

Amanitaceae (all Agaricales) species. When analyzing the ECM community diver-

sity of Japanese and Chinese Fagaceae forests, the fungal families Russulaceae and

Thelephoraceae were indeed the most abundant, being Russula, Tomentella, and
Clavulina the most common ECM fungi (Wang et al. 2011; Toju et al. 2014).

Results also showed that these Fagaceae forests, comprising Castanopsis sieboldii,
Lithocarpus edulis, and Quercus salicina, present threefold more abundant ECM

fungi than non-Fagaceae forests (Lauraceae, e.g., Machilus japonica and Neolitsea
sericea; Toju et al. 2014). A North-American C. dentata forest also revealed the

same trend as Asian Fagaceae forests, with Russulaceae as the major fungal family

identified either by fruit bodies collection (aboveground analysis) or by

morphotyping ECM root tips followed by direct sequencing of corresponding

rDNA-ITS region (belowground analysis) (Palmer et al. 2008). Although highly

abundant, the relative abundance of Boletales, Cortinariaceae, and Thelephoraceae

was different in both fungal community views.

The temperate forests from the Mediterranean Basin uncover highly diverse

ECM fungal communities, in which several hundreds of fungal species coexist
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(e.g., Richard et al. 2005; Buée et al. 2009). In a meta-analysis study where fruit

bodies surveys were compared in holm oak, cork oak, and mixed forests from

Andaluzia (Spain) region, a common dominance of Agaricomycetes species (e.g.,

Boletales and Russulales) was found (Ortega and Lorite 2007). In this study, a

higher diversity and number of exclusive species were reported for cork oak forests.

The diversity and structure of other Mediterranean Quercus, Fagus, and Castanea
ECM communities have also revealed a high dominance of Russulaceae,

Cortinariaceae, Thelephoraceae, and Inocybaceae fruit bodies (Table 6.1).

DNA technologies have improved fungal ecology studies during the recent past

years. Fruit bodies as well as root tip descriptions have been greatly enriched by

soil-based metabarcoding DNA sequencing (Shokralla et al. 2012). Even though

this recent approach revealed a high potential for microbial diversity identification

in every ecological guilds, there are still some issues remaining when applying

next-generation sequencing (NGS) methods for assessing fungal diversity (Orgiazzi

et al. 2015). When studying Fagaceae ECM communities recurring to molecular

methods, such as ITS barcoding of ECM tips (e.g., Richard et al. 2005) or ITS

metabarcoding of soil sample approaches (Buée et al. 2009), which are methods not

dependent on the ability of fungi to produce conspicuous fruit bodies, a different

picture of ECM community is obtained. While ECM surveys based exclusively on

fruit bodies identification (aboveground approaches) have been hyper-dominant in

Basidiomycetes species (mainly Agaricomycetes), a high diversity of Ascomycetes

has been detected using belowground approaches based on molecular methods

(Peintner et al. 2007; Orgiazzi et al. 2012; Baptista et al. 2015). In spite of that, a

higher abundance of Basidiomycota operational taxonomic units (OTUs) has been

consistently found. However, from 140 identified taxa among 558 ECM Q. ilex root
tips, the Ascomycota Cenococcum geophilum dominated (35% of ECMs), together

with Russulaceae (21.4%), Cortinariaceae (7.1%), and Thelephoraceae (25%)

(Richard et al. 2005). The same trend was detected by Azul et al. (2010) when

studying the influence of managed oak woodlands dominated by Q. suber, under
different land use practices, by using the same ECM root tip surveys complemented

with ITS rDNA analysis. In this study, the Ascomycota C. geophilum, together with
Russulaceae and Thelephoraceae, represented 56% of whole ECM fungal commu-

nity. A positive correlation between ECM fungal richness and silvo-pastoral

exploitation regime and low mortality of cork was detected in this study (Azul

et al. 2010). In addition, the use of NGS DNA sequencing methods on Fagus
sylvatica forest soils revealed that the most abundant fungal genera were Russula,
Boletus, but also C. geophilum (Coince et al. 2013). Moreover, C. geophilum was

the main ECM fungus reported in root tip assessment in Q. rubra forests, although

its abundance has oscillated significantly with tree age (Gebhardt et al. 2007).

Although the ECM association is the dominant symbiotic relationship, Mediter-

ranean Fagaceae species can also be simultaneously colonized by different mycor-

rhizal fungal types, such as AM and ericoid fungi, among others (Bergero et al.

2000). Accordingly, in oak forests, a higher number of AM fungal spores (mainly

Ambispora gerdemannii) have been found when compared to other landscapes,

such as pine forests, combined forests of pines and oaks, or in several
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Table 6.1 ECM communities present in Fagaceae forests in Mediterranean Basin ecosystems.

Revision of published studies since 2000

Fagaceae

species Ecosystem ECM taxa Approach Reference

Q. ilex Corsica Island,

France

Russula, Amanita,
Tricholoma, Cortinarius

Root tips Richard et al.

(2004)

Q. ilex Mediterranean

forests

Cenococcum geophilum Root tips De Román

and De

Miguel

(2005)

Q. ilex Mediterranean

forests

Cenococcum geophilum,
Russulaceae, Cortinariaceae,

Thelephoraceae

Root tips Richard et al.

(2005)

Q. ilex Mediterranean

forests

Thelephoraceae,

Russulaceae, Cortinariaceae

Root tips Richard et al.

(2011)

Q. ilex Southern France Thelephoraceae,

Pyrenomataceae

Root tips Taschen

et al. (2015)

Q. suber Moroccan

woodlands

Pisolithus, Boletus aureus Fruit

bodies

survey

Yakhlef et al.

(2009)

Q. suber Portuguese

montados

(savanna-type

forests)

Cenococcum geophilum,
Russulaceae,

Thelephoraceae

Root tips Azul et al.

(2010)

Q. suber Declining forest

in northwestern

Sardinia, France

Pyronemataceae,

Thelephoraceae,

Russulaceae, Inocybaceae,

Cortinariaceae

Root tips Lancellotti

and

Franceschini

(2013)

Q. suber Portuguese for-

ests and

landscapes

Russula, Tomentella,
Cenoccoccum

Root tips Reis et al.,

unpublished

results

Q. suber and
Q. canariensis

South of Spain Lactarius chrysorrheus,
Cenococcum geophilum

NGS Aponte et al.

(2010)

Q. petraea Czech Republic Russula, Lactarius NGS Vořı́šková

et al. (2014)

Q. petraea
and Q. robur

100-year-old for-

est in northeast-

ern France

Tomentella, Lactarius,
Cenococcum

Root tips Courty et al.

(2008)

C. sativa Greece Amanita caesarea,
A. rubescens, Boletus edulis,
B. aereus, Cantharellus
cibarius, Craterellus
cornucopioides, Hydnum
repandum, H. rufescens

Fruit

bodies

surveys

Diamandis

and Perlerou

(2001)

C. sativa Italy Russula, Inocybe, Lactarius,
Tricholoma, Cortinarius and
Amanita

Fruit

bodies

surveys

Lagan�a et al.
(2002)

C. sativa Italy Cenococcum geophilum,
Boletus aestivalis, Lactarius
chrysorrheus

Root tips

and fruit

bodies

survey

Peintner

et al. (2007)

(continued)
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agroecosystems (Chaturvedi et al. 2012). In addition, the symbiotic relationship

between plant and ECM fungi can be mediated by other microorganisms or plants

(Herrmann 2007; Toju et al. 2014). For example, recent studies on red oak

(Q. rubra) have showed that soil bacteria can help plants to establish ECM

symbiosis by maintaining adequate plant signaling gene levels that will promote

mycorrhization (Kurth et al. 2015). Accordingly, as obligatory ECM hosts,Quercus
are usually sensitive to shifts on microbial communities (Smith et al. 2007).

To conclude, the enriched decaying litter soil from Fagaceae forests is an

excellent habitat for fungal development and has been a natural source of many

economically important mushrooms (Boa 2004). Those edible ECM fungi naturally

associated with Fagaceae trees, mainly in Castanea or Quercus forests, comprise a

main forest subproduct for population food supply, as well as for the production of

natural medicines (Boa 2004; Savoie and Largeteau 2011). However, ECM mush-

room harvesting has been dramatically decreasing in the past century (Yun and Hall

2004), mainly due to air pollution and litter accumulation in soil surface (Smit et al.

2003). For all these reasons, the preservation of forests including Fagaceae forests

has become not only ecologically important but also necessary for maintaining an

ECM edible mushroom repository.

6.4 Disturbance and Protection of Fagaceae Forests

from Biotic Threats

Beyond ecological and physiological importance to the forests, ECM community is

essential for plant tree disease prevention and incidence (Smith and Read 2008).

The most devastating diseases of Fagaceae family are caused by Phytophthora spp.
(ink disease and oaks decline) and Cryphonectria parasitica (blight disease). The

sudden oak disease caused by Phytophthora ramorum has been responsible for the

rapid mortality of native oak trees (Quercus spp. and Lithocarpus densiflorus) in

Table 6.1 (continued)

Fagaceae

species Ecosystem ECM taxa Approach Reference

C. sativa Healthy and

Phytophthora-
infected forests in

central Italy

Cenococcum geophilum,
Oidiodendron maius

Root tips Blom et al.

(2009)

C. sativa Portuguese

orchards

Russula, Inocybe, Lactarius,
Tricholoma, Boletus,
Cortinarius, Amanita

Fruit

bodies

survey

Baptista et al.

(2010)

C. sativa Portuguese

orchards

Inocybe, Amanita (above)

and Inocybe, Amanita,
Sistotrema (below)

Fruit

bodies

survey

and NGS

Baptista et al.

(2015)
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central and northern California (USA) since its first observation in 1995 (DiLeo

et al. 2009). More recently, surveys revealed that P. ramorum was introduced into

Pacific northwest nurseries and into at least eight European countries by movement

of stock plants (Brasier et al. 2004). Also, the introduction of the causal agent of

chestnut blight disease (C. parasitica) by the importation of infected Asian chestnut

trees to the USA east coast in the early twentieth century almost led to the extinction

of American chestnuts (C. dentata; Milgroom et al. 1996). Indeed, this later

epidemic has been considered as one of the greatest ecological disasters in US

history (Wheeler and Sederoff 2009) and one of the most devastating plant disease

epidemics caused by fungi or fungal-like oomycetes (Fisher et al. 2012). Although

pedunculate oaks (Quercus petraea and Q. robur), holm oak (Q. ilex), and

Castanopsis have been also classified as C. parasitica host species by the

European Plant Protection Organization (EPPO), corresponding plant damages

are relatively less when compared with chestnut species. Although susceptible to

this fungus, the relatively higher tolerance of European chestnut (C. sativa) in

comparison to the American chestnut prevented the heavy mortality levels previ-

ously observed in the USA (Heiniger and Rigling 1994). However, when

C. parasitica was first observed in Europe (Genova, Italy, in 1938; reviewed by

Anagnostakis 1987), the blight disease rapidly spread all over France, Spain, and

Portugal chestnut orchards (Robin and Heiniger 2001).

Within the Mediterranean region, oomycetes from Phytophtora spp. are serious

threats to Fagaceae forests. Between 1900 and 1950, the main C. sativa growing

areas of southern Europe, especially Italy, France, and Iberia, suffered heavy

mortality due to the chestnut ink disease caused by Phytophthora cambivora and

P. cinnamomi (reviewed by Brasier 2000). After introduction in the late eighteenth

century from a center of origin in the Papua New Guinea-Celebes, this disease

rapidly spread in France and in all chestnut-growing areas (Vettraino et al. 2002),

being the main reason for abandonment of several chestnut orchards. In addition,

P. cinnamomi has been reported as the agent responsible of ink disease of red oak

(Quercus rubra; Robin et al. 2012) and as the primary factor of root infection

resulting in oak decline and mortality in Mediterranean countries (Brasier et al.

1993). Although cork and holm oak decline have occurred in the Mediterranean

Basin since the beginning of the twentieth century, only in the early 1980s, a severe

oak decline was reported across the Mediterranean region (Brasier 1996). Oak

decline has been described as a complex disease triggered by several interacting

environmental constraints, including pathogens (P. cinnamomi), as well as drought
and other site factors (soil texture and fertility, slope) (Camilo-Alves et al. 2013).

The affected oak trees face a progressive defoliation that can go over 75%

(Franceschini et al. 2002). Typical symptoms of Phytophthora diseases have also

been observed in Fagus stands of several European countries in the last two

decades, which are caused by P. citricola, P. cambivora, and P. cactorum (Schmitz

et al. 2006), and in Swedish Q. robur stands caused by P. quercina (J€onsson-
Belyazio and Rosengren 2006).

All Phytophthora diseases result in severe leaf loss, which would lead to the

reduction of root sugar content and would alter the ECM community of diseased
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plants. Accordingly, tree crown defoliation has been shown to modify ECM

community structure in Scots pine (Kuikka et al. 2003) and increase the frequency

of thin mantled ECMmorphotypes (Saravesi et al. 2008). Even artificial defoliation

has been reported to negatively affect ECM symbionts by reducing the production

of fungal biomass in interacting roots (Markkola et al. 2004; Stark and Kyt€oviita
2005). Comparing healthy and ink-diseased chestnut stands, Blom et al. (2009)

found differences in the richness of ECM communities and relative abundance of

most important ECM fungi. C. geophilum was dominant on both stands, but its

relative abundance was 1.5-fold higher in the infected orchard. Also, other

Basidiomycota, such as Boletaceae, Paxillaceae, Sistotremataceae, Hydnaceae,

and Atheliaceae, showed significantly higher values in infected soils, whereas

Thelephoraceae, Cortinariaceae, and Sebacinaceae showed an opposite trend

(Blom et al. 2009). As a result of oak decline disease, a reduction of ECM diversity

and ECM root colonization has been detected in Q. ilex trees (Causin 1996;

Montecchio et al. 2004). In contrast, Q. suber declined trees do not present

differences in ECM community when compared to healthy trees (Lancellotti and

Franceschini 2013). But, although no differences in ECM community have been

detected in Spanish Q. ilex forest trees infected or not with P. cinnamomi,
non-mycorrhizal root tips seem to be more susceptible to infection than mycorrhizal

ones (Corcobado et al. 2014). Although these results indicate that ECM communi-

ties are strongly affected in diseased Fagaceae plants, ECM fungal species could

also contribute for disease protection. This feature could be provided by the

formation of a mantle that serves as a physical barrier to the pathogen, by the

production of antibiotics that inhibit pathogen growth and reproduction, by diverg-

ing plant exudates that could act as biochemical signals to the disease agent, by

providing habitat for antagonistic rhizosphere microorganisms, or by improving

plant vigor and protection potential (reviewed by Keen and Vancov 2010). Accord-

ingly, a number of ECM fungi have been already related to P. cinnamomi suppres-
sion in conifers and eucalyptus forests (Marx 1972; Malajczuk 1979; Malajczuk

and McComb 1979), and several ECM fungal isolates (mainly Suillus brevipes)
have revealed high antagonistic potential against Phytophtora sp. (Mohan et al.

2015). The direct protection of ECM fungi against both P. cambivora and

P. cinnamomi infection was achieved after inoculation of C. sativa seedlings with

Laccaria laccata, Hebeloma crustuliniforme, H. sinapizans, and Paxillus involutus
(Branzanti et al. 1999). Biocontrol and bioprotection strategies by using ECM could

then be the future key for Fagaceae disease prevention and treatment. This kind of

information would be important for advising tree nurseries involved in reforestation

programs, even though artificial inoculation of Q. garryana and F. sylvatica seed-

lings has not been considered necessary in nursery practices (Southworth et al.

2009; Pietras et al. 2013). In any case, the inoculation of Q. ilex seedlings with

Hebeloma mesophaeum revealed to increase the mycorrhizal colonization and plant

growth while reducing the need for fertilizers (Oliveira et al. 2010). Also, Q. ilex
and Q. faginea artificial mycorrhization with Tuber melanosporum improved seed-

ling growth, water, and phosphorous acquisition (Nú~nez et al. 2006). Although the

growth of cork oak nursery seedlings has not increased by artificial inoculation with
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Pisolithus tinctorius, several physiological parameters, such as higher photosyn-

thetic capacity, water use efficiency, and N uptake capacity, benefit from

mycorrhization (Sebastiana et al. 2013).

In the recent past years, asymptomatic endophytic fungi have been also regarded

as potential biocontrol agents for tree diseases (e.g., Arnold et al. 2003;

Blumenstein et al. 2015). The oak decline has been correlated with the diversity

and amount of fungal endophytes present on different tissues of Quercus spp., and
many oak-specific endophytes are specifically described to accelerate the decline of

oaks stand (Ragazzi et al. 2001, 2003, 2004). Q. cerris exhibited a more diverse

endophytic assemblage, but greater infection levels, than Q. pubescens suggesting a
role of some pathogenic fungal endophytes in Mediterranean oak forests (Moricca

et al. 2012).

Other biocontrol agents against Fagaceae diseases are now arising. Strains of the

chestnut blight fungus, C. parasitica, harboring asymptomatic mycoviruses

(CHV1-4; reviewed by Xie and Jiang 2014) are described to induce hypovirulence

(virulence attenuation) (Dawe and Nuss 2001). The use of the complex triple

interaction (hypovirus, fungal pathogen, and chestnut tree) for controlling chestnut

blight in orchards remains a possibility (Xie and Jiang 2014). Antagonistic

microbes or metabolites produced by them have been also studied as potential

biocontrol agents against Phytophthora spp. causing chestnut ink disease (reviewed
by Choupina et al. 2014). Most promising results were obtained with Trichoderma
sp., Gliocladium sp., and Pseudomonas sp. (Aryantha et al. 2000).

6.5 Fagaceae Mycorrhization in a Mediterranean

Changing Climate

The sustainability of forests is extremely dependent on both biotic and abiotic

factors, and worldwide climate changes are affecting forests all over the world

(Keenan 2015). The effects of drought can be minimized by increasing water

uptake through fine root growth, by deep taproot formation, and by osmotic

adjustment in water-stressed roots through the accumulation of osmolytes

(reviewed in Brunner et al. 2015). Due to their long-term evolutionary adaptation

to long periods without rain and high temperatures, typical Mediterranean tree

species, particularly evergreen oaks, are particularly adapted to cope with moderate

drought without significant losses of production and survival (Ramirez-Valiente

et al. 2009, 2011). For example, although not so drought tolerant as Q. ilex
(described as one of the most drought-resistant oaks), cork oak presents rather

drought-tolerant traits such as deep roots (Kurz-Besson et al. 2006). However,

Mediterranean forests are now facing problems due to the rapid environmental

changes (Lindner et al. 2014). Forests become more likely to be exposed to extreme

events, such as the increased risk of fire, extreme drought events, or severe heat

waves, which could even lead to the spread of pests and diseases (reviewed by
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Bussotti et al. 2013; Moricca and Ragazzi 2008; Moricca et al. 2014). Recurrent

episodes of extreme water stress can greatly increase the number of declined trees

(also with the contribution of pathogens) and represent a major threat to the survival

of Mediterranean plant species (Nardini et al. 2014). Tree plasticity and adaptation

to drought is now slower than the increase of stress severity. In Q. faginea, a typical
Mediterranean tree, the rate of plant adaptive response in xeric environment is

significantly lower than drought increase occurring in Spain (Nuche et al. 2014).

As individual plant responses to environmental changes are largely dependent on

fungal symbionts (reviewed by Kivlin et al. 2013), the microbial community

present in the forest soil is suggested to play an essential role in plant drought

stress resistance. The changing environmental conditions are likely to induce

changes in plant physiology and root exudation, altering the composition of root

exudates in chemoattractants or signal compounds (Kandeler et al. 2006) and thus

changing the structure of ECM communities associated with stressed plants

(reviewed by Compant et al. 2010). Accordingly, the increased drought imposed

by reduction of rainfall induced significant shifts in Q. ilex ECM community

composition (Richard et al. 2011). The most common taxa identified in these forests

are Thelephoraceae, Russulaceae, and Cortinariaceae, but five consecutive years of

increased drought have induced a positive response of Cortinariaceae species. In

addition, when F. sylvatica plants were subjected to drought, no effect was detected
in Lactarius subdulcis and Byssocorticium atrovirens mycorrhizae abundance, but

Xerocomus chrysenteron mycorrhizae occurrence increased almost twofold (Shi

et al. 2002). Furthermore, beech plants mycorrhized with X. chrysenteron and

L. subdulcis were able to better cope with drought stress than others. These

observations suggested that distinct ECM taxa differently respond to drought by

specifically changing their occurrence/abundance in mycorrhized plants and each

plant could be differently affected by drought according to the associated mycor-

rhizal community. Furthermore, the structure of F. sylvatica ECM communities and

metabolic activity of each morphotype was reported to be dependent on the season,

temperature, and soil moisture, being certain morphotypes more abundant and

active in winter than in summer (Buée et al. 2005). The same authors described

C. geophilum morphotype as being more active during summer, when the increase

in temperature and drought could influence its abundance and enzyme activity as

reported in oak ecosystems (Q. robur, Q. petraea, and Q. pubescens) (Herzog et al.

2012). Therefore, the overall function of ECM community would result from the

occurrence and functional feature of each morphotype. In a complex ecosystem as

Fagaceae forests, more than one variable could be influencing ECM communities.

European Q. robur and Q. petrea forests ECM community are influenced by

precipitation, pH, and N deposition (Suz et al. 2014).

Diverse drought tolerance levels exhibited by mycorrhized plants are most

probably due to the well-recognized differences in drought resistance of specific

ECM fungi. Rhizopogon vinicolor and C. geophilum have been reported as drought-

tolerant species, being C. geophilum also particularly efficient in protecting forest

trees against drought damage, while L. laccata is described as a drought-sensitive

fungus unable to grow at very low water potentials (Coleman et al. 1989; di Pietro
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et al. 2007). Since the respiration activity of C. geophilum ectomycorrhizae has

been reported to be significantly less altered than that of Lactarius sp., C. geophilum
was suggested to better maintain the physiological integrity of beech roots facing

drought stress (Jany et al. 2002). In contrast, under high temperatures, a decreased

colonization with C. geophilum has been detected in Quercus myrsinaefolia (Kasai

et al. 2000), agreeing with the observation of its reduced respiration under increas-

ing temperature (Malcolm et al. 2008). In any case, C. geophilum being a hydro-

philic and short-distance exploration fungus has been suggested as a potential

indicator of environmental changes (reviewed by Lehto and Zwiazek 2011). How-

ever, several problems have been discussed about its use in environmental assess-

ments, including its resistance to other stress factors besides drought and its

inability of forming fruit bodies.

The ability for water uptaking in a typical Mediterranean climate is essential for

tree resistance to drought scenarios, and ECMs have been recognized as crucial for

drought resistance improvement (Kivlin et al. 2013; Brunner et al. 2015). The water

status of drought-stressed trees is highly improved by the increased absorbing

surface provided by the ECM fungi, through a higher efficient water conduction

by mycelial strands, enhanced soil-root hydraulic conductivity, and other hormonal

and nutritional effects that modify plant physiology (reviewed by Breda et al.

2006). Moreover, ECM networks can redistribute water from deep soils to roots

or move water among roots of drought-stressed plants (Egerton-Warburton et al.

2007; Querejeta et al. 2007). Accordingly, studies performed in Q. alba inoculated

with P. tinctorius revealed higher water potentials and larger root systems than

non-inoculated plants (Dixon et al. 1980). Also, Q. ilex seedlings inoculated with

T. melanosporum exhibited half of root hydraulic conductance than

non-mycorrhized roots but presented 2.5-fold more fine root surface area (Nardini

et al. 2000). The best ECM inoculum for improving drought tolerance is difficult to

establish, but their choice should be based on fungal water uptake ability and

exploration type. Hydrophilic fungi, such as Russula, Hebeloma, Lactarius, and
Laccaria, are able to transport water in the apoplast, whereas hydrophobic fungi,

like P. involutus and Suillus spp., need to form mycelia cords to transport water in

the symplast (reviewed in Lehto and Zwiazek 2011). On the other hand, contact

mycelia or short-distance exploration mycorrhizae are mainly hydrophilic, whereas

long-distance exploration are hydrophobic fungal ECMs (Agerer 2001). This par-

ticular information would be essential in further research on ECM behavior in

drought scenarios or on ECM fungal selection for in vitro and field assays.

Forest fires are common in Mediterranean region during summer period, but fire

risk is clearly increasing due to extreme environmental conditions. Indeed, during

the last decade, Mediterranean forest fires (especially in Portugal and Greece) have

been associated with extreme weather, in particular to extremely long dry periods

with hot temperatures and high wind speeds (reviewed by Lindner et al. 2014). Fire

events could have significant effects on fungal communities of Mediterranean

forests. After a fire event, the complexity of ECM communities tends to be reduced

and replaced by a less diverse community, usually composed by resilient fungal

species and previously rare species (Pezizales and Rhizopogon spp.; reviewed by
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Buscardo et al. 2010). Colonization by new fungal species can benefit from a

competition decrease, being spores the main structures for postfire natural

recolonization. While Telephora spp. distribution was strongly affected by fire

events in an oak forest, Tomentella spp. rapidly raised (Buscardo et al. 2010).

When studying the ECM root tips of a Q. ilex forest over a 3-year postfire period,
the richness of ECM community and the percentage of root tips were also signif-

icantly decreased (De Román and De Miguel 2005). C. geophilum was the most

resilient ECM fungi and maintained its abundance all over the period.

6.6 Advances for Mediterranean Fagaceae ECM Studies

To better understand the symbiotic relationship that occurs between Fagaceae roots

and ECM fungi, new molecular tools have been created. Several efforts have been

made in order to know the genetic patrimony of several Fagaceae species. To the

best of our knowledge, 18 Fagaceae genomes have already been sequenced, eight

Castanea species and ten Fagus species, six of which considered as subspecies

(http://www.fagaceae.org/). Other species, such as Q. alba, Q. rubra, and Q. suber,
have their genome sequencing ongoing (The Fagaceae Genome Web, http://www.

fagaceae.org/home; Genosuber Project—http://www.genosuber.com/). Further-

more, several transcriptomic studies are now allowing the generation of a compre-

hensive catalog of transcripts from Fagaceae. Recently, a number of transcriptomic

studies have been successful at generating expressed sequence tags (ESTs) librar-

ies, mainly from oaks and chestnuts, recurring to NGS approaches (e.g., Q. robur
and Q. petraea, Lesur et al. 2015; C. sativa and C. crenata, Serrazina et al. 2015).
The use of a Q. robur gene catalog allowed the discovery of specific molecular

mechanisms involved in the regulation of oak ECM symbiosis and the identification

of key molecular players involved in ECM formation (Tarkka et al. 2013). Their

main findings concern the plant defense gene attenuation and ethylene signaling

enhancement during mycorrhization, cell wall remodeling mechanisms, and alter-

ation in several metabolic pathways (e.g., nitrogen, phosphorus, and sugar trans-

porters). Within a national initiative, a Portuguese consortium was created to study

cork oak ESTs and thus develop a new genomic resource for studying Q. suber
(Pereira-Leal et al. 2014). This achievement has been used to better understand

processes related with plant development (Rocheta et al. 2014; Teixeira et al. 2014)

and adaptation responses to both biotic (Sebastiana et al. 2014) and abiotic factors

(Magalh~aes et al. 2016). The global overview of up- and downregulated genes in

cork oak roots following inoculation with the P. tinctorius resulted in a better

insight of those molecular events that control ECM symbiosis (Sebastiana et al.

2014). ECM colonization resulted in extensive cell wall remodeling, activation of

the secretory pathway, alterations in flavonoid biosynthesis, and expression of

genes involved in the recognition of fungal effectors. Other identified genes could

have putative roles in symbiotic processes such as nutrient exchange with the fungal

partner, lateral root formation, or root hair decay (Sebastiana et al. 2014). The
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transcriptional response of C. sativa during the early contact with P. tinctorius
revealed that gene expression alterations occur a few hours after contact, long

before the development of a functional mycorrhiza (Sebastiana et al. 2009). Host

plant rapidly reacts by eliciting a defense program similar to that described for

pathogenic interactions and represses genes normally implicated in water stress. All

these identified processes are consistent with the idea that ECM fungi alter plant-

specific cellular processes, such as development, metabolism, or responses to

abiotic and biotic stresses.

In addition to these plant-based tools, recent research has been made by the

Mycorrhizal Genomics Initiative to sequence nuclear and mitochondrial genomes

of 50 fungal species able to establish mycorrhizal symbiosis. Among them, 33 are

already concluded, including 26 ECM, four ericoid, two orchidoid, and one AM

fungal species (reviewed by van der Heijden et al. 2015). Genome sequencing of

some ectomycorrhizal fungal species, such as Laccaria bicolor, T. melanosporum,
and P. tinctorius, opens a window to better understand these processes (Martin et al.

2008, 2010).

Advances in Fagaceae genomics are providing new tools and methodologies for

understanding the molecular processes of tree species adaptation to the main

challenges (reviewed by Plomion et al. 2015). The climate changes and associated

threats, as well as the introduction and spread of new disease agents, could rapidly

deteriorate Mediterranean Fagaceae forests. The understanding of those mecha-

nisms underlying tree adaptation to long-term defense strategies, for both biotic and

abiotic stresses, and processes leading to the association with beneficial organisms

like ECM fungi, could have a major role in devising new strategies for forest

sustainability. Innovative management practices and policy actions could be

planned to preserve forest adaptation to a changing climate and new threats. Yet,

the fundamental knowledge provided by all available genetic resources will not be

sufficient for getting immediate effects on forest management. Reforestation pro-

grams will be essential to forest sustainability maintenance, where natural ECM

communities would play an important role.
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Vořı́šková J, Brabcová V, Cajthaml T, Baldrian P (2014) Seasonal dynamics of fungal commu-

nities in a temperate oak forest soil. New Phytol 201:269–278. doi:10.1111/nph.12481

Wang Q, Gao C, Guo L (2011) Ectomycorrhizae associated with Castanopsis fargesii (Fagaceae)
in a subtropical forest. Mycol Prog 10:323–332. doi:10.1007/s11557-010-0705-2

Wheeler N, Sederoff R (2009) Role of genomics in the potential restoration of the American
chestnut. Tree Genet Genomes 5:181–187. doi:10.1007/s11295-008-0180-y

Xie J, Jiang D (2014) New insights into mycoviruses and exploration for the biological control of

crop fungal diseases. Annu Rev Phytopathol 52:45–68. doi:10.1146/annurev-phyto-102313-

050222

Yakhlef SB, Kerdouh B, Mousain D, Ducousso M, Duponnois R, Abourouh M (2009) Phyloge-

netic diversity of Moroccan cork oak woodlands fungi. Biotechnol Agron Soc 13:521–528

Yun W, Hall IA (2004) Edible ectomycorrhizal mushrooms: challenges and achievements. Can J

Bot 82(8):1063–1073. doi:10.1139/b04-051

6 Mycorrhization of Fagaceae Forests Within Mediterranean Ecosystems 97

http://dx.doi.org/10.1111/nph.12317
http://dx.doi.org/10.1111/1462-2920.12741
http://dx.doi.org/10.1007/s00572-009-0274-x
http://dx.doi.org/10.1007/s00572-009-0274-x
http://dx.doi.org/10.1093/jxb/eru252
http://dx.doi.org/10.1371/journal.pone.0086566
http://dx.doi.org/10.1111/nph.13288
http://dx.doi.org/10.1111/nph.13288
http://dx.doi.org/10.1046/j.1439-0329.2002.00264.x
http://dx.doi.org/10.1046/j.1439-0329.2002.00264.x
http://dx.doi.org/10.1111/nph.12481
http://dx.doi.org/10.1007/s11557-010-0705-2
http://dx.doi.org/10.1007/s11295-008-0180-y
http://dx.doi.org/10.1146/annurev-phyto-102313-050222
http://dx.doi.org/10.1146/annurev-phyto-102313-050222
http://dx.doi.org/10.1139/b04-051


Chapter 7

Ectomycorrhizal Mushrooms: Their

Diversity, Ecology and Practical Applications

Rohit Sharma

Abstract Ectomycorrhizal symbiosis is formed by a large number of plants and

fungi. It is an association of fungal mycelia and roots of plants, mostly woody trees.

Ectomycorrhiza are formed by fungi like Russula, Lactarius, Boletus,Cantharellus,
etc. which are mostly common edible mushrooms. The trees which form

ectomycorrhiza are Shorea, Pinus, etc. Ectomycorrhiza has been proved in at

least 162 genera and more than 5400 species. Previous studies were based on

morphology of ectomycorrhiza, but molecular data were lacking. However, rela-

tively recently molecular studies and identification have confirmed ectomycorrhiza

association of various fungi. These are formed by mostly members of Basidio-
mycota and Ascomycota. The orders like Agaricales, Boletales, Pezizales,
Helotiales, and Cantharellales include the largest number of ectomycorrhizal

lineages. In tropical regions, trees belonging to Dipterocarpaceae and Caesal-
piniaceae form most ectomycorrhiza. There are attempts to study ectomycorrhiza

in India but are way behind the studies that are been conducted around the world.

Some of the studies conducted in India are related to ectomycorrhizal mushroom

diversity and synthesis but none on genomics, ecological, and physiological studies.

This chapter discusses from the basics what are ectomycorrhiza and their ecology

and also applied aspects of ectomycorrhiza.

7.1 Introduction

Fungi along with other microbes are essential component of forest and grassland

ecosystems because of their role as parasites, causal agent of various infections,

decomposers of organic matter, and mutualistic symbionts (lichens and mycor-

rhizae). Fungi are vital for biodiversity and various ecosystem processes thus

balancing the ecological system of earth. Fungi forming conspicuous sporocarps

or fruiting bodies (popularly called as mushrooms or toadstools) are mostly either

plant parasitic, saprobic, or mycorrhizal. Mycorrhizae are highly evolved,
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mutualistic associations between soil fungi and plant roots. The symbiotic asso-

ciation is between members of kingdom Eumycota (phyla Basidiomycota,
Ascomycota, and Glomeromycota) and most vascular plants, especially trees.

Fungi form mycorrhizal associations with about 85% of the world’s vascular plants
(including herbs, shrubs, and trees). Mycorrhizas are generally characterized into

seven categories (Table 7.1). Two of the seven types of mycorrhizae are well

studied. Endomycorrhizae or Arbuscular Mycorrhizae (AM) is formed by several

plants by a limited number of fungal species (ca. 150) in the monophyletic, phylum

Glomeromycota (Schübler et al. 2001). Ectomycorrhizal (ECM) fungi are much

more diverse (>5400 spp.) members of Basidiomycota and some Ascomycota
forming association primarily with woody plants (Read 1991a, b).

Although the term “mycorrhiza” means the association of fungi with roots,

relationships called “mycorrhizal associations” are found between hyphal fungi

and the organs of higher plants (of different morphological origin) involved in

absorption of water and nutrients. In particular, mycorrhizal infection usually

Table 7.1 Types of mycorrhiza and their characteristics

Type of mycorrhiza Characteristics

Arbuscular mycorrhizas

(AM)

Formerly referred to as vesicular-arbuscular mycorrhizas (VAM),

they are most prevalent with more than 80% of plants species

showing an association involving few fungal genera in the

glomeromycota. Most common diagnostic feature is the develop-

ment of intercellular hyphae, intracellular hyphae and arbuscules

in root cortical cells, and production of spores on intra- and

extraradical hyphae

Ericoid mycorrhizas These are found in ericaceae and epacridaceae families of angio-

sperm. They are important in land ecosystems where soil nitrogen

is bound in organic compounds. The nitrogen in these is accessed

by plant primarily via fungi associated with fine roots. Epidermal

cells of these “hair roots” are colonized by fungal hyphae forming

intracellular hyphal bundles or complexes. They belong to

ascomycotina and few deuteromycotina

Arbutoid and monotropoid

mycorrhizas

These specialized mycorrhizas found in ericales differ structurally

from ericoid mycorrhizas in having Hartig net as well as intra-

cellular hyphae and develop a hyphal complex in epidermal cells.

The epidermal cells are invaded by a single hypha forming a “peg”

around which the host cell elaborates a wall and plasma mem-

brane. Arbutoid mycorrhizas, on the other hand, develop a hyphal

complex in epidermal cells

Ectendomycorrhizas These resemble ectomycorrhiza by having a mantle and Hartig

net. However, they are confined to the conifer genera Pinus and
Larix and are formed by a small group of ascomycete fungi

Orchid mycorrhizas These are restricted to orchidaceae family and are unique in that

fungal associations occur with embryo cells of germinating seeds

(Peterson et al. 1998) as well as with roots of seedlings and mature

plants. In both situations, various fungal species of

basidiomycotina form intracellular, short-lived coils called

“pelotons,” this degenerates and is digested by the host cell
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increases the efficiency of nutrient absorption of plants from which the fungus

obtains carbon compounds (Fig. 7.1). In mycorrhizas, there is always some pene-

tration of the tissues or a structural modification of roots. Mycorrhizal infected and

noninfected roots are clearly distinguishable. The mycorrhizal condition differs

from disease as both partners are in normal condition and mutually benefit each

other. They are dependent upon one another and interchange of material takes place

between their living cells. It was Frank (1885) who recognized and named

“mycorrhizen” or “mycorrhiza” for infected roots of temperate forest trees (beech

and pine) which are morphologically different from uninfected roots. He later

named them as “ectotrophisch” or “ectotrophic” as they possessed conspicuous

fungal tissue (sheath or mantle) surrounding plant roots.

Over the past years, research on ECM has shifted from morphological study of

ECM to studies on community structure of ectomycorrhizal mushrooms using

uncultured approach. Most of the studies focus on the diversity of fungi making

ectomycorrhizal association with trees especially those which are edible, under-

standing the causes and results of an ectomycorrhizal association between plant and

fungus, community structure of a forest, biology of ectomycorrhizal mushrooms,

synthesis of ECM in laboratory conditions, etc. Recently, H€ogberg et al. (2001)

have studied relative contributions of roots, ECM fungi and free-living microbial

heterotrophs to soil respiration using girdling of forest trees.

The present book chapter discusses various aspects of ectomycorrhiza, viz.,

mycorrhizal categories, morphology of ECM, diversity (plant and fungal), ecology,
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artificial synthesis, applied aspects, and recent advances in ectomycorrhizal

research.

7.2 Mycorrhizal Categories

Mycorrhizal organs may take different forms depending on the nature of higher

plant and fungus, and common kinds have been classified and named. But it is now

clear that there is much similarity in general physiology with some detailed special-

ization between different kinds so that their previous bases of separation have been

questioned. The pioneer work of Frank (Smith and Read 1997) resulted in the

recognition of two broad subdivisions of mycorrhizas, ecto- and endomycorrhizas.

ECM forms Mantle and Hartig net of intercellular hyphae on roots of tree species.

AM forms arbuscule, vesicles which are more variable than ECM in that it forms

symbiosis with herbaceous plants in addition to tree species (Fig. 7.2). Endo-

mycorrhizas are further classified as arbuscular mycorrhizas, ericoid mycorrhizas,

arbutoid mycorrhizas, monotropoid mycorrhizas, ectendomycorrhizas, or orchid

mycorrhizas (Table 7.1). Each of these categories is characterized by the invasion

of plant root cells by fungal hyphae but differ in the nature of intracellular hyphal

development (Peterson et al. 2004). The present chapter discusses various aspects

of ECM.

Hyphopodium
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Mycelium

ECTOMYCORRHIZA ARBUSCULAR 
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Fig. 7.2 Difference

between ectomycorrhiza

(ECM) and arbuscular

mycorrhiza (AM)
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7.3 Ectomycorrhiza

An ECM is a mutualistic symbiotic relationship characterized as a root-fungus

association in which the fungus grows on root surface and penetrates the cortex

intercellularly to produce a network. ECM mostly occurs in temperate, boreal, and

tropical forests (Danell 2002; Dahlberg 2001; Smith and Read 1997; Cairney and

Chambers 1999; Verbeken and Buyck 2001; Comandini et al. 2006; Wang and Qiu

2006; Rinaldi et al. 2008). There is a considerable variation in morphological and

structural characteristics of ECM. Three features are generally recognized to typify

this association:

• Formation of a mantle or sheath of fungal hyphae that covers considerable

portions of lateral roots

• Development of hyphae between root cells to form complex branched structure

called Hartig net

• Hyphae that come out from the mantle and grow into surrounding soil

(extraradical mycelium)

In addition, some ECM develops linear aggregations of hyphae (rhizomorphs

and strands) in the extraradical mycelium specialized for rapid transport of nutrients

and water. A few ECM fungi develop sclerotia consisting of compact storage hypha

surrounded by a ring. Hypogeous or epigeous reproductive bodies are formed

periodically from extraradical mycelium. The hyphae do not normally penetrate

the cells. Generally, the fungal sheath is usually 20–100 μm thick (often 30–40 μm)

and comprises 25–40% of the dry weight of the whole organ. The presence of large

fungal component of the absorbing organs suggests that the sheath have selective

advantage perhaps in nutrient absorption or storage. This consideration led Lewis

(1973) to suggest that the name of ECM be altered to “sheathing mycorrhiza.”

Hyphal connections run from the sheath between the cells of epidermis and cortex

of the plant root, forming the “Hartig Net.” Usually there is little hyphal penetration

into the cells of plant root of young mycorrhizas, but in senescent parts of a

mycorrhizal axis, the cortex becomes colonized by hyphae within the cells.

The presence of Hartig net led some authors to use the term “ectendotrophic” for

organs called “ectotrophic.” The term “ectendotrophic” (now ectendomycorrhiza)

was coined to designate mycorrhizal organs with sheaths/variable development,

Hartig net, and extensive intracellular penetration. In addition, considerable

research on mycorrhiza of juvenile pines and other conifers especially in nursery

conditions has led to the recognition of ectendomycorrhizas, which may merge into

the so-called pseudomycorrhizas (believed to be pathological structures) recog-

nized by Melin (1923). There is also considerable variation in the development of

various morphological structures. In the extreme, there may be no Hartig net, as in

mycorrhiza of Pisonia grandis (Ashford and Allaway 1982) or in superficial ECM

roots of Fagus (Brundrett 2002), or no sheath formation but only a Hartig net as in

Pinus. ECM associations predominantly forms on fine root tips of host, which are

unevenly distributed throughout the soil profile being more abundant in top soil
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layers containing humus than in underlying layers of mineral soil. The hyphae of

ECM fungi are widely distributed through the soil and make large contribution to

nutrient uptake and cycling in ecosystems.

Most of us, as biologists, are familiar with the concept of symbiotic association

between ECM mushrooms and vascular plants. ECM biomass can account for up to

25% of the total forest root biomass (Pande et al. 2004). The biological role of ECM

mushrooms in ecological niche includes uptake of dissolved mineral nutrition,

protection from disease-causing pathogens, balancing the ecosystems, etc. These

are achieved by various structures of ECMwhich also make morphological changes

in root.

7.4 Morphology of ECM

ECM has received rather separate consideration from the whole root systems which

bear them but more emphasis should be given to the root systems of ECM plants

and relatively less on mushrooms forming ECM. Besides the ECM of forest trees,

there are variants which depart conspicuously in structure from them like the

ectendomycorrhizas. They have reduced sheath of surface hyphae, a well-

developed Hartig net and intracellular penetration of living hyphae into living

cells. Although we have gained knowledge of root systems of temperate ECM

trees, very little is known of those in the tropics, subtropics, or semidesert regions.

In temperate forests the active roots of ECM trees are intensely developed in

surface and subsurface layers of the soil. Humic layers, especially ECM which

form the main component of the feeding system, often lie below the second layer in

great quantities. The roots tend to grow in a lateral or upward direction colonizing

the newly accumulated humus and litter. In the extreme, smallest short roots of

Pinus have very small meristematic region, grow little, and differentiate mature

stellar and cortical tissues close to the apex. In most of the ECM observed in the

forest of Shorea robusta (Sal) in Madhya Pradesh, India, the ECM roots were below

the thick layer of litter. Sometimes, the fruiting body could be excavated along with

attached root of Shorea confirming the ECM association between the mushroom

species and host plant, S. robusta (Figs. 7.3, 7.4). In spite of variation, the common

ECM types of most trees are similar in general structure. Besides the presence of

fungus on surface of mycorrhiza and between the cortical cells, the lesser devel-

opment of mature tissues behind the meristem is a conspicuous difference. The

features of mycorrhiza are, therefore, those of a slow-growing organ, in contrast to

the uninfected root. When growth rates of mycorrhizal roots were compared, they

grow slower than uninfected roots. Uninfected roots grow approximately five times

as fast as mycorrhizas. Moreover, the roots infected with ECM show more

branching than noninfected roots. The profuse root branching also help in the forest

to identify the ECM infected roots (Figs. 7.3, 7.4).

In ECM, the modifications of branches of root are of two kinds, roots of

potentially unlimited extension in length and roots of restricted growth and viable
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period. In “heterorhizic” roots, majority of laterals are of limited growth. Apices

which are fully infested are usually short and grow slowly, forming racemose

branches (Fig. 7.5). Those apices not permanently infested by sheath or uninfected

Fig. 7.3 (a–b) Gross morphology of ectomycorrhizae of Shorea robusta, dichotomies of short

toots. (b) Mycorrhizal roots of Shorea robusta (sal). (c) Ochre brown rough monopodial-pinnate

ECM of Lactarius. (d) Cross section of Lactarius ECM. (e) Monopodial mycorrhizae showing

bulbous and rounded apices covered with hyphal sheath. (f) Cross section of ECM of Russulaceae
member (Sharma 2008)
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either maintain very active growth and are the leading apices of the system or may

abort or become dormant (Lakhanpal 2000). Pinus departs from this general form

because its short roots are sharply differentiated from the axes which bear them.

Fig. 7.4 (a) Pale yellow monopodial mycorrhizal roots of Shorea robusta. (b) Cross section of

Russula ECM. (c) White Lactarius arising from Shorea robusta ECM roots. (d) Cross section of

Lactarius ECM. (e) Monopodial mycorrhizae with bulbous and rounded apex. (f) ECM of

Pisolithus with yellow mycelia (Sharma 2008)
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They are simpler in stellar construction, have a restricted apical meristem and

root cap, and soon abort if not infected. If infected, they continue to grow, branch

dichotomously, and form mycorrhizal systems. “Dichotomy,” a characteristic of

Pinus, is rare or absent in other genera. It is evident that there is an interaction

between host and fungi at various levels of ECM development that leads to

characteristic features for host-fungus combinations. Agerer (1987, 2002) have

described various terms for branching patterns and made into keys. These are

also used to identify fungal species associated with host roots. Some common

patterns are simple (unramified), monopodial pinnate, monopodial pyramidal,

irregularly pinnate, dichotomous, coralloid, and tuberculate. Branching patterns,

features of mantle, and extraradical hyphae are used in “morphotyping” field-

collected ECM. Tracing hyphal links between sporocarps and roots is a usual

way to identify the fungal symbionts associated with roots of particular trees and

confirm the symbiosis between both partners. Since the ECM roots and non-ECM

roots of a particular tree will differ, it is still followed even in the artificial synthesis

experiments. A typical ECM root structure has the following regions: mantle,

Hartig net, and extraradical mycelium.

7.4.1 Mantle

The mantle interfaces with root (inner mantle) and soil (outer mantle). It is

important in identification of fungal symbionts, interaction with soil microbes,

Root hairs 

(brown)

Primary Root 
(brown)

Secondary 

Root Hairs 

(brown)

Normal Roots ECM Roots

Tertiary Root 

Hairs (blue)

ECM 

morphotypes

Fig. 7.5 Different types of root morphology in ECM and non-ECM roots

7 Ectomycorrhizal Mushrooms: Their Diversity, Ecology and Practical Applications 107



and its role in movement of water and mineral nutrients from soil solution to root.

For identification of ECM fungal component, mantle color and surface features

(smooth, warty, cottony or spiny) are also used. Characteristics like the form of

outer mantle and presence of cystidia along with patterns formed by interaction of

component hyphae (inner, middle, and outer mantle) are used to determine the

ECM morphotypes. The mantle of ECM of different trees and/or mushrooms varies

in both constitution and thickness. It may appear to be one layer constructed of

coherent hyphae or it may be two layered pseudoparenchymatous (Peterson et al.

2008).

With continued hyphal growth, root hairs and old root cap cells are incorporated

into the developing mantle and root surface is enveloped by loosely organized

hyphae. Some ECM may develop cystidia in the outer mantle. The main tissues of

sheath may be reminiscent of those of the sporocarps of ECM fungi. Indeed sheath

formed by species of Tuber have both active and storage hyphae in them, and those

of Lactarius contained lactifers. The sheath varies in thickness but is typically

20–40 μm thick and comprises 20–30% of the volume of rootlet. The sheath

contribution is estimated to be approximately 39% of dry weight of mycorrhiza.

Although Hartig net is the main crossing point of nutrient exchange in most

ECM, the repeated branching of inner mantle hyphae suggests their involvement in

the bidirectional movement of nutrients. The ECM fungi are capable of absorbing

glucose and/or fructose from root cells and converting them into soluble carbohy-

drates trehalose and mannitol or into the insoluble carbohydrate glycogen which are

stored in mantle hyphae. In addition, mantle hyphae accumulate other compounds

including lipids, protein, and/or phenolics and polyphosphates. Deleterious metals

may be bound to polyphosphates and other vacuolar deposits in the mantle, thereby

preventing their uptake into roots. This feature is significant for tree seedlings

inoculated with ECM fungi and planted on metal polluted sites. The compact nature

of mantles of ECM protects roots from water loss in dry-soil conditions and from

ingress of pathogenic organism through roots. Since the mantle interfaces with the

soil, it potentially affects the transport of water and nutrient ions into the root.

Bacteria may also be located within hyphae and root cells of some ECM, but the

function of these has not been studied much. However, some bacterial species

located on the surface of mantle hyphae are known to enhance mycorrhiza forma-

tion and consequently plant performance. Perhaps, these make available nutrients to

the fungal hyphae.

7.4.2 Hartig Net

The Hartig net comprises of hyphae originating from the inner mantle developed

between root cells and forms a complex nutrient crossing point in root. In most

angiosperms, the Hartig net develops only around epidermal cells and further

development is stopped by thick walls of underlying exodermal cells. One notable

exception is the genus Dryas, where Hartig net hyphae develop up to the cortex.
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Here “phi” thickenings (lignified wall thickenings shaped like the Greek letter Φ)

appear to block the ingress of the fungus. In P. grandis and perhaps a few other

species, a Hartig net is not observed.

In conifer trees, Hartig net develops around both epidermal and cortical cells

occupying most of the cortex. During the early stage of Hartig net formation,

mechanical intrusion of hyphae into middle lamella between epidermal and cortical

cells is evident by the tapered hyphal tips. The process is enhanced by hydrolytic

enzymes that soften the middle lamella and adjacent cell walls. It is however widely

believed that some degree of pectic hydrolysis of the middle lamella also occurs.

An important feature of Hartig net is its labyrinthine hyphal branching where

tubular fungal hyphae are replaced by a multi-digitate mode of growth. It increases

the surface area for exchange of nutrients. In some types of ECM like Fagus tree,
the interface is between unmodified hyphal wall and host cell wall. For Pinus
radiata, a second type of interface is described as consisting of a modified external

layer of host and a modified hyphal wall. Scientists have observed this type of

interface in synthesized mycorrhizas of Betula with Amanita muscaria and in

Pseudotsuga menziesii and Betula in association with ascomycetous fungi (Peter-

son et al. 2004).

The Hartig net is variously described as uniseriate or multiseriate. The develop-

ment often depends upon the conditions of culture in artificially produced mycor-

rhizas. The Hartig net is involved in nutrient exchange, and most of the absorbed

sugars, mineral nutrients, and water are passed to root cells through these hyphae.

Micro-autoradiographic analysis has shown the movement of sugars from root cells

to Hartig net and then to mantle and phosphate movement in the vice versa direction

(Bücking and Heyser 2001). Hartig net hyphae also act as a reservoir for carbohy-

drate, lipids, phenolic compounds, and polyphosphates.

7.4.3 Extraradical Mycelium

Extraradical (extramatrical) mycelia are hyphae that develop from the outer mantle

into the surrounding soil. These are extensive network penetrating the soil and

interconnecting roots of the same plant and/or adjacent plants. It is known with

Cenococcum ECM that a certain number of hyphal layers are necessary in the

mantle for extraradical mycelium initiation. Soil particles adhere to individual

hyphae of ECM fungi or groups of hyphae, colonies of bacteria, excrement of

earthworms, pollen, litter, and upper layer of organic debris in soil. Hysterangium
andGautieria, form “mats” of mycelium that bind soil and fine roots encrusted with

calcium oxalate crystals. Rhizomorphs can vary considerably in their morphology,

color, and internal structure wherein the large number of individual hyphae inter-

connects each other (Agerer 2001). In complex rhizomorphs, one or more central

hyphae (vessel hyphae) are enlarged and modified septa that allow for rapid move-

ment of water and nutrient minerals.
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Relatively few ECM fungal species form sclerotia in the extraradical mycelium.

Sclerotia (development and structure) have been studied in details for few species:

Pisolithus tinctorius, Hebeloma sacchariolens, Cenococcum geophilum, and

Paxillus involutus. Other mycorrhizal fungi, including species ofGyrodon, Boletus,
Austropaxillus, Cortinarius, and Morchella, are also known to form these struc-

tures. At maturity, each sclerotium usually develops a melanized outer covering

(rind) that surrounds a cortex (central area) of compact hyphae and a medulla of

loosely organized hyphae. Proteins, lipids, polysaccharides, and polyphosphates are

stored in cortical region making them ideal propagules. The formation of repro-

ductive bodies (basidiocarps and ascocarps) involves the localized branching of

extraradical hyphae, organization of these hyphae into discrete structures, and

differentiation of various regions of the sporocarps.

Mobilization, absorption, and translocation of mineral nutrients and water from

the soil substrate to plant roots are the main function of extraradical mycelia. In

species with rhizomorphs, connecting fine hyphae may pass dissolved nutrients and

water for more rapid translocation through the wide diameter central hyphae

(vessel hyphae) to the root. Experiments with radioactive isotopes of phosphorus

(P) (13P-labeled orthophosphate) have shown that P can be translocated over

distances of more than 40 cm through rhizomorphs to roots of colonized plants

and subsequently to the shoot system (Finlay and Read 1986a, b). ECM fungi can

obtain P from the mycelium network of a saprotrophic fungus and pass P to the host

plant. Carbon (C) compounds are translocated in the reverse direction from the host

root to the extraradical mycelium for metabolic and growth processes, to develop-

ing sclerotia and their storage reserves, and to sporocarps. Production and final

biomass of Laccaria bicolor basidiocarps are correlated with the rate of photo-

synthesis of their host Pinus strobus. Experiments with radioisotopes of C in the

laboratory have confirmed the movement of C from host to fungus as well as from

one plant to another through the extraradical mycelium network (Peterson et al.

2004).

7.5 Ecology of ECM Mushrooms

In the past decade, there has been an increasing awareness between ecologist and

mycorrhizalogists that mycorrhizal fungi are an integral part of ecosystems and that

their ecological function needs to be understood. It has been shown that mycor-

rhizal fungi contribute to plant diversity, nutrient cycling, acquisition to nutrient

sources, and finally to ecosystem functioning. The survey conducted in the forests

of Madhya Pradesh and Chhattisgarh states of India yielded several ECM mush-

rooms. These formed ECM with S. robusta, Dendrocalamus strictus trees. These
mushrooms are helping in maintaining pure sal forests and the Shorea trees in turn

are maintaining the fungal diversity. Although the forest slowly turns into mono-

tree forest, the ecosystem is healthy due to the tree-fungal symbiosis. This may be

one of the reasons why sal forests are mostly mono-tree forest. Moreover, ECM

fungi could well contribute to community and ecosystem responses to global
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changes. As the climate is changing, the ECM fungi will help its symbionts to adapt

it. Also, based on the effects of symbiosis on plant fitness, population ecology,

dynamics, and evolution of many plants are unlikely to be fully understood without

considering their fungal symbionts. ECM are active living components of soil

population having some properties of roots and some of microorganisms. The

ECM mushrooms make the forest a different ecosystem altogether from the dry

forest like that of Tectona grandis. Understanding the distribution and ecology of

ECM fungi is important for the ecosystem studies as well as selection of plants for

plantation (Giachini et al. 2000).

7.5.1 Ecophysiology, Ecosystem Effects, and Global Change

It has been estimated that approximately 80% of all land plant species form asso-

ciations with mycorrhizal fungi (van der Heijden and Sanders 2002). The abun-

dance of mycorrhizal fungi is enormous as plants that form a symbiosis with these

mutualistic fungi dominate most ecosystems. Moreover, most tree plants form

mycorrhizal symbiosis with multiple fungal species. Majority of plants in the

European calcareous grassland, American tall grass prairie, temperate deciduous

forests, tropical rain forest, and shrub land of the threatened South African cape

region are associated with mycorrhizal fungi. In contrast, plant communities of

arctic tundra and alpine regions often contain a lower percentage of mycorrhizal

plant species (Harnett and Wilson 1999; Onguene and Kuyper 2001). In tropical

forests like that of Central India, this is mostly occupied by pure sal or mixed ever-

green or dry deciduous forest. As per our survey and observation, the dry deciduous

forests are mostly dominated by T. grandis (teak) and evergreen forests are domi-

nated by S. robusta (sal). As per our observation, there were no ECM fungi

observed with teak, whereas sal forest contains most of the ECM fungi. Survey

conducted in the forests of Madhya Pradesh and Chhattisgarh yielded many

ECM-forming fungi. That means single tree plant species can harbor multiple

fungal species. The large quantity of litter also helped in the survival of the surface

mycelia of the ECM fungi. When the litter is removed, the surface is completely

covered by mycelia mat.

It is well known that ECM fungi have beneficial effects on plant growth espe-

cially when nutrients availability is low, which is mainly attributed to improved

plant nutrition (Jakobsen et al. 2002; Simard et al. 2002). The diameter of ECM

hyphae is up to 60 times thinner than plant roots which help to form extensive

hyphal networks in soil penetrating the soil particles pores. That is why ECM fungi

explore effectively for nutrients in comparison to plant roots. The roots of many

ECM trees are completely encapsulated by fungal mantle. A number of traits from

both plant and mycorrhizal fungi determine fungal impact on plant growth making

it a complex interaction (Smith 2000; Smith et al. 2000).

ECM fungi exude several extracellular enzymes that break complex organic

substances and have access to organic N and inorganic P that can be transmitted to

7 Ectomycorrhizal Mushrooms: Their Diversity, Ecology and Practical Applications 111



their hosts. ECM hyphae are the primary structures that acquire nutrients and are

considered as sink of carbon (Jakobsen et al. 2002; Simard et al. 2002). It is esti-

mated that 10–50% of assimilated carbon is translocated to ECM roots (Voke

2012). The influence of global changes such as elevated carbon dioxide, N depo-

sition, ozone, UV radiation, and climate may change mycorrhizal associations

(Rillig et al. 2002). Recently, several groups are working on the sequestration of

carbon in ECM fungi.

7.5.2 Biodiversity, Plant, and Fungal Communities

One of the major goals in ecology is to search for mechanisms that determine bio-

logical diversity (Grime 2001). Apart from the presence of ECM fungi, species

composition and diversity of ECM fungal communities also affect plant diversity

and productivity (Hart and Klironomos 2002; van der Heijden 2002). Moreover, the

influence of ECM on plant diversity depends on plant species composition. ECM

diversity might also play a role in seedling establishment of forest trees (Jonsson

et al. 2001). Evidence shows that the reverse is also true, that plants affect popu-

lations and community composition of fungal symbionts. Bever et al. (2002) have

taken a population and community approach to look at how fungi affect plant fitness

but at the same time how plant species affect ECM fungal fitness.

Because of differential effects of ECM fungal species on plant growth, it is

essential to know which factors determine the diversity and composition of ECM

communities (Erland and Taylor 2002). Both abiotic soil factors and biotic factors

(such as plant species composition) affect the composition of ECM fungal commu-

nities. Enhanced levels of available soil N as caused by atmospheric N deposition

change the composition of ECM fungal communities. It also alters levels of root

colonization of plants associated with ECM fungi (Rillig et al. 2002). It appears that

N deposition and soil acidification reduce ECM diversity. This is often accom-

panied by a shift in community structure so that dominance by one fungus/

few species increases. The negative impact of N deposition on ECM fungal diver-

sity leads to reduced viability of many temperate and boreal forests.

The diversity study of ECM fungi in India is less. They are mostly focused in the

Himalayan region. In the Himalayan region, an ECM fungus like Morchella is

found to form ECM with Pinus. Suillus sibiricus, an edible fungus, has been found

to be associated with plantations of Pinus wallichiana in northwestern Himalayan

region (Sagar and Lakhanpal 2005). However, in the study conducted in the forests

of Central India primarily from the extensive surveyed Madhya Pradesh, we

collected 61 species of ECM mushrooms belonging to nine genera (Sharma 2008;

Sharma et al. 2008a, b, 2009a, c, 2010b). Most of the mushrooms which belong to

Russula, Lactarius, Boletus, Leccinum, and Amanita were found to form ECM

symbiosis with the Shorea tree (Fig. 7.6). Some species of Scleroderma and

Geastrum were also found to be ECM with the Shorea tree. Apart from Shorea,
we also observed one species of Pisolithus on Eucalyptus. Recording of important
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characters of ECM mushrooms is important for their identification (Fig. 7.7). A

table mentioning all isolates is given in Table 7.2. It is observed that the forests of

Shorea harbor a lot of ECM fungal diversities. ECM fungal diversity has also been

reported on plants of Dipterocarpaceae (Dipterocarpus indicus, Kingiodendron
pinnatum, Humboldtia brunonis) from the southern part of India (Natarajan et al.

2005b). He reported about 30 ECM fungi from the forests of Uppangala, the

dominant one being members of Russula. Reddy et al. (2005) also reported a new

species of Pisolithus indicus associated with Dipterocarpaceae. A comparison of

three prominent ECM mushroom diversity studies of different regions of India is

compiled in Table 7.3.

The members of Dipterocarpaceae are not only dominant in Indian evergreen

forests but also in other Southeast Asian countries. Watling and Lee (1995) reported

about 24 ECM fungi which included agarics, boletes, and earth balls. The dominant

forms were members of Amanita, Boletus, and Russula. Similarly, many ecto-

mycorrhizal fungal species associated with dipterocarps have been reported from

the Philippines, Thailand, Sri Lanka, and Indonesia (Natarajan et al. 2005b).

Recently Thomas et al. (2002) have reported a new genus Anamika (A. indica)
under Hopea sp. in Wayanad District, India. Relatively recently, the use of mole-

cular methods to identify the ECM fungi has helped in the authentic characterization

of ECM fungi and identification of cryptic species. The species richness values for

ECM in oak and conifer forest were 43 and 55, respectively, which were close to a

midpoint range for similar other forests studied globally. Taxonomic studies of

ECM mushrooms in the forest of Western Himalayas regions have been docu-

mented by Lakhanpal (1993, 1996). Similar work has also been undertaken in

Fig. 7.6 Diversity of ECM mushrooms found in forests of Shorea robusta forming ECM. (a–e)

Species of Russula. (f) Species of Lactarius. (g, h) Species of Boletus. (i) Species of

Strobilomyces. (j–l) Species of Amanita (Sharma et al. 2008a, 2009a, 2010d, e)
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Western Ghats by Natarajan et al. (2005a, b) and Natarajan and Ravindran (2003a,

b). Limitations of estimates include the fragmentary nature of data and consider-

ation of only species associated with dominant trees. Several workers have contrib-

uted to the taxonomic and biodiversity status of mushroom (not specifically ECM

Fig. 7.7 Field notebook helpful in the identification of ECM mushrooms. (a) Hand drawings of

ECM mushrooms on field. (b) Field data sheet filled on field (Sharma 2008)
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mushrooms)—Sharma and Sidhu (1991), Kaul (2002), Sharda (1991), Rattan and

Khurana (1978), Khoshoo (1996), Verma et al. (1995), Lakhanpal (1993), and

Bhagwat et al. (2000) in the Eastern Himalayan region; Natarajan and Ravindran

(2003a, b) and Natarajan et al. (2005a, b) in the Western Ghats of Kerela and

Maharashtra; Khoshoo (1991) and Kaushal (1991) in the Northwest Himalaya;

Natarajan et al. (2005a, b) in South India; and Saini and Atri (1993) and Purkayastha

and Chandra (1976, 1985) in Indo-Gangetic plains (Punjab, Uttar Pradesh and

Bengal).

Besides the recognized hotspots in Western Ghats and the North Eastern Hima-

layan region, Central India is also home to the world’s important tropical deciduous

forest. These are rich in large unexplored microbial diversity yet to be exploited and

conserved. The climatic conditions also make natural habitat for a large number of

mushrooms. Central India is home to one of the world’s important tropical deci-

duous rain forests. During the past one decade, regional mycologists launched

fungal species richness monitoring studies in central forests dominated by sal,

teak, and bamboo, tree species that form the base of region economy. Many studies

have concentrated on mushroom diversity but none on ECM mushroom diversity.

However, the fact that ECM fungi produce easily surveyed macroscopic sporocarps

makes them particularly appropriate for large-scale monitoring studies. In Central -

India and nearby regions, the Department of Forestry, Government of India, manages

or holds an unusually large number of tracts of young, natural, and ancient teak, sal,

and bamboo stands. The presence of variously aged and differently managed stands

provided a unique opportunity to compare and contrast fungal communities through

time as well as to investigate the impact of timber removal on fungal diversity. In

this region, there are few reports on the diversity of ECMmushrooms (Sharma et al.

2008a, 2009a, 2010b, d, e).

Table 7.2 Important genera (in terms of species) of ECM fungi in three India studies (Sharma

et al. 2009c)

Genus Total mycorrhizal species

Percent association with

Sal Teak Bamboo Eucalyptus

Amanita 5 þ � � �
Russula 24 þ � � �
Lactarius 8 þ � � �
Boletus 9 þ � � �
Leccinum 2 þ � � �
Geaster 5 þ � � �
Pisolithus 2 � � � þ
Scleroderma 5 þ � � �
Cantharellus 1 � � þ �

7 Ectomycorrhizal Mushrooms: Their Diversity, Ecology and Practical Applications 115



7.5.3 Geographical Distribution and Host Specificity

Despite the long evolutionary history, many mycorrhizal fungi appear to be

non-host specific, and available evidence suggests that there is an ongoing parallel

evolution of the partners in response to environmental change (Sanders 2002). An

interesting phylogenetic analysis suggests that ECM fungi have evolved repeatedly

from saprotrophic precursors (Cairney 2000). Unlike AM fungi which are com-

pletely dependent on their host for C, many ECM fungi can be cultured separately

on agar plates without host roots. Despite their obligate nature, AM fungi are not

thought to be host specific.

Table 7.3 Important genera (in terms of species) of ECM fungi in three India studies (Sharma

et al. 2009c)

S.

No.

Mushroom

species

Western Ghats Western Ghats Central India

Natarajan et al. (2005a,

b)

Pande et al.

(2004)

Sharma et al. (2009a, b,

c)

1 Russula 12 13 24

2 Lactarius – 9 6

3 Amanita 5 15 5

4 Anamika 1 – –

5 Boletus – 12 10

6 Leccinum – 6 2

7 Strobilomyces 1 1 1

8 Suillus 2 7 –

9 Cantharellus – – 1

10 Astrosporina 3 – –

11 Laccaria 2 1 –

12 Cortinarius 1 4 –

13 Hygrophorus – 4 –

14 Clitocybe – 3 –

15 Hebeloma – 2 –

16 Volvariella – 1 –

17 Inocybe – 1 –

18 Galaria – 1 –

19 Tubaria – 1 –

20 Lacrymaria – 1 –

21 Astraeus – – –

22 Scleroderma – – 5

23 Geaster – – 5

24 Pisolithus 1 – 2

25 Lepista – 1 –

26 Leucopaxillus – 1 –

27 Oudemansiella – 1 –

28 Tricholoma – 2 –

29 Agaricus – 1 –
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Plant individuals can be colonized by different species of AM fungi or ECM

fungi. Dual colonization by both ECM and AM fungi also occurs in some plant

species pointing to the absence of any host specificity. Plant trees show a certain

degree of host specificity like only S. robusta (sal) forms ECM with mushrooms

even in mixed forest where other trees are also present. Unlike AM fungi, not all

tree plants form ECM symbiosis. The stability of host specificity is unclear con-

sidering that reversals from mycorrhizal mutualists to saprotrophic fungi occur.

There is one major exception with regard to specificity in mycorrhizal symbioses,

the myco-heterotrophic plants. These plants depend on fungi for the supply of C and

photosynthesis is completely or partly lost. Spatial distribution of plants and fungi

is often tightly linked due to host specificity. In India, most of the ECM fungi are

reported from the Himalayas, Western Ghats, Eastern Himalayas, Central India,

and forests of Southern India (Natarajan et al. 2005b; Pande et al. 2004; Sharma

et al. 2009c). The same species of mushrooms are found to be forming ECM with

different plant tree species in different portions of Earth.

7.5.4 Population and Dynamics

The quantitative measurement of the relations between populations, infection, and

plant growth is an important factor to understand responses to efficiency of ino-

culum and inoculation for adequate ECM formation. Quantitative evaluations in

relation to the soil environment are necessary to manage ECM population for

maximum effect. The capacity of hyphae to which it can grow from spores,

sclerotia, and mycelial strands through soil will affect infection dynamics. Larger

propagules like sclerotia and mycelial strands are capable of growth through soil

then small propagules (such as basidiospores) for considerable distances obtaining

high infection levels.

The longevity of different types of propagules is an important factor for reforest-

ation, but has received little experimental study till now. Basidiospores and scle-

rotia have considerable longevity, whereas mycelial strands appear fragile and

hence have poor inocula in soil. Inoculum potential/infection relations for any

one-fungus/plant combination will vary with environmental factors, viz., chemical

status, pH, heavy metals, moisture, temperature, organic matter, and micro flora of

soil. It is expected that pollutants and acidification of soils can strongly affect ECM

formation and fungal spore on roots (Kjøller and Clemmensen 2008). The number

of ECM formed under various conditions results from effects of environment on

fungal factors in soil and rhizosphere and on root susceptibility to infection and

spread.

It is commonly observed that as the forest ages, fungal species which dominated

in early stages may be replaced by other fungi and is referred to as “late stage.” The

separation of early and late species by no means is clear cut, as some fungal species

persist throughout the life of tree plantations, and it is prominent in a situation

where an exotic fungal species has been introduced. Moreover, where a natural
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situation pertains, as the environment changes with stand age, various fungi will be

advantaged and will replace some of the prominent early-stage fungi. Almost all the

basidiospores responding to seedling roots are of those species which are regarded

as “early-stage” fungi, e.g., species of Hebeloma, Paxillus, Suillus, Pisolithus,
Scleroderma, and Inocybe. ECM fungi may be associated with several tree species

(Sterkenburg 2016). Growth of ECM fungi in rhizospheric soil may be a key factor

to understand ECM composition on a root as it ages and to selection of fungi for

tolerance of deleterious factors. It has been recognized that studies in laboratory

media have little relevance to growth in the rhizosphere, where the physicochem-

ical environment is different. Slow growth of fungi which appear at late stage on

young roots as well as poor spore germination may explain their failure to dominate

the rhizosphere of young roots. Moreover, some signals (metabolite, chemicals)

may be secreted by older tree roots. Fungal communities in general are affected by

soil fertility. The development of extraradical hyphae varies considerably between

fungus (and hosts) and environment. An understanding of factors affecting growth

of extraradical hyphae is important, not only to uptake of nutrient and water but also

to other ECM functions. Some ECM fungi, viz., Russula luteolus, Suillus bovinus,
and Hebeloma crustuliniforme, form highly branched mycelial strands up to 40 cm

(Skinner and Bowen 1974a, b; Finlay and Read 1986a, b).

In recent years, molecular methods have been used to identify the genotypes.

Various molecular methods like random amplified polymorphic DNA (RAPD),

simple sequence repeat (SSR), amplified fragment length polymorphism (AFLP),

single-strand conformational polymorphism (SSCP) and inter-retrotransposon

amplified polymorphism (IRAP) markers, and repeat SSR markers have helped in

knowing the distribution of various genotypes of ECM fungi (Murata et al. 2005;

Zhou et al. 2001; Dunham et al. 2003; Kretzer et al. 2004; Wu et al. 2005;

Bergemann et al. 2006). They may not completely resolve the genotypes but help

in knowing the distribution (Redecker et al. 2001; Dunham et al. 2003; Bagley and

Orlovich 2004). The fruiting body collection also helps to know that multiple geno-

types of a genus are present in a particular location, like in genera Russula,
Lactarius, Amanita, etc. Sometimes the spatial distribution is restricted because

the distribution of host tree species in a mixed forest influences the distribution of

ECM genotypes (Zhou et al. 2000).

7.5.5 Nutrient Circulation in Ecosystem

As a rule, mycorrhizal infection enhances plant growth by increasing nutrient

uptake via increasing in the absorbing surface area, by mobilizing sparingly avail-

able nutrients sources, or by excretion of chelating compounds or ectoenzymes.

Bidirectional transfer of nutrients between plant and fungus is typical of ECM

(including other types) and is the basis for the prolonged compatible interactions

typical of these symbioses. Depending on the tree species, different amounts of

mineral nutrients from the soil to the root occur via fungal hyphae (Marschner
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1995). Except where mantle is diffuse, most nutrients delivered to Hartig net are

likely to be transported through the living external hyphae. Some ECM have

mycelial cords which transport water and nutrients over long distances and in

some cases via specialized nonliving hyphae.

At cellular level, interfaces in all types of mycorrhizas are composed of mem-

branes of both partners which are separated by apoplastic region (Smith et al. 1994).

The interface is simple intercellular wall to wall contact in ECM, but the fungal

partner remains in apoplast space outside the plant protoplast and cell membrane.

Fungal colonization of host root tissues is entirely extracellular in ECM fungi. In

Hartig net region, the hyphal branch and septa formation profusely becomes uneven

or incomplete giving characteristic labyrinthine system (Martin and Nehls 2009).

Surface fibrils and acid phosphatase activity present in mantle vanish as hyphae

become tightly pressed against host cell walls. Adjacent walls of fungal and

host become indistinguishable from each other forming a homogenous interfacial

matrix.

They are important for the delivery of carbon to soil and are responsible for a

substantial component of forest-soil carbon fluxes (Nehls 2008; Anderson and

Cairney 2007; H€ogberg et al. 2001; H€ogberg and H€ogberg 2002; Godbold et al.

2006; Hobbie 2006). However, extracellular material is deposited around hyphae of

ECM and also accumulates in intercellular spaces of the fungal sheath in ECM of

Eucalyptus and Pisonia (Pritsch and Garbaye 2011). Evidence (or lack of it) for the
nature of the compounds transferred between the symbionts has been reviewed

previously by many workers. Sugars are important in carbohydrate transfer with

hydrolysis of sucrose (or trehalose in orchid mycorrhizas) along with synthesis of

characteristic “nonrecyclable” carbohydrates (e.g., mannitol in ECM), as important

steps in polarizing transport in favor of one symbiont (Dearnaley et al. 2012). ECM

has a major influence on N and lesser effect on P nutrition wherein inorganic

orthophosphate is the major form in which phosphorus is transferred (Wiemken

2007; Baxter and Dighton 2005). Moreover in ECM, the coexistence of ATPase

activity on plant and fungal plasma membrane at Hartig net interface suggests that

both the systems work cooperatively in bidirectional nutrient exchange. Pi (inor-

ganic phosphorus) transfer to host tissue in excised beech ECM was around

10–20% of Pi absorbed by sheath hyphae, and in mycelia of P. tinctorius (Pers.),
Coker and Couch net efflux was also 10% of Pi absorbed (Smith et al. 1994).

Hydrolysis of sucrose to hexoses by invertase in the apoplast would allow a net

sugar transport to the fungus. The fact that individual ECM roots act as greater sinks

for photosynthetically fixed C than non-mycorrhizal roots strongly suggests greater

concentration at the interface and the probability of increased loss from the root

cells. Release of phytohormones at the interface might also influence nutrient

transport. Auxin ,e.g., can increase ATPase activity in plant tissue and may have

a role in ECM formation, and the cytokinin N6-2 isopentenyl–adenosine (2iPA) has

been shown to influence both absorption and loss of ions from mycelium of the

ECM fungus Suillus variegatus.
Many studies have shown that ECM fungi can utilize organic N sources through

the production of extracellular acid proteinases. Mycorrhizal infection can provide

7 Ectomycorrhizal Mushrooms: Their Diversity, Ecology and Practical Applications 119



host plants with access to N sources, which are normally unavailable to

non-mycorrhizal roots (Gobert and Plassard 2008). Further, proteolytic capacity

may vary greatly between fungal isolates. Possibly all fungi can assimilate ammo-

nia by a combination of the glutamate dehydrogenase and glutamine synthetase

pathways, whereas a smaller number of species can efficiently reduce nitrate.

Ammonia is rapidly assimilated in the extraradical hyphae and N is transferred to

the host primarily as glutamine. ECM symbiosis alters metabolic pathways of N

assimilation in the fungal symbiont. Not much is known on the role of mycorrhiza

in uptake of K, Ca, Mg, and S. Majority studies on ECM and micronutrient uptake

are focused on the protection from excessive uptake of Cu and Zn on soils high in

heavy metals. Production of siderophores is widespread between ECM. However,

boron is essential for the growth of fungi and ECM may increase concentrations in

the host plants. Plant growth or reproduction is not always increased by mycorrhizal

infection due to high efficiency of P acquisition or low P requirement of plants. The

acquisition of P is reduced when external hyphae are destroyed by grazing soil

animals, soil disturbance, or fungicides.

Identification of efficient genotypes of both fungus and host and understanding

the way their function is integrated depend on the identification and quantification

of the key processes involved in nutrient uptake and use. Despite worldwide

research interest, progress is slow in understanding the mechanisms involved, the

differences between ECM fungi in their capacity to deliver P to the host plant, and

in quantification of the benefit ECM plants have under field and in natural ecosys-

tems. However, better matching of ECM fungi with host and site conditions is

required for the full potential of large-scale inoculation programs to be realized.

Moreover, recent studies of genome sequencing are giving new insight to the

mycorrhizal symbiotic association (Martin et al. 2008).

7.5.6 Interactions with Other Microorganisms

In addition to increasing absorptive surface area of their host plant root systems, the

hyphae of ECM fungi provide an increased surface area for interactions with other

microorganisms and provide an important pathway for translocation of energy-rich

plant assimilates (products of photosynthesis) to the soil (Finlay 2004). These ECM

interactions are synergetic, competitive, or antagonistic and have applied signifi-

cance in areas such as biological control, bioremediation, and sustainable forestry.

Bacteria with a potential to fix nitrogen have been discovered which grow sym-

biotically with tuberculate roots of ECM plants forming rood nodules and also

applied as plant growth-promoting rhizobacteria (PGPR) (Cumming et al. 2015).

Exudation and reabsorption of fluid droplets at ECM hyphal tips have been earlier

demonstrated. The extent to which interactions between ECM mycelia and other

microbes affect organic and mineral substrates is unclear, and further experiments

are needed to distinguish between the activity of ECM hyphae and activity
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facilitated by ECM for the uptake of compounds (Finlay 2008; Churchland and

Grayston 2014).

7.5.7 Multifunctional Role of ECM

The effects of mycorrhizal fungi have traditionally been considered within narrow

perspective of their effects on the mineral nutrition of individual plants. Research

during the past 20 years has increasingly viewed symbiotic ECM associations

between plants and fungi within a wider, multifunctional perspective. New mole-

cular methods have been applied to investigate ECM fungal communities, and

greater attention has been paid to their possible effects at the level of plant com-

munity. And we have acquired greater knowledge about fungal species diversity

and become more aware of potential functional diversity of ECM fungi. The new

multifunctional perspective includes:

mobilization of N and P from organic polymers; release of nutrients from mineral particles

or rock surfaces via weathering; interactions with myco-heterotrophic plants; effects on

carbon cycling; mediation of plant responses to stress factors such as soil acidification,

toxic metals, drought and plant pathogens; as well as a range of possible interactions with

other soil microorganisms.

The role of ECM fungi in shaping terrestrial ecosystems is fundamental. Many

of the characteristic plant communities that dominate major terrestrial biomes are

due to selection which has favored different types of symbiotic associations that are

adapted to soil, vegetation, and climatic conditions characterizing these different

environments. Comparative analysis of different systems will improve our under-

standing of responses to environmental and climatic changes. It is an important

prerequisite for future sustainable management of terrestrial ecosystems (Anderson

and Cairney 2007; Finlay 2004).

7.6 Practical Applications

7.6.1 Artificial Synthesis of ECM

Interest in cultivating edible ECM mushrooms has grown in the past few decades

with the realization that there had been dramatic falls in the availability of mush-

room species and increased market demand exceeded their supply. Melin (1922,

1923, 1936) developed the pure culture synthesis technique to experimentally

demonstrate the ability of known fungus isolates to form ECM with specific hosts

under pure culture conditions. Use of these techniques has also led to the discovery

of important physiological aspects of symbiosis. These include uptake of nutrients

and water by fungus and translocation to the host, movement of photosynthate from
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host to fungus, interactions of growth-regulating substances, host-to-host transfer of

carbohydrate via a shared fungal symbiont, protection against root pathogens,

effects of temperature on mycorrhiza development, specificity and compatibility

between fungus and host, and several other processes.

One must recognize the artificiality of pure culture synthesis and limit extra-

polation of results to natural situations. Positive synthesis results confirm the ability of

that particular host-fungus combination to form ECM. Negative results suggest that

union of organisms in question seems unlikely. Melin (1923) primarily used flasks

containing sterile sand moistened with a nutrient solution. Several investigators

have modified Melin’s technique often trying more complex arrangements to

reduce the artificial nature of the enclosed system. Hacskaylo (1953) greatly

improved the system by using vermiculite instead of sand as the substrate. Vermi-

culite provides better aeration and moisture holding capacity than sand. Marx and

Zak (1965) further improved the substrate by stabilizing the acidity with an addition

of finely ground sphagnum peat moss. Molina and Palmer (1982) reports excellent

seedling growth and ECM development in the glass test tube system filled with

vermiculite and peat moss moistened with nutrient solution which is helpful in

running numerous syntheses in a relatively small area. Pachlewski and Pachlewski

(1974) also reported good mycorrhiza synthesis in a large test tube but used a solid

agar substrate rather than peat moss and vermiculite. Danell (1994) reported arti-

ficial ECM formation between Cantharellus cibarius with a host tree plant. In

another study from India, Sharma et al. (2008b, 2009b, 2010a, c) formed in vitro

synthesis of ECM between D. strictus and Cantharellus sp. (Fig. 7.8). The roots

showed root modification and clear interaction between host plant and ECM

fungus. The ECM fungal inoculum was produced on used tea leaves and sand

(Sharma and Rajak 2011).

7.6.2 Applied Aspects of ECM

Much of our understanding on the functions of ECM has come from research

directed toward practical application in forestry. Repeated failures in the establish-

ment of exotic pine plantations in the tropics and other areas where ECM hosts do

not naturally occur clearly demonstrated the dependence of these trees on their

fungal symbionts. Only after inoculation with forest soil containing ECM fungus

propagules could these trees survive and function properly. This information pro-

vides many necessary tools and concepts for strengthening forestry programs

around the world. Today, wide-scale inoculation of forest nurseries with selected

ECM fungi appears imminent. Commercial interest in producing pure culture of

ECM fungi inoculum expands the possibilities of worldwide application. The suc-

cess of these inoculation programs hinges on selection of effective and beneficial

fungal symbionts. New inoculation programs must be strongly research oriented

from the outset.
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It has been experienced during the introduction of exotic pines into the Southern

Hemisphere and Tropical Island that mycorrhizal fungi should accompany host

trees. Afforestation attempts in treeless grasslands of the USA and steppes of Russia

have also required inoculation for success. Although successful inoculation of tree

seedlings (already planted) in field have been known, nursery inoculation is more

common. Seedlings inoculated in nursery can establish a healthy ECM system

before out planting. Tree seedlings lacking ECM suffer severe nutrient deficiencies

early in their first growing season; the deficiencies persist until mycorrhizae are

formed. The most commonly used and probably most reliable ECM inoculum is

soil taken from beneath ECM hosts. Soil inoculum may also be added to the

planting hole when seedlings are out planted. Soil inoculation has been instrumental

in the establishment of exotic pine plantations in the Southern Hemisphere and

continues as a regular practice there today.

Planting mycorrhizal “nurse” seedlings or incorporating chopped roots of ECM

hosts into nursery beds as a source of fungi for neighboring young seedlings has

been successful (Sim and Eom 2006). Chevaliar and Grente (1973) were able to

inoculate seedlings with the prized truffle fungus Tuber melanosporum by use of

nurse seedlings already mycorrhizal with this fungus. Basidiospores and ascospores

or crushed sporocarps have been used occasionally as inoculum, usually in small

experiments. Some investigators have reported good success with this technique.

Asexual spores and sclerotia are further sources of inoculum. The gasteromycetes

(puffballs and related fungi) with abundant spore masses offer better source of

spores than gills. Most of the recent research has been with P. tinctorius. Ino-
culation with spores of Rhizopogon species also appears promising. Abundant

Rhizopogon mycorrhizae formed on seedlings produced from the coated seed of

P. radiata D. Don with basidiospores of Rhizopogon luteolus.
Although many difficulties remain in using pure culture as source, techniques for

wide-scale application are now being developed. Unfortunately, many ECM fungi

Fig. 7.8 Aseptic ECM synthesis. (a) Uninoculated D. strictus roots with long root hairs. (b)

Inoculated roots of Dendrocalamus strictus with C. tropicalis with small, less root hairs, and

mycelial coverage (Sharma et al. 2009b)
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isolated from either fruiting body or ECM itself grow extremely slowly or not at all

in culture. Still, many do grow well in culture, e.g., most species of Suillus,
Hebeloma, Laccaria, Amanita, Rhizopogon, and Pisolithus. Most of the pure

culture inoculation has been restricted to small-scale experiments, although

Moser (1958) successfully inoculated nursery beds of Pinus cembra in Austria

with pure cultures of Suillus plorans more than 20 years ago. Marx and Bryan

(1975) further refined Moser’s technique and reported excellent results in inoculat-

ing nursery beds with P. tinctorius. The logistics of producing massive quantities of

inoculum presently limits wide-scale use of pure culture inoculum. Large-scale

production methods are now being developed in industrial fermenters or container

nurseries by international firms. Other firms are also experimentally producing

pure culture inoculum of ECM fungi. Industry representatives and mycorrhiza

researchers are optimistic that effective commercial inoculum will soon be avail-

able in the market, and it can be used for reforestation of waste and degraded sites

(Fig. 7.9).

The promising outlook for pure culture inoculation raises still another important

question; which fungus is best for a particular host or habitat? The effectiveness of

the various ECM fungi on different host species has to be repeatedly emphasized.

With thousands of ECM fungi and numerous hosts, careful selection of the best

fungi for particular host is critical. Many important criteria must be considered

when selecting fungus candidates for nursery inoculation. Careful experimentation

and good record keeping are essential throughout evaluations of each isolate.

One must first be able to isolate the particular fungus and grow it reasonably well

in culture.

Relatively fast-growing fungi are generally preferred for inoculation because of

their short incubation period. Unfortunately, many otherwise desirable ECM fungi

grow slowly. According to Marx (1980) fresh cultures are preferred to cultures

repeatedly transferred and stored for several years. He further suggests passing

important fungus cultures through a host inoculation and mycorrhiza formation

followed by re-isolation, every few years to maintain mycorrhiza-forming capacity.

Moreover, fungi, which produce large hyphal stands of rhizomorphs in culture of

soil, may be superior in soil exploration and mineral uptake to those which lack

rhizomorphic growth.

There have been a lot of studies conducted on ECM. In recent times most of the

studies are focusing on genome sequencing, genomics, and metagenomics and

several other aspects (Martin et al. 2016; Redeker et al. 2004; Tedersoo et al.

2016). There are some interesting articles which have discussed the importance

of ECM studies highlighting their role in distribution, evolution, and phylogenetic

studies (Tedersoo et al. 2010). Studies are focusing on the one-to-one fungus-plant

symbiosis, i.e., between individual partners and benefits shared by them (Kennedy

et al. 2015). Some researchers are also focusing on links between community

structure and function for ectomycorrhizal fungus (Walker et al. 2014). There is

increased to study various aspects of ECM synthesis in detail.
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Fig. 7.9 Forest regeneration and reclamation of mine sites. Exploitation of potential ECM

mushroom by inoculation of nursery seedlings and tissue culture plantlets of bamboo, sal, and

other tree species can help in forest reclamation (Sharma 2008)
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Chapter 8

Plant Flavonoids: Key Players in Signaling,

Establishment, and Regulation of Rhizobial

and Mycorrhizal Endosymbioses

Priyanka Singla and Neera Garg

Abstract Plants belonging to family fabaceae play an imperative role in restoring

soil fertility, with the remarkable ability to engage endosymbiotically with both

rhizobia and arbuscular mycorrhiza (AM). Establishment of both symbioses is

based on a finely regulated molecular dialogue between two partners. Plant roots

secrete an assortment of flavonoids, competent to shape rhizosphere microflora by

amplifying chemotactic surface motility of beneficial microorganisms while com-

bating pathogenic ones. Flavonoids potentially regulate transcriptional activity of

many microbial genes, e.g. nod genes, and fungal hyphal branching and initiate the
production of microsymbiont signal molecules (Nod/Myc factor). The perception

of these lipo-chito-oligosaccharides at epidermis stimulates partly analogous down-

stream signal transduction cascade to activate symbiosis-related genes and conse-

quently enable successful penetration of both microsymbionts in the host. In

response to host-specific microbe, selective accumulation of flavonoids drives

suppression of plant innate immunity as well as cortical cell dedifferentiation into

symbiosome. High degree of coordination between root cortical cell machinery and

rhizobia/AM results in the formation of symbiotic interfaces—nodules/arbuscules

respectively, where harboring bacteroids and arbuscules deliver macronutrients

(nitrogen and phosphorus) to host in exchange for photosynthates. Flavonoids

cross-link with plant proteins to form an O2
� diffusion barrier in the symbiosome

membrane and serve as a checkpoint for nitrogenase efficiency. Under nutrient-rich

conditions, plants regulate flavonoid fluxes to prevent an excessive establishment of

metabolically expensive symbioses. Therefore, understanding these selective forces

that govern host selection of beneficial rhizomicrobiome, followed by underlying

establishment and regulation of symbioses in legumes, is crucial for agrobiologists

to achieve sustainable agriculture.
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8.1 Introduction

Among plant nutrients, nitrogen (N) and phosphorus (P) are the most limiting

nutrients worldwide whose continued supply as fertilizers is necessary if world

food needs are to be fulfilled. Modern agriculture has been highly reliant on

industrial fertilizers, and the vast amount of resources spent on their production is

leading to a substantial carbon footprint (exploiting ~50% of fossil fuel) of this

industrial sector (Jensen et al. 2012). However, the rising fossil fuel cost is making

chemical fertilizers dramatically expensive; CO2 emission during fossil fuel com-

bustion is contributing to the greenhouse effect, and leaching of applied fertilizers

(~30–50%) is leading to major environmental problems, e.g. eutrophication (Crut-

zen et al. 2007). Thus, efforts must be directed to enhance the exploitation of

rhizospheric soil microorganisms which can effectively ensure substantial uptake

of essential nutrients by plants and thus recuperate agricultural fields with nutrient-

poor soils (Bonfante and Genre 2008; Parniske 2008; Vieira et al. 2010). Two of the

most widespread rhizospheric interactions, the Rhizobium–legume (RL) and the

arbuscular mycorrhiza (AM)–plant symbioses, have particular significance as nat-

ural mini-fertilizer factories in land ecosystems (Venturi and Keel 2016).

Rhizobium–legume (RL) symbiosis is almost entirely limited to economically

important family Fabaceae which evolved only about 60 Mya (Manchanda and

Garg 2007; Delaux et al. 2015). On the other hand, since 500 million years ago

(Mya), ubiquitous soil AM fungi establish a symbiotic relationship with the roots of

more than 90% of all higher plants (Smith and Read 2008; Wilde et al. 2009). RL

interaction leads to the formation of symbiotic root nodules, where Rhizobium
bacteria acquires vast fitness output from host carbon and energy (Peix et al.

2015) and legumes gain access to otherwise unavailable soil nitrogen (replenishing

approximately 200 million tons of N2 annually) (Ferguson et al. 2010; Kondorosi

et al. 2013). In mycorrhizal association, vegetative growth and reproductive spore

production of biotropic fungal symbionts rely on reduced carbon of living plant

tissue (4–20% of their photosynthate) and in return provide various benefits,

including—but not limited to—nutrient and water uptake (Parniske 2008).

Legumes have the ability to host N2-fixing bacteria and AM at the same time

(Antunes et al. 2006), and mycorrhizal symbiosis associated with legumes is an

essential link for effective phosphorus (P) nutrition leading to enhanced N2 fixation

that advocates a synergistic tripartite association (Geneva et al. 2006). In most cases

investigated, especially when both nitrogen and phosphate are limiting factors,

rhizobia and AM fungi appear to act synergistically since combined inoculation

with rhizobia and mycorrhiza enhances plant growth and reproduction more than

inoculation with either microsymbiont alone and also mutually increases each

other’s establishment (Gould and Lister 2005). Striking similarities between two

symbionts have been reported with respect to mutual recognition, infection process,

and genetic and hormonal regulation (Mukherjee and Ané 2011). Exchange of

molecular signals between the host plant and microsymbiont in the form of cell-

to-cell inter-organismal communication is an important stage for the initiation of
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effective symbiosis (Mapope and Dakora 2013), and during N2 fixation, a wide

variety of host FLAVONOIDS have been shown to attract compatible rhizobia for

symbiosis, by their nod gene inducing activity (Shaw et al. 2006; Mandal et al.

2010). Apart from the function of flavonoids in RL interaction, they also act as

signaling compounds in the host communication with AM (Catford et al. 2006;

Steinkellner et al. 2007; Shaw and Hooker 2008). Moreover, plant flavonoids vary

qualitatively and quantitatively with root endosymbiont colonization, indicating

dependability of nodulation and mycorrhization on flavonoids beyond signaling

(Carlsen et al. 2008; Zhuang et al. 2013). Thus, this prompts in-depth review on

diverse role of flavonoids in the establishment of legume symbioses with rhizobia

and AM.

8.2 Flavonoid: A Versatile Compound

8.2.1 Structural Diversity and Subcellular Distribution

Flavonoids (derived from the Latin word for yellow, favus), the low-molecular-

weight secondary metabolites, are biologically active polyphenolic compounds and

are widespread throughout the plant kingdom, ranging from mosses to angiosperms

(Williams and Grayer 2004). Diverse flavonoid molecules share the same core

carbon framework of phenyl-benzopyran functionality, the flavan nucleus

(Fig. 8.1), consisting of two aromatic rings with six carbon atoms (rings A and B)

interconnected by a heterocyclic benzopyrano (chromano) C ring with three carbon

atoms (Saito et al. 2013; Cheng et al. 2014). The position of B aromatic ring linkage

to the benzopyrano moiety allows a broad separation of these compounds into

flavonoids (2-phenyl-benzopyrans, e.g., kaempferol, apigenin), isoflavonoids

(3-phenyl-benzopyrans, e.g., genistein), and neoflavonoids (4-phenyl-benzopyrans)

(Winkel-Shirley 2001; Dixon and Pasinetti 2010). These groups usually share a

common chalcone precursor and therefore are biogenetically and structurally

related (Marais et al. 2006). A number of divergent chalcones and flavonoid

structures are formed from the extensive modification (rearrangement, alkylation,

oxidation, and glycosylation) of the basic molecules (Halbwirth 2010). To date,

more than 10,000 different flavonoids have been identified in plants (broadly

Fig. 8.1 Flavan nucleus of

flavonoids
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classified into flavonols, flavones, flavan-3-ols, flavanones, anthocyanins, iso-

flavones) and the number is still increasing (D’haeseleer et al. 2010; Hassan and

Mathesius 2012; Cheynier et al. 2013) and even within the same species a number

of different flavonoids have been identified (Martens and Mith€ofer 2005). Typi-
cally, flavonoids are stored in their glycoside forms (more stable than the free

form); however, some flavones and flavonols can be found naturally as the aglycone

(Birt and Jeffery 2013). The chemical diversity, size, three-dimensional shape, and

physical and biochemical properties of flavonoids allow them to interact with

targets in different subcellular locations to influence biological activity in plants,

animals, and microbes (Taylor and Grotewold 2005; Buer et al. 2010).

Consistent with their diverse physiological functions, flavonoids are found in

most plant cell compartments, including cytosol, vacuole (anthocyanins, flavonol

and flavone glycosides), ER, chloroplast (quercetin and kaempferol glycosides),

nucleus (isoflavonoids coumestrol and 40,7-dihydroxyflavone), pollen surface and

small vesicles, as well as the extracellular space (Saslowsky et al. 2005; Lepiniec

et al. 2006; Hsieh and Huang 2007; Naoumkina et al. 2007; Hernández et al. 2009).

In the plant, flavonoids function as developmental regulators, antioxidants, pig-

ments, UV sunscreens, nutrient acquisitor, energy escape valve, auxin transport

regulators, defense compounds against pathogens (signal for jasmonate-induced

mobilization of vacuolar isoflavonoid glucosides for phytoalexin biosynthesis), and

signals during symbiosis (Buer and Muday 2004; Naoumkina and Dixon 2008;

Cheynier et al. 2013). However, their importance in plant biology goes beyond their

specific functions within the plant (Dixon and Pasinetti 2010). Flavone and flavo-

nolaglycones have been detected in root exudates from numerous species, where

isoflavones are particularly secreted by legume roots into the rhizosphere (Zhao and

Dixon 2010).

8.2.2 Flavonoids in the Rhizosphere

In response to elicitors, both aglycone and glycoside flavonoids are often exuded

into the rhizosphere in order to fulfill some of their ecological roles as mediators of

belowground interactions, for example, in order to attract compatible rhizosphere-

dwelling rhizobia, stimulate or inhibit rhizobial nod gene expression, inhibit root

pathogens, stimulate mycorrhizal spore germination and hyphal branching, affect

quorum sensing, and chelate soil nutrients (Broughton et al. 2003; Cooper 2004;

Martens and Mith€ofer 2005). Exudation of flavonoids is ATP dependent and

catalyzed by an ABC-type transporter as has been suggested by the study of iso-

flavonoid genistein exudation from soybean root plasma membrane vesicles (Sugi-

yama et al. 2007). This was also supported by the study of Badri et al. (2009) where

ABC transporter mutants of Arabidopsis like abcg30 had altered root exudate

profiles. Besides ABC-type transpoters, flavonoids can also be released passively

in the rhizosphere from decomposing root cap and border cells (Shaw et al. 2006).

Another important mechanism for releasing active flavonoid aglycones during
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root–microbe interactions is through apoplastic β-glucosidases, which release iso-

flavones from their conjugates in soybean roots (Suzuki et al. 2006). Recently,

Sugiyama et al. (2016) reported that the expression of gene encoding isoflavone

conjugates hydrolyzing beta-glucosidase (ICHG) coordinately peaked at vegetative

stages with the higher secretion of daidzein. However, under nitrogen-deficient

conditions, besides daidzein, genistein was also highly secreted, with no induction

of ICHG. Thus, their study suggested that two pathways for isoflavone secretion in

soybean roots are expected to have distinct physiological roles, i.e., ICHG-

mediated secretion during vegetative growth and ATP-dependent transport during

nitrogen deficiency.

Once in the rhizosphere, the fate of flavonoid persistence in the rhizosphere

(likely to be from hours to days) varies with environmental conditions, flavonoid

structure, and the presence of soil microbes, some of which can metabolize or

modify flavonoids. Flavonoids can be absorbed to the cell wall and to soil particles

with cationic binding sites, thus becoming unavailable (Shaw and Hooker 2008).

Depending on their structural modifications, the solubility and mobility of flavo-

noids in the soil varies. For example, genistein is described as “practically insoluble

in water,” whereas genistin, the glucoside, is “sparingly soluble in water” (O’Neil
et al. 1996). Thus, conjugated forms are expected to be less adsorbed to the soil

matrix, more mobile, and therefore more bioavailable than the free aglycone form.

While glycosylation improves their solubility in water, it is likely that flavonoid

glycosides are quickly deglycosylated by microorganisms and plant exoenzymes,

leaving the more hydrophobic aglycone (Sosa et al. 2010; Weston and Mathesius

2013). Once present in the aglycone form, new flavonoid structures may be

produced during biodegradation of a parent flavonoid, which can be more efficient

inducers of nod genes than the flavonoids themselves (Anders and Huber 2010;

Rose et al. 2012). Moderate bioavailablity and mobility of flavonoids (organic

carbon normalized partition coefficients, i.e., logKoc of 3.12 for formononetin

and 3.19 for naringenin), makes ecological sense, as it would be evolutionarily

favorable for a plant root to produce a chemical signal that is sufficiently bioavail-

able to allow interaction with its intended microbial target, but, at the same time,

not so mobile that it will diffuse rapidly to the outer reaches of the rhizosphere.

Thus, bioavailability, mobility and persistence of a flavonoid will determine the

degree and outcome of flavonoid–microbe interaction with important consequences

for plant nutrition (Shaw and Hooker 2008; Weston and Mathesius 2013).

8.3 Flavonoids in Rhizobium–Legume (RL) Endosymbiosis

Among the wide range of bacteria that have the ability to reduce N2 to ammonia

(NH3), the most important are soil-dwelling prokaryotic bacteria collectively called

rhizobia, where each legume species has its own cognate Rhizobium partner

(s) (Gibson et al. 2008; Soyano and Kawaguchi 2014). Legume genomes are at

least 50 times larger than those of their microsymbionts; nevertheless, their
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respective contributions are probably not vastly different (Irving et al. 2000). Thus,

RL symbioses are cross-kingdom collaboration between two vastly different

genomes (Yang et al. 2010). The endosymbiosis generally commences within a

specific “susceptible” root zone close to the root tip, where initial bacteria–host

recognition takes place (Laloum et al. 2014). The bacteria invade the roots of

compatible legume plants leading to the development of specialized root structures

called nodules, providing a unique ecological niche in which bacteria differentiate

into bacteroids and fix N2. Although the interaction is beneficial to both partners, it

comes with rigid rules that are strictly enforced by both the partners (Oldroyd et al.

2011). Here, we review the various signaling pathways by which the plant allows

bacterial infection and promotes the construction of the nodule as well as how

intricate transaction of metabolites (especially flavonoids) directs the bacteria into a

nitrogen-fixing organelle-like state.

8.3.1 Signaling in Rhizobium–Legume Symbiosis

The succession to the symbiotic affirmation by two originally autonomous, free-

living partners is governed by reciprocal generation and perception of signals,

which has been described as “molecular dialogue” (De’narie et al. 1993). At least
three different sets of symbiotic signals are exchanged between legumes and

rhizobia during nodule development: flavonoids, Nod factors, EPS, and extra-

cellular proteins (NOPs ¼ nodulation outer proteins) (Broughton et al. 2003).

8.3.1.1 Signals from the Host Plants

A diverse array of compounds is exuded into the rhizospere, including sugars,

aliphatic as well as aromatic acids, amino acids, amines, and many other low-

molecular-weight compounds such as flavonoids, isoflavonoids, steroids, alkaloids,

vitamins, and growth regulators (Skorupska et al. 2010; Lareen et al. 2016). The

“rhizosphere effect,” first described by Hiltner (1904), assumes that many micro-

organisms are attracted to sugars, acids, and amino acids exuded by plant roots,

which serve as C and energy sources for microorganisms. However, in addition to

providing a C-rich environment, plant roots initiate cross talk with soil microbes by

producing signals that are recognized by the microbes, which in turn produce

signals that initiate colonization (Bais et al. 2004). Among the myriad of

rhizodepositions, normally and continuously exuded by plants into the rhizosphere

are phenolic compounds especially flavonoids that mediate signal traffic between

roots and beneficial rhizosphere-dwelling rhizobia (Gibson et al. 2008; Skorupska

et al. 2010; McNear 2013; Mandal et al. 2016). Although small quantities are

excreted continuously, flavonoid concentrations in the rhizosphere increase in

response to compatible rhizobia. Niches in the legume rhizosphere are tailored to

rhizobial inoculation, as exudation of flavonoids is mostly restricted to the
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elongating root hair zone from which most nodules later develop (Zuanazzi et al.

1998). The role of flavonoids as bacterial chemoattractant and transcriptional

activator of bacterial nod genes points out their central position in modifying

rhizobial phenotypes possibly in relation to plant–root association and then sym-

biotic interaction (Brencic and Winans 2005; Spini et al. 2016). Once exuded,

flavonoids, especially aglycone forms, are recognized to diffuse into the rhizobial

membrane (Kobayashi et al. 2004; Wang et al. 2012), possibly through porins

(Taylor and Grotewold 2005). Further, it activates rhizobia nod (nodulation) D

gene expression (Ferguson et al. 2010), and this successful liaison between flavo-

noids and NodD proteins signals the beginning of association (Broughton et al.

2000). The first flavonoid to be discovered to act as nod gene inducers was luteolin,
isolated from Medicago sativa and 7,40 dihydroxyflavone (DHF) from Trifolium
repens (white clover) (Redmond et al. 1986). Since then, about 30 nod gene-

inducing flavonoids (especially flavanones and isoflavonoids) have been isolated

from nine legume genera (Limpens and Bisseling 2008; Gholami et al. 2014). Most

of these flavonoids are active as nod gene inducers at nanomolar to low micromolar

concentrations (Begum et al. 2001a; Gholami et al. 2014) and stimulate bacterial

nod gene expression within minutes. The specific exudation of flavonoid (mixtures)

from legume hosts together with the specific perception of flavonoids by NodD

proteins of different rhizobia is partially responsible for the host specificity of the

symbiosis (Gibson et al. 2008; Skorupska et al. 2010; Rose et al. 2012). Hence,

point mutations in nodD affect recognition of inducing flavonoids and cause

extension of host range (Broughton et al. 2000). Generally, the NodDs of broad

host range rhizobia, e.g., NGR234, respond to a wider range of flavonoid species

(including phenolics that are inhibitors in other rhizobia, e.g., vanillin, iso-vanillin,
as well as several estrogenic compounds) than those present in restricted host range

rhizobia (Peck et al. 2006; Wang et al. 2012). nodD products of various Rhizobium
species respond in different ways to flavonoids, and NodD homologues from the

same strain may have various flavonoid preferences. In R. meliloti, NodD1 was

activated when cells were supplied with a complex plant seed extract or the

flavonoid luteolin. NodD2 only derepressed transcription when supplied with the

complex extract, not with purified luteolin, while NodD3 apparently modulates the

expression of nod genes even in the absence of any plant factor (Smit et al. 1992).

Recently, Peck et al. (2013) presented a structural model of wild-type NodD1

identifying residues important for inducer binding, protein multimerization, and

interaction with RNA polymerase at nod gene promoters. Species-specific flavo-

noids interact with a class of transcriptional activators of the LysR family which

have an N-terminal ligand-binding domain that regulates the activity of the asso-

ciated C-terminal DNA-binding domain, and NodD ligand-binding domain is

thought to function as a flavonoid receptor. The perception of flavonoids by

rhizobia is linked to elevation in concentrations of intracellular calcium in rhizobia

that subsequently induces NodD proteins for Nod factor expression (Moscatiello

et al. 2010; Hassan and Mathesius 2012).

Of the large number of available flavonones, flavones, isoflavones, and other

related compounds, capability of flavonoid to act as nod gene inducers varies with
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the variation in host varieties, bacterial strains, and/or signal compounds (Begum

et al. 2001a, b). Within the variety of flavonoids, isoflavonoids, and other com-

pounds secreted by Lupinus albus roots into the rhizosphere, major proportion is

composed of aldonic acids which act as natural nod gene inducers of Rhizobium
lupini, Mesorhizobium loti, and Sinorhizobium meliloti (Gagnon and Ibrahim

1998). Luteolin, genistein, naringenin, hesperetin, and apigenin are the principal

flavonoids involved in nod gene expression in S. meliloti, Bradyrhizobium
japonicum, Rhizobium, and R. tibeticum, respectively (Kapulnik et al. 1987; Gra-

ham 1991; Begum et al. 2001b; Belkheir et al. 2001; Novák et al. 2002; Tsvetkova

et al. 2006; Brechenmacher et al. 2010; Abd-Alla et al. 2014). Genistein,

coumestrol, and daidzein have been reported as important inducers of rhizobial

nodulation genes in the early stages of symbiosis between soybean and

B. japonicum (Antunes and Goss 2005; Miransari and Smith 2009; Tian et al.

2014; Sugiyama et al. 2016). Begum et al. (2001a) suggested that the attachment

of the B-ring to C-2 of flavonoids, as found in flavones and flavanones, is of crucial

importance for induction. In this regard, Zhang et al. (2007) provided genetic

evidence that RNA interference-mediated suppression of MtFNSII genes in

Medicago truncatula resulted in flavone-depleted roots and led to significantly

reduced nodulation when inoculated with S. meliloti. In addition, hydroxylation at

the C-4 and the C-7 positions of flavones is important for this activity (Brencic and

Winans 2005; Subramanian et al. 2007).

Interestingly, some flavonoids also show nod gene repressing activity for certain
rhizobia. Isoflavonoids, medicarpin and coumestrol, have been reported to nega-

tively control Nod factor production in S. meliloti (Zuanazzi et al. 1998). Jain and

Nainawatee (1999) studied that except quercetin, alfalfa exudates decreased growth

and protein content of R. meliloti cells. Naringenin induces the expression of nod
genes in R. leguminosarum–Pisum sativum; however, quercetin is an inhibitor of

nodulation (Novák et al. 2002). Inducers in one species or strain of Rhizobium are

frequently anti-inducers in another species; thus, one type of flavonoid can have

opposing effects on different bacteria; for example, the isoflavone diadzein induces

nod gene expression in B. japonicum (nodulating soybean), whereas it inhibits that

of those from R. leguminosarum (nodulating clover or peas) and thus contributes to

host specificity (Andersen and Markham 2006). It has been suggested that a mixture

of flavonoids is more effective in inducing nod genes as opposed to a single

compound (Mandal et al. 2010). Both functions (induction or anti-induction) can

co-occur in the exudates of the same plant, where different flavonoids in root

exudates can act synergistically as nod gene inducers, but also in an antagonistic

manner as anti-inducers (Cooper 2007; Makarova et al. 2015). Luteolin and 7,40-

dihydroxyflavone are inducers, whereas genistein inhibits expression of S. meliloti
nod genes (Kosslak et al. 1987; Hartwig et al. 1990; Peck et al. 2006). Thus, the

ratio of inducers to anti-inducers in root exudates may be involved in determination

of host recognition, maintaining an optimal level of Nod factor production and

preventing elicitation of defense responses by the plant (Zuanazzi et al. 1998; Cesco

et al. 2010). Li et al. (2016) provided a previously unidentified mechanism by which

flavonoids in exudates of one crop root can promote N2 fixation in another crop in a
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two-crop intercropping system. In their study, maize root exudates contained

significant flavonoids and promoted flavonoid synthesis in faba bean, thus trigger-

ing N2 fixation.

8.3.1.2 Signals from the Microsymbiont

Second set of signals is synthesized when cytoplasmic membrane-bound NodD–

flavonoid complexes activate transcription from conserved 49-bp DNA motifs, i.e.,

“nod-box” promoters found in the promoter regions of many nodulation loci

(Gibson et al. 2008). Thus, NodD proteins act as both sensors of the plant signal

and transcriptional activators of nod loci on symbiotic plasmids (Redmond et al.

1986; Downie 2010). The concerted transcriptional activation of common and host-

specific nod genes leads to the synthesis of Nod factor (NF) which is a key to

legume doors (Mulder et al. 2005; Cooper 2007; Remigi et al. 2016). NFs belong to

lipo-chito-oligosaccharides (LCOs) family, having an oligosaccharide backbone of

four or five β-1-4-linked N-acetyl-D-glucosamine units with a terminal nonreducing

sugar N-acylated by a 16–18 carbon fatty acid (Fauvart and Michiels 2008; Hamel

and Beaudoin 2010). Assembly of the chitin backbone is performed by an N-
acetylglucosaminyltransferase encoded by nodC, and the deacetylase NodB

removes the N-acetyl moiety from the nonreducing terminus of the N-acetyl-
glucosamine oligosaccharides. NodG has the enzymatic activity of a 3-oxoacyl-

acyl carrier protein reductase and is involved in fatty acid elongation (López-Lara

and Geiger 2001). Finally, an acyltransferase coded by nodA links the acyl chain to

the acetyl-free carbon C-2 of the nonreducing end of the oligosaccharide (Brencic

and Winans 2005). In addition to the common nod-DABC genes that are essential

for symbiosis, the rhizobia harbor different combinations of other nod, nol, and noe
genes which may have been recruited from paralogues in the course of the evolu-

tion, allowing the diversification of NF structures and host ranges (Taurian et al.

2008; Vieira et al. 2010). For instance, nodV and nodW of B. japonicum are

essential for the nodulation of Macroptilium atropurpureum, Vigna radiata, and
V. unguiculata but contribute only marginally to the symbiosis with G. max. nodH
encodes a sulfotransferase that transfers a sulfate group to the reducing end of NFs

of R. meliloti and elicits Ca2+ spiking (Wais et al. 2002). A nodFmutant produces a

NF with a modified N-acylation on the terminal nonreducing N-acetyl glucosamine

residue (Demont et al. 1993). NF produced by nodL mutants lacks a C6-O-acety-
lation on the terminal nonreducing glucosamine (Ardourel et al. 1995). nodFL
double mutants trigger Ca2+ spiking and root hair deformation but are unable to

infect their hosts (Wais et al. 2002; Haney et al. 2011). Thus, a major determinant of

host-symbiont specificity is attributed to the different NF substituents (sulphuryl,

methyl, carbamoyl, acetyl, fucosyl, arabinosyl, and other groups) attached to the

oligosaccharide backbone as well as differences in the structure of the acyl chain

(Downie 2010; Ferguson et al. 2010; Kouchi et al. 2010). Nod factors can trigger

plant responses like root hair deformation and calcium oscillations (called calcium

spiking) at astonishingly low concentrations, i.e., as little as 10�13 M Nod factor
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(Rose et al. 2012). As Nod factors also stimulate the synthesis and release of

flavonoids from legume roots, the response to inoculation is amplified (Broughton

et al. 2003).

8.3.2 Nod Factor (NF) Signaling Pathway in the Root
Epidermis

Symbiosis initiates if the above-stated chemical cross talk between the interacting

partners successfully culminates in the production of NFs (Bek et al. 2010). The

mechanism, by which plants regulate the intracellular uptake of symbiotic bacteria,

depends on physiological and molecular reprogramming that is associated with the

perception of NF and resultant downstream signaling (Xie et al. 2012; Liang et al.

2013). Rhizobia have two main ways of entering the plant root: via the root hair or

through cracks in root epidermal tissue (Oldroyd and Downie 2008; Ribeiro et al.

2015); however, rhizobial entry along the infection threads in root hairs is largely

common (Mathesius 2009; Downie 2010). Two receptor-like kinases (RLK) of

chitin-binding LysM RLK family, located on epidermal cells, are involved in nod

factor binding: LjNFR1 and LjNFR5 in L. japonicus, PsSYM2A and PsSYM10 in

P. sativum, MtLYK3/MtLYK4 and MtNFP inM. truncatula, and GmNFR1α/β and

GmNFR5α/β in soybean (Ferguson et al. 2010; Indrasumunar et al. 2010;

Broghammer et al. 2012; Wang et al. 2012). These receptors consist of an intracel-

lular kinase domain, a transmembrane domain, and an extracellular portion having

LysM domains (Gough 2003; Mathesius 2009). Interestingly, LjNFR1/PsSYM2A/

MtLYK3/MtLYK4/GmNFR1α/β has a typical serine/threonine kinase domain,

while LjNFR5/PsSYM10/MtNFP/GmNFR5α/β lacks the activation loop

(Indrasumunar et al. 2010). The absence of an activation loop in one of the kinase

domains suggests that the two LysM RLKs may assemble into a heterodimeric

receptor, with the active kinase (NFR kinase) domain triggering downstream signal

transduction through phosphorylation (Markmann et al. 2008; Radutoiu et al. 2008;

Hamel and Beaudoin 2010; Indrasumunar et al. 2015).

Rhizobial infection has many similarities with pathogenic infection and induc-

tion of defense responses accompanies both interactions, but defense responses are

induced to a lesser extent during rhizobial infection. Recently, it was evidenced by

Ivanova et al. (2015) that a range of plant defense responses like suberization,

callose and unesterified pectin deposition, as well as activation of defense genes can

be triggered by different single mutations in symbiotic genes (sym33, sym40,
sym42) that cause perception of an otherwise beneficial strain of Rhizobium as a

pathogen. Besides symbiosis, LysM-RLKs have a role in immune signaling, indi-

cating that NF signaling and pathogen chitin-based immune signaling are

intertwined. However, Nod factor signal, unlike microbe-associated molecular

pattern (MAMP) derived from microbes, suppresses an innate immune response

in the host (Tóth and Stacey 2015). Two putative models have been put forward to
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explain this evolutionarily conserved dual function: (a) perception of LCOs factors

modulates the balance between different LysM-RK receptor complexes, favoring a

symbiotic complex at the expense of complexes required for immune responses, or

(b) tight regulation of the receptor complexes at the posttranslational level, involv-

ing rapid endocytotic turnover, subsequently prevents activation of defense

responses (Limpens et al. 2015). NF perception leads to root hair deformation

and to changes in the root hair cytoskeleton (within 3–5 min) that are required for

root hair curling (the so-called Shepherd’s crooks within 1–3 h) and invasion

(Weerasinghe et al. 2005; Yokota et al. 2009). Mutations in genes coding for the

NF LRR RLK (Leucine-rich repeat receptor-like kinases), the putative ion chan-

nels, or the nucleoporins abolish Ca2+ spiking and continued nodule development

events; however, they maintain the Ca2+ fluxes and root hair deformation events

(Kanamori et al. 2006; Miwa et al. 2006; Saito et al. 2007; Capoen et al. 2011;

Morieri et al. 2013). In contrast, mutations in genes encoding for a calcium and

calmodulin-dependent kinase called CCaMK or DMI3 do not affect Ca2+ fluxes and

Ca2+ spiking events but block continued nodule development (Lévy et al. 2004;

Miwa et al. 2006). This suggests that the NF LRR RLK, the ion channels, and the

nucleoporins act downstream of NF perception, but upstream of Ca2+ spiking,

whereas the CCaMK acts downstream of Ca2+ spiking (Limpens and Bisseling

2008). Within the nucleus, this sustained calcium spiking is decoded by CCaMK,

which phosphorylates a transcriptional regulator CYCLOPS/IPD3 (Yano et al.

2008; Kouchi et al. 2010; Singh et al. 2014). CYCLOPS, together with other TFs

belonging to the GRAS (NSP1 and NSP2) (Smit et al. 2005; Oldroyd and Downie

2008), ERF (ERN1) (Cerri et al. 2012; Rose et al. 2012), and the nodule inception

(NIN) activator (Marsh et al. 2007) families, modulates early symbiotic gene

expression (like ENOD2, ENOD40, ENOD11) for infection thread (IT) formation

and polar tip growth (Yano et al. 2008; Madsen et al. 2010). Downstream of DMI3

and NIN, members of Nuclear Factor Y family, i.e., NF-YA1 and NF-YA2

(a CCAAT-box-binding heterotrimeric TF complex), act as early symbiotic regu-

lators of ENOD11 (Cerri et al. 2012; Laloum et al. 2014). The secondary induction

of Nod signals by flavonoids inside the roots is thought to be responsible for an

additional level of host specificity. Thus, flavonoids play a multitude of roles during

the process of nodulation (Subramanian et al. 2007).

8.3.3 Formation of Nodules: The Conjugal Lodging

NF perception in the epidermis activates a series of events, including polarized root

hair tip growth, invagination associated with bacterial infection, and the promotion

of cell division in the cortex leading to the nodule meristem (Oldroyd et al. 2011;

Gourion et al. 2015; Laplaze et al. 2015). Cytoskeletal rearrangements have been

reported in pericycle cells of M. truncatula within just 16 h of rhizobia inoculation

(Timmers et al. 1999), and ENOD40 expression is reported in cortical cells within

just 24 h of rhizobia inoculation (Mulder et al. 2005; Murray 2011). Thus,
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coordination between epidermal and nodule organogenesis seems to be crucial for

successful nitrogen-fixing nodule formation (Oldroyd and Downie 2008). Although

initial bacterial infection events do not require nodule primordia formation, it is

subsequently required to direct infection thread growth (Oldroyd et al. 2011; Rose

et al. 2012). To achieve such rapid mitotic activity in the underlying cortical cells

after exposing the outer root to rhizobia/NF, role of auxin and cytokinin is imper-

ative (Ryu et al. 2012).

8.3.3.1 Rhizobial Invasion

The host plant permits rhizobium to enter root tissues through plasma membrane-

derived conduits called infection threads (ITs) (Jones et al. 2007; Fournier et al.

2008). The new growth can result in the root hair curling/bending, which results in

NF-producing bacteria becoming entrapped between appressed cell walls, forming

so-called infection pocket (Murray 2011; Wang et al. 2012). The rhizobia entrapped

in these infection pockets continue to divide, forming colonies that are referred to as

infection foci from which root hair ITs start to develop (Oldroyd et al. 2011). This

results in elevated Nod factor concentrations, which are thought to be required to

reach a Nod factor threshold concentration (Oldroyd and Downie 2008). The

invaginating plant cell wall, along with the extended plasma membrane, grows as

a hollow tube within the root hair cell and the bacteria multiply within the polar

centripetally growing infection threads, where new cell wall and membrane mate-

rial are being synthesized at their tip (Xie et al. 2012; Haag et al. 2013).

A third set of signals are represented by other rhizobial products necessary for

continued infection thread development and/or preventing defense mechanisms

(López-Baena et al. 2016). Among them are extracellular lipopolysaccharides

(LPS), extracellular polysaccharides (EPS) and related compounds, as well as

proteins exported by the type III secretion system (T3SS) (Limpens and Bisseling

2008; Haag et al. 2013). EPS facilitate attachment of bacterial cells to both biotic

and abiotic surfaces and biofilm formation due to hydrophobic interactions and

heterogeneity of the envelope surface (Janczarek et al. 2015), affect different stages

of the organogenesis of nodules (Kelly et al. 2012), and along with LPS also

facilitate suppression of defense response (Dalla Via et al. 2016). Further, bacterial

effector proteins delivered from rhizobia into the plant cytosol through a T3SS or

T4SS can act to either negatively or positively modulate nodulation, i.e., alter the

symbiotic state toward pathogenesis or vice versa (Nelson and Sadowsky 2015;

Tóth and Stacey 2015). The suppression of the MAMP-triggered immunity through

a T3SS constituted the first evolutionary step toward symbiosis (Gourion et al.

2015; Yamazaki and Hayashi 2015; Okazaki et al. 2016). Interestingly, rhizobial

NF, T3SS, and T4SS depend on a common regulator activated by legume-secreted

flavonoids (Janczarek and Skorupska 2011; Gourion et al. 2015; Smith et al. 2015).

Role of flavonoids in protein secretion in ITs suggests that the same keys can unlock

different doors (Broughton et al. 2003). Growth in the ITs is critical stage for

selection of competitive rhizobia, and this stage provides checkpoint for the plant
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because bacteria mutated in cell wall components such as LPS, EPS, as well as

BacA either fail to be released from ITs or fail to form mature symbiosomes

(Gibson et al. 2008; Janczarek et al. 2015).

Concomitantly, certain cortical cells divide to form nodule primordia, and it is

toward these primordia that the infection thread grows. After initiating the sym-

biotic dialog, flavonoids function as positional signals for cell division and/or

growth in nodulating roots. This function was inferred because both the induction

of a chalcone synthase-GusA (CHS–GusA) fusion and the accumulation of flavo-

noids occurred at the site where either purified Nod factor or nodulating rhizobia

strains (but not of non-nodulating strains) were applied (Mathesius et al. 1998).

Genes encoding phenyl propanoid biosynthesis enzymes including Chalcone-O-
Methyltransferase (required for the production of the potent nod gene inducer

4,4-dihydroxy-2-methoxychalcone) not only express in rhizobially infected root

hairs but also in nodule infection zone (not in the nitrogen fixation zone) (Chen

et al. 2015). Some intriguing effects of plant phenolics are the ones associated with

long-distance polar auxin transport (PAT) streams (Taylor and Grotewold 2005;

Peer et al. 2011). Evidence that flavonoids regulate auxin accumulation in vivo was

obtained using the flavonoid-deficient mutant, tt4, where accumulation of [14C]

indole-3-acetic acid in whole seedling was defective as a considerable amount of

auxin escaped from the roots. Treatment of the tt4 mutant with the missing

intermediate naringenin restored normal auxin distribution and accumulation by

the root (Murphy et al. 2000). Silencing of lignin biosynthetic gene in Arabidopsis
thaliana led to redirection of metabolic flux into flavonoid synthesis through

chalcone synthase activity. The level of plant growth reduction of HCT-deficient

plants was correlated with the inhibition of auxin transport, while suppression of

flavonoid accumulation by chalcone synthase repression in HCT-deficient plants

restored normal auxin transport and wild-type plant growth. Thus, reduced size

phenotype of HCT-silenced plants is not due to the alteration of lignin synthesis but

to flavonoid accumulation (Besseau et al. 2007). The molecular interplay of flavo-

noids and Nod factors is likely to occur at several stages during nodule ontogeny

(Taylor and Grotewold 2005). Nod factors bring about an immediate and transient

inhibition of PAT in a highly localized fashion, possibly through the action of

specific flavonoids, resulting in a change in auxin concentrations and subsequent

stimulation of cell divisions at the site of nodule initiation (de Billy et al. 2001;

Laplaze et al. 2015). Wasson et al. (2006) identified that accumulation of auxin and

nodule formation was restored in the naringenin and liquiritigenin-supplemented

chalcone synthase (CHS)-silenced root cultures, thereby indicating that the

ability of nodule-forming rhizobia to inhibit auxin transport was flavonoid

dependent. Zhang et al. (2009) silenced different flavonoid biosynthesis enzymes

to generate transgenic M. truncatula roots with different flavonoid profiles. Silenc-

ing of chalcone synthase led to flavonoid-deficient roots, while silencing

of isoflavone synthase and flavone synthase led to roots deficient for a subset

of flavonoids, isoflavonoids (formononetin and biochanin A), and flavones

(7,4-dihydroxyflavone), respectively. When tested for nodulation by S. meliloti,
flavonoid-deficient roots had a near complete loss of nodulation, whereas flavone-
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deficient roots had reduced nodulation. Isoflavone-deficient roots nodulated nor-

mally, suggesting that isoflavones might not play a critical role in M. truncatula
nodulation, even though they are the most abundant root flavonoids. Supplementa-

tion of flavone-deficient roots with 7,4-dihydroxyflavone, a major inducer of

S. meliloti nod genes, completely restored nodulation. However, the same treatment

did not restore nodulation in flavonoid-deficient roots, suggesting that other

non-nod gene-inducing flavonoid compounds are also critical to nodulation. Sup-

plementation of roots with the flavonol kaempferol (an inhibitor of auxin transport),

in combination with the use of flavone-pretreated S. meliloti cells, completely

restored nodulation in flavonoid-deficient roots. These observations indicated that

flavones might act as internal inducers of rhizobial nod genes and that flavonols

might act as auxin transport regulators during nodulation. However, all flavonoids

have not been shown to exhibit auxin transport inhibition. The flavonol subclass in

particular, such as kaempferol and quercetin, shows the strongest inhibitory activity

(Ng et al. 2015).

Several possible mechanisms by which flavonoids modulate auxin transport

have been reported. Acropetal auxin transport in the root, as well as basipetal

auxin transport in the inflorescence, hypocotyl, and root, is all elevated in the

absence of flavonoids. Flavonoids, such as quercetin, apigenin, and kaempferol,

do not directly compete with IAA but are implicated as inhibitors of IAA transport

across the plasma membrane by binding to a plasma membrane protein known as

NPA receptor (Cooke et al. 2002). Rhizobia-induced flavonoids could bind to the

auxin transporters AtMDR (Multidrug resistance), AtAPM (Aminopeptidase M1),

and AtPINs (Pin-formed) (Peer et al. 2004) and prevent their intracellular traffick-

ing, i.e., negatively regulate PAT in vivo (Buer and Muday 2004; Taylor and

Grotewold 2005). Another possible mechanism is that flavonoids alter either the

amount of synthesis or localization of auxin transport proteins, perhaps by phos-

phorylation of transcription factors that control the synthesis of these auxin carriers

(Buer and Muday 2004). In addition to the participation of flavonoids in the polar

transport of auxins, flavonoids are involved in the inhibition of auxin breakdown by

peroxidases. Monohydroxy B-ring flavonoids are suggested as cofactors of perox-

idase functioning as an IAA oxidase (destroys the hormone), whereas dihydroxy

B-ring forms act as inhibitors of IAA-degrading activity (Mathesius 2001). Simi-

larly, Agati and Tattini (2010) postulated that the high light-induced biosynthesis of

flavonoids may have a role in regulating whole-plant and individual organ archi-

tecture. Pollastri and Tattini (2011) confirmed this as high sunlight-induced syn-

thesis of quercetin derivatives fine-tuned auxin gradients as well as local auxin

concentrations which represent the actual determinants for different morphological

responses.

As IT reaches the base of the root hair cell, the nucleus in the adjacent cortical

cells starts to reposition itself and a centrally located cytoplasmic bridge forms to

establish pre-IT in this cell (Timmers et al. 1999). This process is repeated at each

cell junction, thereby extending transcellularly, through a tip growth-like mecha-

nism, from the epidermis or subepidermal cortex toward a subtending region of

dividing cortical cells that have initiated the formation of a nodule primordium
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(NP) (Fournier et al. 2008; Haag et al. 2013). NSP1/2 and NIN not only act

downstream of CCaMK in the epidermis, but they also act downstream of

CCaMK and the cytokinin receptor in the cortex (Marsh et al. 2007; Suzaki and

Kawaguchi 2014; van Zeijl et al. 2015). ENOD11 and ENOD12 encode

hydroxyproline-rich glycoproteins (HyPRPs), with relatively few tyrosine residues,

which enhance cell wall plasticity or in components of the infection thread matrix.

Hence, very rapidly and even before contact, legume root cells are paving the way

for the accommodation of their symbiotic partner by remodeling the cell wall

barrier (Rose et al. 2012; comprehensively reviewed by Rich et al. 2014). Cytokinin

receptor LjLHK1/MtCRE1 is essential for Nod factor-induced gene expression and

subsequent nodule primordium formation. Miri et al. (2016) postulated that cyto-

kinin participates in orchestrating signaling events that promote rhizobial coloni-

zation of the root cortex and limit the extent of subsequent infection at the root

epidermis by systemic autoregulation of nodulation (AON), thus maintaining

homeostasis of the symbiotic interaction. Recent studies have revealed that exog-

enously applied cytokinin can bypass Rhizobium Nod factor signaling and the

symbiotic phenotype of the Mtcre1 mutant can be complemented, at least in part,

by the exogenous application of flavonoids, suggesting that flavonoids mimic

cytokinin functioning or even act as small secondary molecules downstream of

cytokinin (Ng et al. 2015).

8.3.3.2 Nodule Organogenesis into Symbiosome: The Unifying Feature

of Endosymbioses

Eventually rhizobia are released from the growing tip of ITs into an infection

droplet in the cytoplasm [a subset of nascent nodule primodia (NP) cells], where

they undergo differentiation to bacteroids in confined facultative organelle-like

compartments called symbiosomes (SMs) (Kereszt et al. 2011). The rapid growth

of bacteria at the tip tends to select out a single bacterial strain even if more than one

strain becomes entrapped initially. This selection even works with two near-

identical rhizobial strains in the infection (Gage 2002) and can select against

potential “cheaters,” which will attempt to coinfect the nodule niche without

conferring any benefit to the plant (Downie 2010). Through a process resembling

endocytosis, the bacteria are surrounded by a plant-derived membrane, called the

peribacteroid membrane, which forms SMs (McNear 2013). To accommodate a

high number of endosymbionts, extreme plant cell enlargement is the consequence

of repeated endoreduplication (ER) of the genome without mitosis (Kondorosi and

Kondorosi 2004; Ribeiro et al. 2015). The bacteroids multiply in the growing host

nodule cells to a certain cell density, adapt to the endosymbiotic lifestyle and

microaerobic conditions, and mature to nitrogen-fixing bacteroids which convert

atmospheric nitrogen gas into ammonia, using the nitrogenase enzyme complex

(Ferguson et al. 2010). The couple jointly needs to modify their house especially to

insulate the microsymbiont from the plant cytoplasm and to lower oxygen tensions

for nitrogen fixation. One essential modification to the corridor is seen as the
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peribacteroid or symbiosome membrane in infected cortical cells (Broughton et al.

2000). Thus, rhizobia remain outside the plant cytoplasm and are engulfed in a

symbiosome membrane, which functions to regulate nutrient exchange between the

partners (Mathesius 2009). In nodulating plants, flavonoids have been observed to

delimit the border between symbiotic sites and non-symbiotic plant tissue. Another

notable feature in these barrier regions is the accumulation of histidine-rich glyco-

proteins, such as ENOD2, which are capable of cross-linking with flavonoids

(Stafford 1997). The existence of this barrier in legumes has been postulated to

act as an O2
� diffusion barrier that helps to prevent inactivation of nitrogenase in

bacteroids (Cohen et al. 2001).

Two major morphological types of nodules are determined by the host legumes:

determinate and indeterminate. Differences between the two nodule types are the

site of first internal cell divisions, maintenance of a meristematic region, and the

form of the mature nodules (Oldroyd et al. 2011; Hichri et al. 2016). Different roles

of flavonoids in regulating auxin homeostasis for development of determinate and

indeterminate nodules have been reported (Wasson et al. 2006; Subramanian et al.

2007; Zhang et al. 2009). Silencing the flavonoid pathway in M. Truncatula
(forming indeterminate nodules) prevented localized auxin transport inhibition,

and thus, flavonoid-deficient roots were unable to initiate nodules, even though

normal root hair curling was observed (Wasson et al. 2006). However,

Subramanian et al. (2005) silenced isoflavone synthase, the entry point enzyme

for isoflavone biosynthesis in soybean (forming determinate nodules).

Isoflavonoid-depleted roots of the determinate nodule forming legume soybean

were also deficient in both auxin transport inhibition and nodulation. However,

nodulation in isoflavone-deficient soybean roots could be restored by using

isoflavone-hypersensitive rhizobia cells, suggesting that induction of Nod signal

biosynthesis by isoflavones is crucial, whereas auxin transport inhibition by

isoflavones is not. Consistently, during indeterminate nodule formation,

flavonoid-regulated auxin transport inhibition occurs at the site of rhizobial infec-

tion, whereas during determinate nodule formation there is no significant auxin

transport inhibition (Subramanian et al. 2007).

8.3.4 Role of Flavonoids in Autoregulation of Nodulation

At times of sufficient nitrogen supply to the legumes, rhizobial symbiosis can be

limited by both local and systemic feedback regulatory mechanisms (Mathesius

2009). Since nodulation and the subsequent nitrogen fixation are energy-intensive

processes, host plant maintains a balance between cost and benefit by tightly

controlling the number of nodules it forms, via a complex root-to-shoot-to-root

signaling loop called AON (Herder and Parniske 2009; Magori and Kawaguchi

2009). There are various root [e.g., CLAVATA3/ESR-related (CLE) peptide] and

shoot (e.g., SDI) derived inhibitors identified in autoregulation of nodulation (Reid

et al. 2011). Rossen et al. (1987) recognized four classes of mutations in the nodD

148 P. Singla and N. Garg



gene of Rhizobium leguminosarum biovar viciae that can affect its ability to

autoregulate and/or activate other nod genes in the presence of flavonoid inducers.

Class I mutations led to defects in both autoregulation and activation of other nod
genes in the presence of inducers, class II mutations left activation of the transcrip-

tion of nodABC and nodEF unaffected but virtually abolished autoregulation, and

class III mutations affected the induction of other nod genes but not autoregulation.
More adversely, class IV mutations showed the activation of other nod genes even

in the absence of inducer molecules. Some of the anti-inducers also acted as

inducers in the strains with class IV nodD mutations, thereby pointing toward the

direct interaction of nodD proteins with the flavonoids. All the mutations led to

decrease in nodule number; however, class IV mutations even failed to fix N2 (even

when a wild-type copy of nodD was present in the strain). This suggests that

continued transcription of nodABCIJ and/or nodEF by bacteria in the nodule

interferes with their ability to develop in N2-fixing bacteroids (Rossen et al.

1987). Catford et al. (2006) identified that levels of formononetin and its 7-O-
glucoside ononin systemically suppressed in response to S. meliloti and NFs,

suggesting that these isoflavonoids are probably involved in the systemic suppres-

sion of nodulation as their application to autoregulated roots again promoted

nodulation (Fig. 8.2).

Fig. 8.2 Role of flavonoids in Rhizobium–legume symbiosis. Abbreviations: Fl flavonoids;

I infection zone; M meristem zone; NF nitrogen-fixing zone; S senescence zone, SM symbiosome

membrane; SS symbiosome space
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8.4 Flavonoids in Arbuscular Mycorrhizal Symbiosis

Phosphorus (P) is the second most important macronutrient, next to nitrogen;

however, P is the least accessible and hence most frequently deficient macronutrient

limiting growth of crop plants (Balemi and Negisho 2012). Further, excess P supply

in the soil, as chemical fertilizers, is another major environmental concern as it

increases the risk of P movement to surface and groundwaters (Grant et al. 2005).

To this end, arbuscular mycorrhiza (AM) fungi could be of great benefit in

enhancing soil P utilization efficiency of the crop and improve nutritional status

of the crop (Aggarwal et al. 2011). Unlike rhizobial symbiosis, mycorrhizae are the

rule in nature, not the exception. In this mutualistic relationship, mycorrhizal

hyphae (up to 100 times longer than root hairs) act as an extension of the root

system, extending to soil beyond the P depletion zone (Mohammadi et al. 2011;

Balemi and Negisho 2012). Thus, mycorrhization aids roots by providing a more

widespread nutrient foraging system to plants, and this foraging provides fungus, an

avenue to find new hosts (Denison and Kiers 2011; Bücking et al. 2012). A better

understanding of this microbial interaction is therefore a potential key to determine

the profitability and sustainability of agricultural systems (Mohammadi et al. 2011).

Thus, here we review the mechanisms by which the plant signals (especially

flavonoids) allow fungal infection and promote mutualistic symbiosis.

8.4.1 Unfolding Role of Flavonoids in Signaling Imputed
to Arbuscular Mycorrhiza (AM) Development

Round-shaped thick cell-walled multinucleate fungal spores germinate to form

haploid coenocytic hyphae (Hijri and Sanders 2005), when environmental soil

conditions such as matric potential, temperature, and CO2 levels are favorable

(Mandal et al. 2010). This phase of growth in the absence of signal from the plant

is known as asymbiotic stage (Requena et al. 2007). During this time the fungal

colonies, living mainly on its triacylglyceride reserves, lengthen a few centimeters

showing a characteristic growth pattern with marked apical dominance and spo-

radic hyphal branching. AM spores are surprisingly dynamic, and in the absence of

a host root, growth ceases where hyphal septation from the apex arrests develop-

ment and retracts protoplasm back into the spore within 8–20 days, becoming

dormant again before consumption of the spore reserves (Bonfante and Genre

2010; Giovannetti et al. 2010). Therefore, even though spores are competent to

germinate without the presence of a host, but a switch from the aymbiotic stage of

development to an active presymbiotic growth phase triggers only in response to

initial recognition by multifaceted fine-tuned reciprocal signaling events (Gachomo

et al. 2009). Prior to colonization, significant developmental step in the life cycle of

mycorrhizal fungi is host signal interceded increase in hyphal branching and
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metabolic activity, which ensures directional growth of hyhal branches toward host

root (Pinior et al. 1999).

Germ tubes, with limited growth potential, respond to the presence of

“branching factor” in host root exudates in their vicinity, where fungal morphology

shifts toward enhanced hyphal growth and extensive hyphal branching (Buee et al.

2000). The branch-inducing factor is present in root exudates of all the mycotrophic

plants but absent in those of nonhost plants. Although no directional growth has

been observed toward the root, several experiments showed that host-derived

signals intensify hyphal ramification, thereby increasing the probability of contact

with a host root (Requena et al. 2007). By analogy to the Rhizobium–legume

symbiosis, some of the potential host exudates that stimulate spore germination,

hyphal branching in the soil, and fungal invasion and arbuscule formation inside the

root, often in a symbiont-specific manner, have been identified as flavonoids
(Scervino et al. 2007; Steinkellner et al. 2007). These chemical signals exuded by

the plant and the thigmotropic signals from the rhizodermis are possibly recognized

by receptor proteins associated with the fungal plasma membrane (Requena et al.

2007). Interestingly, Siqueira et al. (1991b) suggested that flavonoids can stimulate

fungal growth directly or remove AM fungal self-inhibition. Pyranoisoflavones

produced by white lupin, which is not a host for mycorrhizal fungi, inhibited hyphal

branching of mycorrhizal fungi, suggesting that flavonoids could play both stimu-

lating and inhibitory roles on fungal symbionts in the soil (Akiyama et al. 2010).

Martens and Mith€ofer (2005) considered the absence of flavone biosynthesis

pathway in Brassicaceae as one of the reasons of this family lacking mycorrhizae.

Thus, it is likely that host and nonhost plants can modulate the establishment of

symbiosis by altering the profile of flavonoid exudates (Hassan and Mathesius

2012).

A variety of flavanones (hesperetin and naringenin), flavones (apigenin), and

isoflavones (formononetin) have been reported to stimulate spore germination and

hyphal growth of AM fungi in vitro (Gianinazzi-Pearson et al. 1989; Tsai and

Phillips 1991; Nair et al. 1991). Effect of these compounds on AM fungi is

flavonoid type and concentration, AM fungal species and genera, and host specific

(reviewed by Vierheilig et al. 1998). At low concentration, different flavonoids can

increase AM fungal spore germination, hyphal growth, and hyphal branching, while

at high concentration, the same flavonoid turns inhibitory (Nair et al. 1991; Baptista

and Siqueira 1994). Siqueira et al. (1991b) reported that isoflavonoids

(formononetin and biochanin A) at concentrations of 5 mg l�1 stimulated AM

colonization in T. repens L., while flavone chrysin increased root colonization at

concentration 40–60 mg l�1. Morandi et al. (1992) tested the effect of

2 isoflavonoids (glyceollin I and coumestrol at concentration 0, 0.05, 0.5, 5, and

50 μM) and 1 flavonoid (quercetin at concentration 0, 0.1, 1, and 10 μM) on in vitro
spore germination of Gigaspora margarita. After 5 and 7 days, number of germ

tubes per spore was slightly increased by glyceollin I; mycelium length from

germinated spores was increased by low concentrations of glyceollin I but was

significantly decreased at the highest concentration. A positive correlation was

found between coumestrol concentration and mycelium length, while vesicle
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number decreased by coumestrol, quercetin, and the highest concentration of

glyceollin (but was increased by glyceollin at 0.5 μM). Thus, similar to the case

of nod gene induction, it is probably not simply the absence or presence of a specific

flavonoid in root exudates which determines the signal properties, but rather a

tightly controlled concentration-specific release pattern of inducers and anti-

inducers.

Bécard et al. (1992) reported that only the flavonols stimulated in vitro growth of
germinated spores of Gi. margarita, while the flavones, flavanones, and isoflavones
tested were generally inhibitory. Quercetin (10 μM) prolonged hyphal growth from

germinated spores of Gi. margarita, while the glycosides of quercetin, rutin and

quercitrin, were not stimulatory, thereby indicating the role of structure of flavonoid

in AM colonization. In general, at least one hydroxyl group on the B aromatic ring

has been found to be necessary for stimulatory effect. Besides this, a hydroxyl on

position 3 is also essential to confer stimulatory activity to the flavonol molecule, as

the flavones luteolin and apigenin, lacking this hydroxyl, showed no effect (Bécard

et al. 1992). Glycosylation at position 3 also promoted the loss of the stimulatory

activity, as in quercitrin and rutin. Moreover, it has been suggested that saturation of

the 2,3 double bond in flavonols, as seen in flavanones, promoted the loss of activity

on hyphal growth of Gi. margarita (Chabot et al. 1992). This loss of activity was

attributed to the loss of the planar configuration of the flavonol molecule when the

double bond disappears; e.g., dihydroquercetin and dihydrokaempferol showed no

effect on hyphal growth on Gi. margarita. However, these results are in contrast

with those of Gianinazzi-Pearson et al. (1989) and Baptista and Siqueira (1994).

Naringenin, lacking the 2,3 double bond, was stimulatory with Gi. margarita and

Gi. gigantea, whereas apigenin, differing only by the presence of the 2,3 double

bond, showed no effect withGi. gigantea. In general,Glomus spp. are stimulated by

flavonols as well as by isoflavones (Vierheilig et al. 1998). Whereas some flavo-

noids such as quercetin exhibit a general stimulatory effect on the hyphal growth of

different AMF genera (Chabot et al. 1992, Baptista and Siqueira 1994), data with

biochanin A showed a stimulation of Glomus (Nair et al. 1991; Vierheilig et al.

1998) but not Gigaspora species (Chabot et al. 1992, Baptista and Siqueira 1994).

8.4.2 Myc Factor Signaling Pathway in the Root Epidermis

Branched fungal hyphae secrete fungal chitin elicitor to be called “Myc factor” that

drive various morphological and physiological changes in the hosts (Requena and

Breuninger 2004), to orchestrate the AM infection process by counteracting the

plant immune program and upregulating the expression of symbiosis-related genes

(Kloppholz et al. 2011). At an early stage of mycorrhizal formation, plant consti-

tutive chitinases may partially cleave these elicitors and thus inducing transient

plant defense response (Antunes and Goss 2005; Maillet et al. 2011). However,

unlike fungal pathogens, diffusible Myc factors from AM increase lateral root

formation, elicit a transient cytosolic calcium elevation within a few minutes, and

152 P. Singla and N. Garg



induce expression of specific genes in only specific root cells in direct contact with

the penetrating fungus (Navazio et al. 2007), while a suppressor activity is induced

in non-colonized neighboring cells (Kosuta et al. 2003; Genre et al. 2005).

Several mutants in legumes like M. truncatula, Lotus japonicus, and pea are

deficient for nodulation and AM, indicating the existence of a conserved symbiotic

(Sym) pathway required for the establishment of both symbioses (Mitra et al.

2004b; Kistner et al. 2005). One common signaling component is the receptor-

like leucine-rich kinase SymRK (MtDMI2/MtSYM2) that is involved in the direct or
indirect transduction of fungal or rhizobial signals through its intracellular kinase

domain to the cytoplasm (Stracke et al. 2002). Evolutionarily more recent Nod

factors also overlap with Myc symbiotic signals, both structurally and functionally

(Laparre et al. 2014; Limpens et al. 2015). Three nucleopore-associated proteins:

NUP85, NUP133, and NENA (Saito et al. 2007) act downstream and could be

involved in the transport of CASTOR and/or DMI1/POLLUX (ion channels) to the

inner nuclear envelope (Riely et al. 2007). In both the symbioses, these channels

lead to calcium oscillations in the nucleus and perinuclear cytoplasm for activating

calcium-calmodulin-dependent protein kinase MtSYMI3/DMI3/CCAMK (Mitra

et al. 2004a). CCAMK is known to phosphorylate the last identified SYM gene

CYCLOPS, encoding IPD3/CYCLOPS protein which interacts with DMI3

(Messinese et al. 2007). In order to activate the appropriate symbiotic program,

legumes have to discriminate the two types of symbiotic signals. CYCLOPS
represents a branch point in the common SYM pathway, as infection threat forma-

tion and arbuscular development are CYCLOPS dependent, but nodule organo-

genesis is CYCLOPS independent (Yano et al. 2008). Microbial activation of the

common symbiosis signaling pathway can also modulate innate immune responses

through its effect on the hormonal landscape, where Limpens et al. (2015) specu-

lated a central role for DELLA proteins, in part by influencing the salicylic acid–

jasmonic acid balance. However, profound mycorrhization in roots of cre1 mutant

of M. truncatula suggested that MtCRE1 (Cytokinin Response 1 required for N2

fixation) does not belong to the ancestral common symbiotic pathway (Laffont et al.

2015). In addition to the Sym pathway, a parallel pathway exists and mediates AM

signaling in non-nodulating eudicots and monocots (Mukherjee and Ané 2011).

Further, hyphal contact with host roots has been reported to induce the flavonoid

pathway in a number of host species, in particular in infected cells (Steinkellner

et al. 2007; Abdel-Lateif et al. 2012). Harrison and Dixon (1993) reported that in

M. truncatula þ G.versiforme interactions, the most striking changes in identified

root metabolites included the overall accumulation of formononetin malonyl gluco-

side (FGM), medicarpin malonyl glucoside (MGM), and daidzein and a transient

increase in free medicarpin (the major phytoalexin from MGM) in the early stages

of the interaction, as a defense response to fungal elicitors. In mycorrhizal state,

either the fungal symbiont may be consuming theses phytoalexin precursors as

carbon precursors or conjugation of medicarpin may inactivate or remove a poten-

tially toxic metabolite. In contrast to the levels of phenylalanine ammonia lyase

(PAL) and CHS transcripts, which remained elevated throughout the interaction,

the level of Isoflavone reductase (IFR) transcripts decreased in later stages of the
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interaction to 2.5-fold below the level in uninoculated control roots, suggesting that

the established mycorrhizal association in M. truncatula brought about a specific

suppression of this transcript to decline medicarpin levels in these roots. However,

in the interaction between myc� line andG. versiforme the levels of medicarpin and

related transcripts remained elevated throughout the interaction suggesting that a

defense response was occurring. Further, the inability of myc� M. sativa line to

form a complete interaction may be attributed to the absence of coumestrol and

40,7-dihydroxyflavone (Harrison and Dixon 1993). Studies of Guenoune et al.

(2001) and Akiyama et al. (2002) on flavonoids and AM reopened the discussion

about the involvement of flavonoids as regulatory compounds during signaling of

mycorrhization. Guenoune et al. (2001) demonstrated that medicarpin-3-O-gluco-
side, an isoflavonoid phytoalexin, accumulated both in roots colonized by the

pathogenic fungus and in AM-treated roots receiving high P and prevented these

roots from being colonized by AMF. Increases in the steady-state levels of chalcone

isomerase and IFR mRNAs, as defense responses of alfalfa roots to the pathogenic

fungus Rhizoctonia solani, were reduced significantly in roots simultaneously

infected with the arbuscular mycorrhizal (AM) fungus Glomus intraradices.
These data suggested that during early stages of colonization by G. intraradices,
suppression of defense-related properties is associated with the successful estab-

lishment of AM symbiosis. Akiyama et al. (2002) detected the C-glycosylflavone—

isovitexin 200-O-β-glucoside in non-mycorrhizal, P-deficient melon roots but not in

roots with a high P status or in mycorrhizal roots (inoculated with G. caledonium).
Application of this flavonoid (at concentrations of 20 and 50 μM) to AM plants not

only enhanced root colonization in plants grown under low P conditions, but also in

plants grown under high P conditions, thus clearly showing that a high P status or

the mycorrhizal status of a plant can reduce the accumulation of a flavonoid in roots

which stimulates mycorrhization.

Tsai and Phillips (1991) reported that after 21 days of application, 1.0–2.5 μM
quercetin-3-D-galactoside, 40,7-dihydroxyflavone, and 40,7-dihydroxyflavanone
promoted spore germination, hyphal elongation, and hyphal branching of Glomus
etunicatum andGlomus macrocarpum in vitro. On the other hand, formononetin, an

isoflavone that is released from stressed alfalfa roots, inhibited germination of both

Glomus species. However, flavonoids tested in this study were identified as prod-

ucts from non-AM alfalfa seedlings only, strongly advocating that AM fungi alter

flavonoid metabolism in plants and compounds produced as a result of infection

have a role in differentiation of vesicles, arbuscules, and/or spores (Tsai and

Phillips 1991). Again, application of biochanin A and formononetin in the rhizo-

sphere of AM nonhost plants—Lupinus polyphyllus and Spinacia oleracea (grown

in the presence of G. mosseae)—resulted in hyphal attachment and more hyphae

around these roots (Vierheilig and Piché 1995). These results could indicate a

simple hyphal growth stimulation to be responsible for the enhanced root coloni-

zation in AM host plants; however, as soil application also resulted in a colonization

of L. polyphyllus roots by G. mosseae (Vierheilig and Piché 1995; Vierheilig et al.

1996), a role of these compounds in the plant–fungus communication during the

colonization stage is suggested (Vierheilig et al. 1998). Vierheilig and Piché (2002)
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presented a complex model for the role of flavonoids during the AM association.

They proposed that a fundamental molecular dialogue occurs that regulates not only

the early development of AM symbiosis but also subsequent colonization which has

to be balanced for establishment of genuine mycorrhizal symbiosis.

8.4.3 AM Hyphal Invasion and Differentiation
of Intraradical Hyphae: The Conjugal Lodging

After hyphal docking to cell surface by means of an appresorium, the fungus enters

into root epidermis via AM-specific prepenetration apparatus (Bonfante and Genre

2010). AM fungi first grow intercellularly or cross outer cells with linear or simple

coiled hyphae (Gianinazzi and Gianinazzi-Pearson 1988). Reaching the inner

cortex the fungal symbionts switch to different mode of colonization and penetrate

the plant cell, where between cell wall and plant plasma membrane fungal hyphae

extensively ramify to form a dichotomously branched haustorium, called

“arbuscule” with a high surface to volume area (Gutjahr and Parniske 2013).

Although the arbuscule eventually expands to largely fill the cortical cell, the

hyphal tree does not enter the plant symplast. This plant–fungal interface consists

of the fungal cell wall, the perihyphal or periarbuscular membrane (PAM), and a

matrix between the two organisms—periarbuscular space (Pumplin and Harrison

2009; Rich et al. 2014). Hofferek et al. (2014) reported that in the root cortex

nodulation and mycorrhization are regulated by NSP2 whose spatiotemporal

expression negatively regulates both types of root endosymbioses through percep-

tion of the nutritional status (such as high Pi or N) of the host plant. VAPYRIN also

promotes intracellular accommodation of endosymbionts by interacting with mem-

branes/cytoskeleton and is thus required for intracellular accommodation of AM

fungi and rhizobia in epidermal as well as cortical cells (Feddermann et al. 2010;

Gobbato 2015). Shtark et al. (2016) indicated that as compared to wild type (wt),

though non-nodulating pea mutants (sym7, sym11, sym14) had considerable

increase in root surface colonization by Rhizophagus irregularis, a substantial

decrease in internal colonization (especially arbuscule formation) was recorded.

sym34 mutants displayed strongly reduced root surface colonization, but 10 days

later internal colonization did not differ from wt. While sym38mutant did not differ

from wt indicating that except SYM38, all analyzed genes were essential for both

nodule and AM development (Shtark et al. 2016). Various homologues ofMtCBS1/
2 gene, to encode protein containing a cystathionine-b-synthase (CBS) domain in

ITs, act downstream NIN in rhizobial infection, in nodule organogenesis, as well as

in mycorrhization, again suggesting common infection mechanisms (Sinharoy et al.

2016).

Harrison and Dixon (1993) reported that roots of the mycorrhizal resistant

M. sativa mutant (Myc�) do not become colonized, but hyphae grew attached to

the root surface forming appresoria. In the presence of G. versiforme, levels of
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several flavonoids (diadzein, formononetin, FGM, medicarpin, MGM) increased in

the M. sativa (Myc�) roots in the same way as in colonized root of the wild-type

(Myc+) M. sativa (Harrison and Dixon 1993). Volpin et al. (1994) also found

an increase of formononetin in inoculated but still uncolonized roots of M. sativa
(Myc+). Thus, these two researches suggested that these flavonoids play a role in the

plant–fungus signaling during precolonization and cell-to-cell stage. Further, Har-

rison and Dixon (1993) also demonstrated that some flavonoids are newly induced

after AM fungal root colonization, where coumestrol and 40,7-dihydroxyflavone
were only present in colonized roots of (Myc+) M. sativa and M. truncatula, but
were not detected in uncolonized roots of the two plants and in roots of inoculated

(Myc�)M. sativa. This further suggested that these flavonoids play a signaling role
during the intraradical phase of the hyphae in the AM symbiosis and might be an

indication for its role in the formation of highly ramified arbuscules. Naringenin

found in root exudates of bean (Hungria et al. 1991) enhanced in axenic culture of

Gi. margarita, where the number of vesicle clusters per germinated spore increased.

Earlier in vitro experiments by Gianinazzi-Pearson et al. (1989) evidenced similar

effects with apigenin and hesperetin. Luteolin, found in the seed rinse of alfalfa

(Hartwig et al. 1990), although showing no stimulation of hyphal growth, stimu-

lated the production of auxiliary cells in Gi. margarita (Bécard et al. 1992). Thus,

hyphal differentiation possibly requires a different stimulatory mechanism or

induction than do hyphal growth. Some flavonoids may be involved in only one

of these mechanisms and not in the other. However, quercetin and myricetin, which

exhibit a hyphal growth stimulating effect on different AM fungal genera, also

enhanced the formation of auxiliary cells (Bécard et al. 1992), suggesting again a

more general role of these two compounds compared to other flavonoids. Some-

times similar changes could be observed within a plant family. The level of

coumestrol and daidzein increased in colonized roots of Glycine max, M. sativa,
andM. truncatula (Morandi et al. 1984; Harrison and Dixon 1993), all belonging to

the leguminosae family, and the level of blumenin was enhanced in colonized roots

of several members of the Gramineae (Maier et al. 1995). Change of flavonoids

level also depends on the AM fungal species, i.e., different AM fungi have different

requirements for their development and thus induce different levels of these com-

pounds or that the plant recognizes the two fungi differently. Ponce et al. (2004)

reported that 5,6,7,8,9-hydroxy chalcone (NM7), 3,7-hydroxy-40-methoxy flavone,

5,6,7,8-hydroxy-40-methoxy flavones (RR4), and 3,5,6,7,40-hydroxy flavones

(RR4-2) could be detected only in non-mycorrhizal roots of white clover, whereas

the flavonoids acacetin, quercetin, and rhamnetin were only present in roots ino-

culated with G. intraradices.
Arbuscules act as the epicenter of mutualism as they represent an extreme form

of intimacy and compatibility and are site of nutrient transfer from the fungus to the

host plant (Hughes et al. 2008; Denison and Kiers 2011; Mohammadi et al. 2011).

In return, host-derived carbon is transferred to the fungi and stored in energy-rich

vesicles to support vegetative growth or spore formation (Genre and Bonfante

2010). Whereas a high frequency of arbuscules usually indicates cost-effective

nutrient exchange in both directions, high vesicular colonization is a potential

156 P. Singla and N. Garg



indicator of fungal resource hoarding prominently under high external nutrient

conditions, when hosts are less dependent on fungal partners (Johnson 2010; Nijjer

et al. 2010). Further, host molecules like lysophosphatidylcholine (LPc) potentially

allow them to evaluate the amount of P delivered via the mycorrhizal pathway

(Bucher et al. 2009). Host will decrease C provision or directly digest arbuscules

when there is insufficient P being transferred to the host across the colonized cell

(Kobae and Hata 2010). Resource exchange is followed by rapid arbuscule collapse

in 4–5 days, with structures degenerating within 2.5–5.5 h (Bonfante and Genre

2010), much more rapidly than the decline in N2 fixation in nodules (Wong and

Evans 1971). The fungal life cycle is completed after formation of asexual chla-

mydospores on the external mycelium, which allow them to propagate and survive

in the absence of a host, for more than 10 years (Giovannetti et al. 2010) (Fig. 8.3).

8.4.4 Role of Flavonoids in Autoregulation
of Mycorrhization

An already mycorrhizal plant develops one mechanism to repulse further coloni-

zation by fungi, i.e., to not differentiate between AMF and soilborne pathogenic

fungi (Vierheilig and Piché 2002; Mechri et al. 2015). Flavonoids again play a role

in autoregulating mycorrhization, as depending on the flavonoids and their

Fig. 8.3 Role of flavonoids in Arbuscular mycorrhizal symbiosis. Abbreviations: ab arbuscule;

Ca2+ Calcium ion; PPA prepenetration apparatus; v vesicle
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concentration, they can exhibit an inhibitory and/or a stimulatory effect on fungi

(Vierheilig et al. 1998; Subramanian et al. 2007; reviewed by Lira et al. 2015).

Larose et al. (2002) found that after an application of a mixture of spores and

extraradical hyphae of G. intraradices to M. sativa roots, coumestrol, ononin, and

daidzein levels were increased, whereas formononetin was detected at lower levels,

indicating that at this stage of symbiosis, i.e., during appressoria formation, fungal

partner, with signals released by its mycelium, is actually asking for a change of the

concentration of certain flavonoids, which exhibit stimulatory effects on fungi. The

accumulation of medicarpin (defense phytoalexin) only at the stage of appressoria

formation, when the fungus has formed its first structures in the root, indicates that

once the fungal partner has formed its appressoria it was perceived in a similar way

as a pathogen. Later the perception of fungi by the plant changed and at a stage of

intense AM root colonization, no altered medicarpin accumulation was observed,

while coumestrol accumulation further increased. Interestingly, formononetin/daid-

zein levels were linked inversely, as at the beginning of root colonization formono-

netin was reduced in mycorrhizal roots whereas daidzein increased and at the end of

the experiment, when formononetin increased daidzein levels seemed to decrease.

Besides coumestrol, medicarpin again accumulated at the end of colonization,

thereby pointing toward the role of coumestrol at any stage of root colonization;

medicarpin probably plays a role at the beginning of root colonization and at a later

stage. There was a positive link between the accumulation of coumestrol, medi-

carpin, and/or formononetin at the later stages and the autoregulation of mycor-

rhization (Vierheilig and Piché 2002). Some species-specific quantitative changes

were observed, as ononin was highly accumulated in roots colonized by

G. mosseae, but only weakly accumulated in roots colonized by G. intradices
while coumestrol was high in roots colonized by G. intradices but lower in roots

colonized by G. mosseae. The only compound that accumulated to similar levels in

all AMF-colonized roots was genistein, and the similar accumulation pattern of

genistein in mycorrhizal roots independent of the root-colonizing AMF indicated a

general, non-species- or non-genus-specific regulatory role of this compound dur-

ing mycorrhization (Larose et al. 2002). Later on, Scervino et al. (2005a) reported

that acacetin and rhamnetin inhibited the formation of AM penetration structures as

well as colonization and pointed toward a possible involvement of these two

flavonoids in the autoregulation process of the AM symbiosis. Even, flavonoid

NM7 inhibited the number of entry points and the percentage of root length

colonization of the test plant by Gigaspora and Glomus species. The presence of

5,6,7,8,9-hydroxy chalcone in non-AM colonized clover roots and the disappear-

ance of this flavonoid in mycorrhizal clover roots indicated that the AM fungus

G. intraradices induced a mechanism, which reduces this inhibitory molecule in the

mycorrhizal root. Quercetin, 5,6,7,8-hydroxy-40-methoxy flavones, and 3,5,6,7,4-
0-hydroxy flavone increased the number of entry points and the AM colonization of

tomato roots by Gigaspora (not Glomus). Further, Scervino et al. (2005b) linked

flavonoids changes in mycorrhizal roots directly to regulatory processes of the AM

symbiosis for the first time. Interestingly, RR4 and RR4-2 stimulated most of the

presymbiotic stages of Gigaspora (but not of the two Glomus species), supporting
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the implication of Akiyama et al. (2002) that a flavonoid, stimulating root coloni-

zation by AM fungi, was only present in non-mycorrhizal but not in mycorrhizal

roots. They further suggested that the compound might be involved in one stage of

the fungal regulation, but not in another, as RR4 increased the percentage of spore

germination of Gi. margarita, however, inhibited the hyphal growth, and showed

no effect on hyphal branching and the cluster formation of auxiliary cells. NM7 was

detectable only in non-mycorrhizal white clover roots and inhibited the

presymbiotic development of all AM fungi tested. There was stimulatory effect

of newly synthesized quercetin on spore germination and/or hyphal growth of

Gigaspora species. However, acacetin and rhamnetin exhibited an inhibitory effect

on nearly all fungal parameters of both AM genera (Gigaspora and Glomus) tested,
pointing toward an implication in the autoregulation of mycorrhization (Scervino

et al. 2005b). Scervino et al. (2009) reported that 2 μM concentration of 3-methoxy-

5,6,7,8-hydroxy-40hydroxy flavone (NMHTV) isolated from shoots of

non-arbuscular mycorrhizal (AM) inoculated clover did not affect the percentage

of germination of spores but significantly increased the formation of entry points

and symbiotic stage of Gi. margarita spores on colonization of tomato

(Lycopersicum esculentum), while at higher concentration of 8 μM concentration

inhibited the hyphal length of Gi. rosea. The absence of stimulation of the AM

presymbiotic and symbiotic stages in tomato by exogenous application of the newly

synthesized flavonoids 5,6,7,8-hydroxy-3-methoxy flavone (MH-1), 5,6,7,8-

hydroxy-40-hydroxy flavone (MH-2), and 5,7-hydroxy-3,40-methoxy flavone

(MH-3), isolated from AM clover (T. repens) shoots, indicated that the

autoregulation of the AM symbiosis can be, at least partially, due to the disappear-

ance of flavonoids in AM-colonized plants that stimulated the AM symbiosis.

Working with split-root systems of barley, alfalfa, and soybean, it was reported

that root colonization of one side of a split-root system strongly suppressed

mycorrhization of “autoregulated roots” on the other side (Vierheilig 2004b;

Meixner et al. 2005). Meixner et al. (2005) reported that the soybean super-

nodulating mutant nts1007 [mutated in the receptor kinase gene GmNARK (Searle

et al. 2003)], which lacks the autoregulatory mechanism to control nodulation, did

not autoregulate AMF root colonization. Thus, these reports indicated a similar

mechanism of autoregulation in both symbioses. Alike Rhizobium–legume sym-

biosis, flavonoids have also been suggested to be involved in the regulation of

mycorrhization as roots treated with certain flavonoids exhibited increased AM

fungal root colonization (Vierheilig and Piché 2002; Vierheilig 2004a; Scervino

et al. 2005a, b). Catford et al. (2006) studied split-root systems (SRS) of alfalfa

plants, where one side of SRS was inoculated with S. meliloti orGlomus mosseae or
was treated with Nod factor. All the three applications resulted in accumulation of

daidzein but reduced levels of formononetin, ononin, and medicarpin. These treat-

ments given on one side altered isoflavonoids of the medicarpin synthesis pathway

on the other side, thereby suggesting that levels of formononetin and its glycoside

ononin were not only locally reduced but also systemically downregulated in parts

of the root system that were not in contact with the invading symbionts. Thus,
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Catford et al. (2006) suggested that systemic downregulation of formononetin and

ononin levels in non-treated root parts is a metabolic reponse to the putative auto-

regulation signals that mediate suppression of symbioses. Exogenous application of

isoflavonoids to roots inactivated or compensated the symbiosis-suppressing effects

induced by long-distance autoregulation signals and promoted nodule formation

and stimulated establishment of the AM fungal symbiosis. Ononin (but not

formononetin) promoted AMF root colonization, whereas formononetin stimulated

nodulation in autoregulated parts of the root system. Hence, although auto-

regulation of nodulation and mycorrhization seem to share some common signaling

events (Vierheilig 2004a; Meixner et al. 2005; Vierheilig et al. 2008), the effects of

systemically regulated isoflavonoids on establishment of symbiosis were different

(Fig. 8.4).

Many legume plants benefit from the tripartite symbiosis of arbuscular mycor-

rhizal fungi and rhizobia. Siqueira et al. (1991b) reported that in isoflavonoid

formononetin and biochanin A (considered “anti-nod inducers”) treated plants,

Rhizobium nodulation was enhanced in the presence of AM fungi which might

have resulted from improved mycorrhizal colonization and plant growth. Soil

applications of these compounds had also shown to stimulate mycorrhizal forma-

tion and growth of non-nodulated plants in the presence of AM fungi (Siqueira et al.

1991a), thus indicating that isoflavonoid growth stimulation was not nodulation

mediated. However, Xie et al. (1995) found that the inoculation of G. max with

B. japonicum increased the colonization by G. mosseae, and an increased flavonoid
concentration in root exudates was suggested to be responsible for this effect. Xie

et al. (1997) reported the increase in mycorrhizal colonization (from <30 to 65%)

and sporocarp formation of G. mosseae (Nicol. & Gerd.) Gerdemann & Trappin in

roots of Lablab purpureus (L.) Sweet treated with Nod factors purified from

Fig. 8.4 Role of flavonoids in autoregulation of nodulation and mycorrhization
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Rhizobium sp. NGR234. Antunes et al. (2006) found that the concentration of

daidzein was at least four times greater in soybean root than in the seed, whereas

coumestrol, which was absent in the seed, was newly synthesized. The significant

increase in diadzein and coumestrol appeared to result mainly from the develop-

ment of AM, which might have helped in bradyrhizobial symbiosis (diadzein and

coumestrol are involved in bradyrhizobial symbiosis) and thus played a key role in

the early stages of the tripartite symbiosis. Morandi et al. (2009) reported a new

M. truncatula mutant B9, defective for nodulation but was hypermycorrhizal. It

represented a new tool for the study of plant metabolites differentially regulating

mycorrhiza and nodulation symbioses, in particular those related to autoregulation

mechanisms. In contrast to wild A17, mutant was characterized by considerably

higher root concentrations of the phytoestrogen coumestrol (nod gene inhibitor for

S. meliloti and hyphal growth inducer of Gi. margarita) and coumestrol conjugate

malonyl glycoside, thus leading to low and late nodulation but high mycorrhizal

colonization in B9 mutant. Fokom et al. (2010) pointed out significant interaction

between arbuscular mycorrhizal fungi and 3-o-glucoside kaempferol in enhancing

P nutrition, N2 fixation, as well as phenolic metabolism in Vigna unguiculata (L.)

Walp growing in low-P soil of southern Cameroon. Many flavonoids like quercetin,

luteolin, and other substituted flavones and flavanones are released by germinating

seeds and living roots of legume crops over time and their interactions with fungal

pathogens suggest that while stimulating mycorrhizal fungi they may be equally

important for plant protection against soilborne pathogens (Hassan and Mathesius

2012). Cordeiro et al. (2015) evidenced from field experiment that formononetin

can improve mycorrhizal colonization, nodules number, and reduce the negative

effects of fungicides Carbendazimþ Thiram in soybean production. Thus, utilizing

flavonoids can be an excellent opportunity to utilize and manipulate Rhizobium and

AM fungi in order to enhance crop productivity in a cost-effective manner and with

reduced agricultural chemical inputs. Currently, seed exudates, which are mixture

of flavonoids, are being used commercially to promote Rhizobium–legume sym-

biosis and N2 fixation in agricultural practices (Skorupska et al. 2010). A commer-

cial product “SoyaSignal” (mixture of genistein and daidzein) in Northern America

is being applied either directly to the seed or in furrows in soils that contain

adequate populations of Bradyrhizobium (Smith and Zhang 1999). SoyaSignal

significantly improved nodulation and nitrogen fixation which resulted in an aver-

age 7% increase in grain yield (Leibovitch et al. 2001; Broughton et al. 2003). This

study linked the function of different flavonoids to the establishment of the tripartite

symbiosis and suggested that these compounds are produced and released into the

rhizosphere as a function of the colonization process.

8 Plant Flavonoids: Key Players in Signaling, Establishment, and Regulation. . . 161



8.5 Conclusion

Thus, this chapter highlighted the significance of flavonoids as common architects

in the establishment of two agriculturally important root symbioses—nodulation

and mycorrhizal interactions. Information attained from these studies illustrated

that besides stimulating microbial swarming motility toward host and activating

symbiosis-related microbial genes, multifaceted flavonoids contribute in various

stages of symbiosome developmental program. Their differential endogenous

accumulation regulates modulation of plant innate defense reactions, infection

thread/hyphal growth, intraradical hyphal differentiation, cortical cell morpho-

genesis for providing optimal niche to the microbes, and prevention of metaboli-

cally inefficient symbioses. Deciphering the complexity of flavonoids induced

responses and their interplays with other major regulators of symbioses such as

hormones make flavonoids a vital player in plant–microbe symbioses. However,

gaps still remain in the knowledge base and further researches involving the

endogenous regulation of flavonoid biosynthesis during these mutualistic associa-

tions as well as use of flavonoids as potential soil amendments are needed to

optimize their implementation in improving rhizobial and mycorrhizal symbioses.
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F (2015) The CRE1 cytokinin pathway is differentially recruited depending on Medicago
truncatula root environments and negatively regulates resistance to a pathogen. PLoS One

10(1):e0116819. doi:10.1371/journal.pone.0116819

Laloum T, Baudin M, Frances L, Lepage A, Billault-Penneteau B, Cerri MR, Ariel F, Jardinaud

M-F, Gamas P, de Carvalho-Niebel F, Niebel A (2014) Two CCAAT-box-binding transcrip-

tion factors redundantly regulate early steps of the legume-rhizobia endosymbiosis. Plant J

79:757–768

Laparre J, Malbreila M, Letissec F, Portaisc JC, Rouxa C, Bécarda G, Puech-Pagèsa V (2014)
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roots of Medicago sativa are modulated by the developmental stage of the symbiosis and the

root colonizing arbuscular mycorrhizal fungus. J Plant Physiol 159:1329–1339

Leibovitch S, Migner P, Zhang F, Smith DL (2001) Evaluation of the effect of Soyasignal

technology on soybean yield [Glycine max (L.)] Merr under field conditions over 6 years in

Eastern Canada and the Northern United States. J Agron Crop Sci 187:281–292

Lepiniec L, Debeaujon I, Routaboul JM, Baudry A, Pourcel L, Nesi N, Caboche M (2006)

Genetics and biochemistry of seed flavonoids. Annu Rev Plant Biol 57:405–430

168 P. Singla and N. Garg

http://dx.doi.org/10.1371/journal.pone.0116819
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JJ, Cook DR, Ané JM (2007) A novel nuclear protein interacts with the symbiotic DMI3

calcium- and calmodulin-dependent protein kinase of Medicago truncatula. Mol Plant

Microbe Interact 20:912–921

Miransari M, Smith DL (2009) Alleviating salt stress on soybean (Glycine max (L.) Merr.)-

Bradyrhizobium japonicum symbiosis, using signal molecule genistein. Eur J Soil Biol 45:

146–152

Miri M, Janakirama P, Held M, Ross L, Szczyglowski K (2016) Into the root: how cytokinin

controls rhizobial infection. Trends Plant Sci. doi:10.1016/j.tplants.2015.09.003

Mitra RM, Gleason CA, Edwards A, Hadfield J, Downie JA, Oldroyd GED, Long SR (2004a) A Ca
2+/calmodulin-dependent protein kinase required for symbiotic nodule development: gene

identification by transcript-based cloning. Proc Natl Acad Sci USA 101:4701–4705

Mitra RM, Shaw SL, Long SR (2004b) Six nonnodulating plant mutants defective for Nod factor-

induced transcriptional changes associated with the legume-rhizobia symbiosis. Proc Natl

Acad Sci USA 101:10217–10222

Miwa H, Sun J, Oldroyd GE, Downie JA (2006) Analysis of Nod-factor-induced calcium signaling

in root hairs of symbiotically defective mutants of Lotus japonicus. Mol Plant Microbe Interact

19:914–923

Mohammadi K, Khalesro S, Sohrabi Y, Heidari G (2011) A review: beneficial effects of the

mycorrhizal fungi for plant growth. J Appl Environ Biol Sci 1:310–319

Morandi D, Bailey JA, Gianinazzi-Pearson V (1984) Isoflavonoid accumulation in soybean roots

infected with vesicular-arbuscular mycorrhizal fungi. Physiol Plant Pathol 24:357–364

Morandi D, Branzanti B, Gianinazzi-Pearson V (1992) Effect of some plant flavonoid on in vitro
behavior of an arbuscular mycorrhizal. Agronomie 12:811–816

Morandi D, Le Signor C, Gianinazzi-Pearson V, Duc G (2009) A Medicago truncatula mutant

hyper-responsive to mycorrhiza and defective for nodulation. Mycorrhiza 19:435–441

Morieri G, Martinez EA, Jarynowski A, Driguez H, Morris R, Oldroyd GED, Downie JA (2013)

Host-specific nod-factors associated with Medicago truncatula nodule infection differentially

induce calcium influx and calcium spiking in root hairs. New Phytol 200:656–662

Moscatiello R, Squartini A, Mariani P, Navazio L (2010) Flavonoid-induced calcium signalling in

Rhizobium leguminosarum bv. viciae. New Phytol 188:814–823
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Chapter 9

Mycorrhizas in Forest Tree Health

Vivek Kumar, Manoj Kumar, Ram Prasad, Narendra Tuteja,

and Ajit Varma

Abstract Mycorrhizas impart fungus-root associations and a true symbiotic rela-

tion between fungi and plant roots, which is very close to that of nodular microbes

(actinomycetes and bacteria) in legume crops. This type of association boosts both

the allies (i.e. the fungus and its specific host plant) to be reciprocally benefited by

each other, as the fungus absorbs hydrogenous nutrients and edaphic factors from

soil and channelizes the same to the plant system, and in turn synthesis its nutrition

(carbohydrates and photosynthates) from the host plant for its growth and

multiplication.

There is now plenty of proof to support the mutual declaration that most tree

species in normal ecosystems have mycorrhizal associations. Evidence about the

global distribution of tree plants with diverse populations of mycorrhizal relations

is used to establish associations with the major abiotic factors (water, temperature)

which control the distribution pattern of forest trees, and also to extend more

restricted edaphic factors. Environmental inferences of mycorrhizal associations

in forest ecosystems and the role of soil or ecological influences, mycorrhizal

fungus physiognomies or host plant belongings in an individual manner or in

groupings are considered accordingly. Factors which can affect the existence

mycorrhizal associations are (a) root characteristics, (b) edaphic or ecological

factors, (c) soil biodynamics, (d) soil commotion and (e) tree host-fungus compati-

bility, thus, we address the overall ecological dynamics in this review. Environ-

mental themes on ecological aspects have been discussed in this chapter which

include (a) mycorrhizal phenology, (b) influences responsible for variable grades of

mycorrhizal reliance in host trees, (c) the implication of mycorrhizal hyphae in soil,

(d) nutritional rivalry connecting mycorrhizal and non-mycorrhizal tree species and

(e) mycorrhizal connections associating effluence and additional stresses, the rhizo-

sphere, soil possessions and so on. The population dynamics of mycorrhizal fungi

and the impact of their relations on forest tree ecology also form a comprehensive

discussion.
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9.1 Introduction

Fungi play essential roles in many microbiological and environmental processes,

swaying soil richness and putrefaction, the driving of minerals and organic matter,

as well as tree health and nourishment. Mycota are heterotrophs, necessitating

exterior sources of carbon for vigor and cellular synthesis, and they have espoused

three different trophic approaches to obtaining this carbon, occurring as sapro-

trophs, necrotrophs and biotrophs. Mycorrhizal symbiosis is the most primitive,

extensive form of fungal cooperation with plants and trees. The term ‘mykorrhiza’
was first used in 1885 by Frank (2005) to define the adapted root structures of

forest trees, and has since been protracted to cover a range of mutualistic, symbiotic

relations between fungi and tree plant roots (Smith and Read 2008). A diverse

category of mycorrhizal symbiosis has been classified on the basis of morphological

features and the fungal and tree species involved.

Arbuscular mycorrhiza is the recorded primitive and widespread form. Paleo-

botanical and molecular sequence data proposed that the first terrestrial plants

formed links with Glomalean fungi from the Glomeromycota about 460 million

years ago (Redecker et al. 2000). This is projected to be some 300–400 million

years before the advent of root nodule symbioses with nitrogen-fixing bacteria.

Arbuscular mycorrhizal (AM) associations can be molded with a very wide range of

tree/plant species—as many as 250,000. 150–200 individual species of AM fungi

have so far been noted on the basis of morphology, but DNA-based revisions

recommend that the true variety of these symbionts may be very much advanced

(Fitter 2005). The cooperation is characterized by highly pronged fungal

assemblies—arbuscules—which cultivate intracellularly without penetrating the

host plasmalemma.

9.1.1 Mycorrhizal Contribution and Ecological Aspects

Mycorrhizas form extremely developed, mutualistic relations between earth (soil),

fungi and plant roots. The associates in this connotation are adherents of the fungus

kingdom (Zygomycetes, Ascomycetes and Basidiomycetes, but not protoctistan

fungi such as Oomycetes) and maximum vascular plants (Harley and Smith 1983;

Kendrick 1985). In the mycorrhizal literature, the term ‘symbiosis’ is often used to

describe these highly interdependent mutualistic relationships whereby the host

plant receives mineral nutrients while the fungus obtains photosynthetically derived

carbon compounds (Harley 1989; Harley and Smith 1983). A minimum of seven

diverse forms of mycorrhizal association have been documented, relating different

groups of fungi and host plants and distinct morphology shapes (Hadley 1982;

Harley 1989; Harley and Smith 1983; Read 1983). The frequent associations are

(a) arbuscular mycorrhizas (AM), in which zygomycetous fungi yield arbuscules,

hyphae, as well as vesicles that are embedded in root cortex cells;
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(b) ectomycorrhizas (ECM), where Basidiomycetes and other fungi constitute a

blanket around roots and a savory net within root cells; (c) orchid mycorrhizas,

where fungi release loops of hyphae within roots (or stems) of orchidaceous plants;

and (d) ericoid mycorrhizas, involving hyphal loops/coils in exterior cells of the

slimy ‘hair roots’ of plants in the Ericales.

Associations of mycorrhizas are always dependent on the selective features of

the host plant trees and conversing mycorrhizal fungi, where edaphic and ecological

factors play important roles (Harley and Smith 1983; Mosse and Hayman 1980).

Existing reported factors have been viewed for categorized regions worldwide

which highlight variable climatic conditions for mycorrhizal ecology. Since the

investigator (H€ogberg et al. 1999) reported that ectomycorrhizal fungi have an

established relation with numerous tree species with common approach to infect

(Fig. 9.1).

9.1.2 Mycorrhizas for Tree Root Architecture

Mycorrhizal fungi are understood as natural enhancers for plant root architecture

and capacity builders of a plant by up to a thousand times in just a few months. It is

an evidence from natural yard that the mycorrhizal roots of a mature tree which is

laid out end to end and stretched for miles due to the mycorrhizal hyphae and its

response at the feeding habit level (Fig. 9.2).

Use of high throughput microscopic facility has revolved the anatomy of AM,

further it reveals the structural orientation at histological level (Abbott 1982;

Abdul Karim 2004).

C: Host plant

A: Mycorrhizal fungusD: Environment
& soil
conditions

B

E,F: Mycorrhizas

E, F

AB

C

Fig. 9.1 The categorized regions refer to mycorrhizal ecological areas
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Arbuscular mycorrhizal fungi (AMF) constitute mutualistic connotations with

most native plants, including trees (Abbott et al. 1992). They are known to be

beneficial partners and they get to induce prevalent changes in host tree physiology.

It has long been considered that colonization by AMF cannot change root archi-

tecture, but significant alteration has now been demonstrated unequivocally for

several plants, including trees with AMF-colonized plants usually possessing a

more highly branched root system. Additionally, alteration of root system endur-

ance has also been measured with AMF-colonized root arrangements (Abu-Zeyad

et al. 1999). The mechanisms by which these alterations arise are not fully under-

stood, but positive impacts are not entirely due to altered phosphorus nutrition or

are likely to involve AMF interface with plant cell cycles. Upcoming research

should focus on signifying the extent of AMF variation in root structure and

development, and further the importance of AMF interactions with plant cell cycles

in determining these changes (Barnola and Montilla 1997; Barroetave~na et al.

2007).

9.1.3 Mycorrhizas in Woodland Environments

To understand the scaling system on which mycorrhizal associations occur, an

exemplary piece of research in Swedish woodlands found that between 0.6 and 1.2

million ECMwere present in one squaremeter of forest land! In ancient forests, it has

Fig. 9.2 Hyphae of Rhizopogon mycorrhizas attached to conifer root system (courtesy of

Dr. Mike Amaranthus, Oregon State University)
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been reported that individual fungi can be predominantly huge—the mycelia of

some extend over 100 square meters (Harley and Smith 1983).

The effects of mycorrhizas are not limited to the fungus and its host (Batty et al.

2002). One of the numerous ways in which they preserve soil health is by providing

a ‘safety net’, averting nutrients from being leached away (Chilvers et al. 1987).

The complete bionetwork can profit from tree plant diversity and enhanced soil

edifices. Research in forest land in Australia and South Africa has uncovered that

the networking systems of mycorrhizas in the forest permit the transfer of important

amounts of carbon between trees, even those of diverse species (Chilvers et al.

1987; Batty et al. 2002).

Carbon is a proven ‘energy currency’ within ecological facets, and it has been

proven that when Douglas fir (Pseudotsuga menziesii) is shaded, there is an increase
in the amount of carbon it receives from birch (Betula spp.). This insight indicates

for a shift change from the importance on rivalry to one on reservoir distribution in

tree groups, and exemplifies how mycorrhizas can indorse coexistence and bio-

diversity (Clarkson and Robards 1975; Christensen 1989; Claridge and May 1994;

Claridge 2002).

Furthermore, though the trees in forests are recognized as being an important

carbon bowl, the fact that mycorrhizas also hoard large amounts of carbon

resources shows that they may have a vital role to play in dealing with global

warming.

9.1.4 Carbon Flow

Energy-rich carbon complexes from tree roots to soil microbiota establishes an

essential supply procedure to the soil ecosystem (Finlay and S€oderstr€om 1992).

Substantial intake of carbon through mycorrhizal mycelia is to promote the diverse

machineries of soil ecosystem, at the same time a value system of upholding

ectomycorrhizal relations with gratified sequestration of atmospheric carbon is

recognized. A few recent trials by H€ogberg et al. (2001) employed the girdling of

forest trees to differentiate the comparative characteristics of roots and

ectomycorrhizal fungi and free-living microheterotrophs to soil breath. A decline

of approximately 50% in soil respiration was proven following girdling, signifying

that the flow of current assimilates is the main chauffeur of soil respiration.

Separately, straight respiratory damage, energy-rich carbon complexes are manda-

tory for the majority of the biological activities, and additional information is

required regarding the quantities and forms of diverse mixtures and the apparatuses

regulating their translocation and eventual segregation. Latent effects comprise the

production of enzymes, organic acids and additional compounds, swaying the

dilapidation of organic substrates of mineral substrates (Rosling et al. 2004a, b)

and the biosynthesis of antibiotic substances involved in chemical defence or

antagonism. Synthesis of glycol-proteins (i.e. glomalin) that are indicative in the

development and constancy of soil masses may also have a significant influence on
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other microbiota connected with the arbuscular mycorrhizal mycelium (Johansson

et al. 2004). Though distribution of carbon may be augmented in ectomycorrhizal

mycelia inhabiting reinforcements of disintegrating plant litter, Leake et al. (2001)

revealed that the provision of carbon to the mycorrhizal mycelia inter-relating with

the mycelium of the wood-cracking agent Phanerochaete velutina was reduced. It

has been intensively discussed and controversies have arisen on the eventual fate of

carbon attainment to the mycorrhizal mycelium, and it has also been found that

there are significant evidence about transmission between trees connected by shared

hyphal systems. Finlay and S€oderstr€om (1992) revealed that association of plants to

a mutual mycelial network could be of significance without any arguments concern-

ing net interplant transmission of carbon, subsequently plantlets could gain access

to a large absorptive network of hyphae with minimal investment of carbon. The

research outcomes of H€ogberg et al. (1999) are reliable with the above disagree-

ment, since the investigators found that promiscuous ectomycorrhizal fungi creat-

ing relations with numerous tree species had natural signatures of 13C nearer to

those of overstorey trees, signifying that the overstorey trees moderately or exclu-

sively support the carbon strains of the nutrient-absorbing mycelia of their

suspected entrants, the understorey trees. Transmission of carbon may also happen

between green trees/conifers and non-photosynthetic, mycoheterotrophic plants

sharing the mycelium. Distribution of topical photoassimilates through mycorrhizal

mycelia affects nutrient subtleties and microbiota inhabitants in the mycorrhizo-

sphere (Jones et al. 2004; Finlay and Rosling 2006), and H€ogberg and Read (2006)

have demonstrated that such physiological endurance and dynamic inter-

dependence of the plant–microbe–soil system encounters the extensive view that

soil movement is subjugated by decomposer organisms using adult detrital sub-

stances, and that rhizosphere litter contributes the equivalent of above-ground litter.

9.1.5 Bioremediation of Forest Soil Pollutants

Evidence of mycorrhizal mycelia might show in the bioremediation of edaphic

pollutants, which is yet to go for confirmatory testing. Meharg and Cairney (2000)

revised potential ways in which ectomycorrhizal fungi might support rhizosphere

remediation of persistent organic pollutants (POPs). Numerous fungi which are able

to convert these compounds have been studied for degradation of POPs—such as

polyhalogenated biphenyls, polyaromatic hydrocarbons, chlorinated phenols and

pesticides—but moderately few mycorrhizal taxa have been verified. Meharg et al.

(1997a) showed that degradation of 2,4-dichlorophenol by the two ectomycorrhizal

fungi Paxillus involutus and Suillus variegatus was higher when the fungi were

growing in symbiosis with Pinus sylvestris than when they were grown in pure

culture. In other experiments (Meharg et al. 1997b), S. variegatus has been publi-

cized to be effective in degrading 2,4,6-trinitrotoluene. A potential benefit of using

mycorrhizal fungi in bioremediation is that they accept a direct supply of carbon

from their plant hosts to sustain growth in polluted substrates. Some of this ingested
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carbon may consequently be accessible to bacteria related to the mycorrhizal

mycelium (Sun et al. 1999) and this may have consequences for bioremediation

in the mycorrhizosphere. On the contrary, efforts to familiarize micro-organisms

with bioremediation properties often fail because the inoculants fail to establish

themselves. Mycorrhizal hyphae may enable the establishment of some bacteria,

and Sarand et al. (1998) recommended that mycorrhizal hyphae were able to sustain

the microbial biofilms of catabolic plasmid Tol+-harbouring bacteria which could

be vigorous in the bioremediation of petroleum-contaminated soil (under-earth

pipeline) in forest. In additional experiments, these authors (Sarand et al. 2000)

confirmed that the number of Tol+ bacteria was advanced in mycorrhizospheric soil

as compared with loose soil, and inoculation with bacteria had a positive effect on

tree and fungal growth. The occurrence of easily available plant-derived carbon

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

et al. 1999). However, in other trials Genney et al. (2004) indicated that degradation

of the polycyclic aromatic hydrocarbon fluorene was blocked in a Scots pine ecto-

mycorrhizosphere. Joner et al. (2006) also confirmed obstructed phytoremediation

of polycyclic aromatic hydrocarbons (PAHs) by the ectomycorrhizal mycelium of

S. bovinus that was accredited to nutrient exhaustion by the foraging fungus.

Overall, the implication of AMF is least investigated with respect to bioremedi-

ation, but experiments by Joner et al. (2001) recommend that the dissipation of

PAHs may be improved in the presence of arbuscular mycorrhizas, and that vicissi-

tudes in the composition of the mycorrhiza-associated microflora may be account-

able for the observed decreases in PAH concentrations.
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Chapter 10

Ectomycorrhizal Fungi: A Major Player
in Early Succession

Izabela L. Kałucka and Andrzej M. Jagodziński

Abstract Ectomycorrhizal (ECM) fungi are a key organism group enabling and

enhancing the process of open land colonization by ECM-dependent trees and

shrubs. Through their functional traits, interactions with both abiotic and biotic

environment, and their own successional dynamics, they significantly affect woody

vegetation succession coupled with soil and ecosystem development. In this chap-

ter, we review the role of ECM fungi in the processes of early primary and

secondary succession, including non-anthropogenic natural systems, like glacier

forefronts, volcanic deserts, and sand dunes, as well as major sites disturbed by

intensive human activity, such as mine spoils, fire-affected sites, clear-cuts and

timber harvesting areas, and post-agricultural lands. Successional traits of ECM

fungal community reflecting their life histories and species composition, dispersal,

spatial and temporal structure, host preferences, and sensitivity to environmental

filters underpin key ecosystem services provided by ECM fungi in the processes of

forest development, management, and restoration. While the rapidly increasing

influence of climate change, environmental damage, species invasions, and bio-

diversity reduction become obvious, ECM fungi and their successional traits must be

considered in afforestation and carbon sequestration polices, in sustainable forest

management, as well as in biodiversity conservation and rehabilitation practices.
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Institute of Dendrology, Polish Academy of Sciences, Parkowa 5, 62-035 Kórnik, Poland
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10.1 Introduction

Although typical of a relatively small number of plant species—about 8000 taxa

(<3% of phanerogams), ectomycorrhiza nevertheless plays an important role on a

global scale. The association develops mainly with trees of the families Betulaceae,
Pinaceae, Fagaceae, and Salicaceae, which form extensive boreal and temperate

forests covering much of Eurasia and North America, the Dipterocarpaceae and

some tribes of the Fabaceae in the tropics, and the Myrtaceae and Fagaceae in the

temperate and subtropical regions of the southern hemisphere (Taylor and Alexan-

der 2005; Smith and Read 2008; Brundrett 2009). Although not that numerous,

some shrubs and even herbaceous plant species important in early-successional

sites can also form ectomycorrhizas (e.g., Arctostaphylos, Bistorta, Cistus, Heli-
anthemum, Kobresia, Salix herbacea). Ectomycorrhizal (ECM) associations have

evolved in different lineages of plants and fungi several times (Hibbett and

Matheny 2009; Tedersoo et al. 2010; Tedersoo and Smith 2013). They involve a

great variety of fungi, estimated for 8000–10,000 species (Taylor and Alexander

2005; Rinaldi et al. 2008). Most of these belong to Basidiomycota; there are also a

significant number of Ascomycota and a few zygomycetous fungi in this group.

Among them, about 4500 species produce epigeous sporocarps while others form

hypogeous fruit bodies or do not form them at all.

ECM fungi are vital for biogeochemical cycles and for nutrient acquisition by

their plant partners. Radiating from the rhizosphere, vegetative mycelia also pro-

vide a source of mycorrhizal inoculum for neighboring host plants and form

common mycorrhizal networks that connect a number of different plant individuals

(van der Heijden and Horton 2009; Simard et al. 2012). As they interact with

soil environment and influence inter-plant relations, they have been proved to be

important drivers of the structure and dynamics of ECM plant populations and

forest communities (van der Heijden et al. 1998; Klironomos et al. 2011). The

majority of ECM fungi have a broad host range; however, they display different

levels of preference for host plant species (Ishida et al. 2007; Tedersoo et al. 2008).

These assemblages of fungi can change with time both on individual roots and at the

scale of the plant communities and ecosystems, providing different ecological func-

tions and services depending on the successional stage and the legacies of the eco-

system history (Dickie et al. 2013). In early-successional systems, ECM fungi are

crucial for the ability of their plant partners to colonize novel sites, help open suc-

cessional processes, and develop plant communities, driving primary and secondary

succession initiated by natural events (e.g., glacier retreat, volcanic eruption, wind-

throw, or natural fire) or anthropogenic disturbances (e.g., mining, prescribed

burning, timber harvesting, or agricultural activities). They are important for

natural establishment and regeneration of woody vegetation, in forest reclamation

of areas destroyed by human activities, and in managing timber forests.
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10.2 Major Conceptual Framework

In natural conditions, mycorrhizal fungi rely almost exclusively on their plant

partners for carbon needs (Treseder et al. 2006) and may be treated as extensions

of plant roots for their physiological capabilities (Berendsen et al. 2012). However,

it should also be recognized that they are free-living microorganisms which respond

to and affect their environment components and variables (Dickie et al. 2013).

Mycorrhizal fungi have their own species sequence trajectories in successional

systems, which in long time spans seem unpredictable but indicate some clear pat-

terns that mirror spatial and temporal changes of the host plants and ecosystems.

Although the element of chance renders each succession unique, making it the

outcome of a number of different circumstances and complicated interactions,

recognizable fungal communities do develop as a result of underlying ecological

mechanisms and adaptations (Allen and Allen 1992; Twieg et al. 2007; Dickie et al.

2009, 2014).

Succession of both plants and fungi can be defined as “a directional change in the

composition, relative abundance and spatial pattern of species comprising commu-

nities” (Frankland 1992). Rayner and Todd (1979) described it more precisely in

the mycological sense as “the sequential occupation of the same site by thalli

(normally mycelia), either of different fungi, or of different associations of

fungi.” A substantial difference exists between succession of saprotrophic and

mycorrhizal fungi. The former are dependent on the substrate they occupy and

the resource which they eventually deplete so that the community can be reduced to

zero and another suitable resource has to be found for colonization (Dix and

Webster 1995). A succession of mycorrhizal fungi associated with host roots is

more akin to that of vegetation since the resource, in the short term, is renewable

(Frankland 1992).

As summarized by Frankland (1992, 1998), Park’s (1968) division of fungal

successions into the substratum and seral types has been widely adapted. Sub-

stratum succession refers to time-related changes in the community structure of

fungi which are bound to the substrate usually limited in space and which offers an

unrenewable resource. Examples concern mainly saprotrophic fungi colonizing

various types of organic materials such as plant litter, wood, dung, or burns.

Seral succession is a series of fungal assemblages following successional changes in

vegetation and usually concerns mycorrhizal fungal communities. However, the

present knowledge on the successional ecosystems, including not only vegetation

and seral plant communities but also incorporating other important constituents,

like soil formation and nutrient cycling, microbial communities, and invertebrates

(Bever et al. 2010; Wardle et al. 2012; Mueller et al. 2015), suggests that mycor-

rhizal fungi successions must be thought about in a more complex way. As pointed

out by Dickie et al. (2013), mycorrhizal fungal communities are not simply

passengers of ecological processes. They do not just follow successional changes

in vegetation—they can also act as important drivers, both of pedogenesis and plant
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community development, as well as foster the association networks in ecosystems

(Montesinos-Navarro et al. 2012; Afkhami et al. 2014).

The terms “primary” or “secondary succession” are frequently used to describe

mycorrhizal successions. They come directly from the initial theories of vegetation

succession developed by pioneers in plant ecology, e.g., Clements (1916) and

Gleason (1939).

Primary succession is essentially the process of colonization and establishment

of vegetation on newly exposed substrates, usually scarce in nutrients, barren and

devoid of autochthonous organic matter, although a considerable amount of allo-

chthonous, windborne biological materials, in the form of living organisms or

organic detritus coming from abrasion of surrounding established ecosystems,

may be deposited (Hodkinson et al. 2002). Secondary succession occurs after a

disruption of primary succession (disturbance) and involves the replacement of

preexisting vegetation on developed soil; the soil has an organic component and is

usually enriched with nutrients produced by mineralization of residues left by the

previous community (Glenn-Lewin et al. 1992; Begon et al. 1996).

The terms characterize the whole ecosystem process and not just the vegetation

or fungal communities alone. Therefore, the expressions “primary” or “secondary

succession of ectomycorrhizal fungi” which are sometimes used, while convenient,

may be inaccurate. Rather, “succession of ectomycorrhizal fungi in primary or

secondary successional site” appears more appropriate. Some authors go even

further. According to Jones et al. (2003), ECM fungi undergo primary succession

when they colonize the land that previously supported only non-ECM plants, and

spores are the most important sources of initial inoculum. They undergo secondary

succession when trees had been harvested prior to the development of a new stand,

and the full range of inoculum types is present. This leads the authors to the curious

conclusion that ECM fungi associated with trees developing in post-agricultural

fields (typical secondary successional site) undergo primary succession: “. . . fungi
undergoing primary succession as they colonized birch planted in an agricultural

field.” To avoid such confusions, succession of ECM fungi should not be addressed

separately from the rest of the ecosystem.

Disturbance is a fundamental phenomenon in the concept of secondary succes-

sion. White and Pickett (1985) defined it as “any relatively discrete event in time

that disrupts ecosystem, community, or population structure and changes resources,

substrate availability, or the physical environment.” As a result of alterations in the

structure and composition of the component communities, the efficiency of nutrient

cycling and resource utilization declines at the ecosystem level, with a resultant

change in the succession trajectory (Zak 1992). In the most drastic cases, after a

catastrophic disturbance like a volcanic eruption, vast rock- or mudslide, large-

scale open-cast mining, or mine spoil formation, primary successional sites are

formed. When the disturbance alters the preexisting community or partially

destroys it so that it is not completely devoid of any vegetation and organic matter,

secondary succession can start after the disturbance has ceased, for example, in old

fields, burnt areas, large-scale clear-cuts, or forest openings, with diaspores coming

from the outside of the disturbed system and dormant seed/spore bank. Depending
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on the duration, spatial extent, and severity scale of disturbance, one can expect

different responses of species richness and composition, overall diversity, and

spatial heterogeneity of the system (Faliński 1986; Pickett et al. 1989). Moreover,

possible wide variation in size, intensity, frequency, and spatial heterogeneity of

disturbances leads to uneven patterns of surviving organisms and their propagules;

this may result in different initial successional patterns and fading distinction

between primary and secondary succession (van der Maarel 1993; Turner et al.

1998).

Subsequent changes of the fungal community linked closely with the

undisturbed development of the vegetation during primary or secondary succession

essentially define seral succession. Disturbances less severe with respect to extent

can leave a part of ECM fungi intact (Jonsson et al. 1999; Hewitt et al. 2013). The

inoculum coming from the previous assemblage of fungi associated with the

preexisting plant community enables the process of ECM community regeneration.

As reviewed by Jones et al. (2003), extramatrical hyphae and dying mycorrhizae,

as well as viable sclerotia and spores still present in the soil for some time after

disturbance, can act as effective inoculum for seedlings in regenerating stands.

This is particularly important in fire-affected areas as well as in clear-cuts and

forest openings of different origins.

Another ecological concept that is referred to especially in earlier studies on

fungal populations and successional communities is the concept of life history

(Jumpponen and Egerton-Warburton 2005; Douhan et al. 2011). Life history of

an organism is its pattern of obtaining food (foraging), growth, differentiation, and

reproduction from birth to death (Andrews 1992). This pattern, also called a stra-

tegy, is a key factor in the environmental selection of species which are best fitted

for certain habitat conditions. In the evolutionary sense, it allows for adaptation to

the changing environment, thus underlying the process of succession.

The concept of r- and K-selection was introduced to ecology by MacArthur and

Wilson (1967); its applications to fungi in the context of life history have been

discussed by Andrews and Harris (1986) and Andrews (1992). The term r-selection

refers to “uncrowded” environments and species with a high population growth

rate, high productivity, and large reproductive effort. Individuals have a short life

expectancy, are smaller in size, mature earlier, and have more and smaller progeny;

r-selection is advantageous during colonization events. The term K-selection refers

to habitats “saturated” with species which have to compete for limited resources

and use them more efficiently; they channel energy into maintenance and their

reproductive effort is small. Individuals have longer life expectancy, are larger,

show delayed reproduction, allocate more resources to growth (size), and have

fewer but larger offspring. K-selection is advantageous in established situations. As

most species fall between the extremes of r- and K-selection, the concept was

further developed to the R-C-S concept (Grime 1977, 1979), which was also

adapted for fungi (Cooke and Rayner 1984; Pugh and Boddy 1988; Andrews

1992). It assumes that there are three major forms of selection: R-selection for a

“ruderal strategy” (selection for short life span and high-speed production in

disturbed but productive environments or pioneer situations), C-selection for a
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“competitive strategy” (selection for highly competitive ability and long life span in

productive, relatively undisturbed conditions), and S-selection for “stress-tolerant

strategy” (selection for adaptation to sustained environmental stress or resource

depletion). As fungi may switch their behavior during different phases of growth or

show different strategies (or their combinations) under various circumstances, the

three primary ecological strategies can be used to define or compare behaviors

shown by species rather at a particular time and are not always useful for classifi-

cation of individual fungi. As it was reviewed by Douhan et al. (2011), these

concepts were successfully applied in numerous ECM population studies showing

that species with numerous small genets reproduce mainly from meiotic spores and

establish new individuals each year, whereas species forming rather few, large

genets develop mainly perennial mycelium.

The assumption that the composition of ECM fungal community is determined

by r-selection at the beginning of the successional process while K-selection pre-

vails when trees age and organic matter accumulates underpins the concept of

“early-” and “late-stage fungi” that emerged from a series of investigations carried

out in first-generation forests planted in secondary successional sites (Mason et al.

1983; Dighton and Mason 1985; Dighton et al. 1986). Species of fungi occurring at

the early stages of woodland development (“early-stage fungi”) are, in due course,

superseded or joined by others, which are typical of older trees and mature forests

(“late-stage fungi”). Also, early-stage species tend to persist on young, peripheral

tree roots, whereas they are replaced by late-stage fungi on roots nearer the tree

trunk (Ford et al. 1980). This ordered succession was first ascribed to the age of host

trees and the temporal stage of woodland development including organic matter

accumulation and to changes in host physiology, photosynthate allocation in parti-

cular, as a result of aging. Apart from the “early-stage” and “late-stage” strategies,

which were also ascribed as generally corresponding to R and C types (Deacon and

Fleming 1992), a “multistage” strategy of intermediate character was also proposed

(Danielson 1991; Visser 1995). The concept assumed not only changes in the domi-

nant ECM species composition but also in the species richness and diversity, which,

according to the concept’s authors, increase at least until the stage of tree canopy

closure (Dighton and Mason 1985; Dighton et al. 1986; Last et al. 1987).

The “early-” and “late-stage” model has played a very inspiring role in mycor-

rhizal ecology and stimulated a lot of interesting research on spatiotemporal

changes in ECM communities. It has earned support (Jansen 1991; Visser 1995;

Helm et al. 1996; Jumpponen et al. 2002; Nara et al. 2003a, b) as well as criticism

(Keizer and Arnolds 1994; Termorshuizen 1991). Growing evidence suggested that

successional changes in an ECM community should be referred more to resource

changes and abilities of early- and late-stage fungi to colonize roots in soils with

different accumulations of litter, development of humus layer, and content of

organic matter, as well as to the stand structure (Last et al. 1987; Blasius and

Oberwinkler 1989; Baar 1996; Jumpponen et al. 1999a). At present, the shifts in the

vegetation composition and function, including photosynthesis efficiency and

nutrient requirements, are still considered strong determinants of ECM fungi suc-

cessional traits (Buscot 2015). However, the role of biogeographic factors,
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dispersal, host identity, niche partitioning, interspecific competition, environmental

and biotic filters are also cited (Bruns 1995; Jumpponen and Egerton-Warburton

2005; Bahram et al. 2015; Tedersoo et al. 2014; Mujic et al. 2016), and instead of

the terms “early-” and “late-stage” fungi, the more appropriate terms “early-suc-

cessional” and “late-successional” fungi are used (Dickie et al. 2013). However,

there is still no clear delimitation of using these terms in the timescale context.

Early- and late-successional ECM fungi can be described both in the time span of

woodland development from open community colonized by first ECM host plants

to first-generation mature forest (Ashkannejhad and Horton 2006), through a few

types of the subsequent woodland communities (Helm et al. 1996; Jumpponen et al.

1999a), and in the time span of the whole successional trajectory including pro-

gressive, mature, and retrogressive stages of woodland ecosystem (Dickie et al.

2013).

Early-successional ECM species usually colonize saplings. Most of these fungi

have a low carbohydrate demand (supply by host tree) and exploit nutrients within

the inorganic pool. They are also capable of rapid mycelial growth, spread mainly

by sexual spores, and exhibit features of “ruderal strategy” typical of pioneering

species. These fungi colonize tree roots in early-successional stages, in primary or

disturbed habitats. Features like these were confirmed, for instance, in Laccaria
bicolor (de La Bastide et al. 1994) and Suillus luteus (Muller et al. 2004). Also, it

has been shown that the spores of pioneer ECM fungi germinate easily, especially

in the presence of host roots, and colonize them effectively, such as with species of

Inocybe, Laccaria, Hebeloma, Suillus, and Rhizopogon (Theodorou and Bowen

1987; Ashkannejhad and Horton 2006; Ishida et al. 2008; Nara 2009). Late-

successional fungi occupy undisturbed habitats, associate with older/larger trees

or older forests, have a high carbohydrate demand, derive nutrients mainly from the

organic pool, exhibit high competitive abilities due to the production of mycelial

strands, and spread mainly via vegetative mycelium. Thus, they clearly exhibit

features of “competitive strategy.” Examples include Cortinarius rotundisporus
(Sawyer et al. 1999) and Russula brevipes (Bergemann and Miller 2002). Spores of

the fungi that usually do not appear in pioneer habitats but are often dominant in

mature forests, such as species of Russula, Lactarius, Amanita, and Cortinarius,
do not germinate well in pioneer conditions, even in the presence of host roots

(Nara 2009). In late-successional (mature) stands, seedlings are usually colonized

with late-successional fungi as they get an access to the already established

common mycorrhizal network and potentially can even gain nutritional support

from mature trees (Teste and Simard 2008; Richard et al. 2009; van der Heijden and

Horton 2009; Simard et al. 2012).
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10.3 Chronosequence Studies

Succession of woody vegetation and associated fungi is a long-term ecological

process. Development of mature forest community lasts from a few decades in

coniferous forests subject to natural cyclic fires (Larsen 1997) to hundreds of years

in old-growth temperate and boreal forests (Faliński 1986). If the whole life span of

some subtropical forest ecosystems is considered, it can be hundreds of thousand or

even a few million years (Wardle et al. 2004). Monitoring temporal changes in such

systems would be well beyond the capacity of a single researcher. The space-for-

time replacement and chronosequence studies are the most widely used and appre-

ciated methods that overcome this difficulty in field research (Pickett 1989; Walker

et al. 2010). As summarized by Jumpponen et al. (2012), chronosequence studies

suffer from potential correlations between position in the chronosequence and

substrate chemistry, fluctuations in weather or climatic conditions, distance to

propagule sources, or other environmental parameters. But they benefit from

providing a single location where substrates of different ages can be observed in

a relatively homogeneous environment—similar soil parent material, climate, and

regional species pools (Jenny 1980). A chronosequence set of sites selected across a

range of various-aged vegetation communities provides opportunities to evaluate

communities of mycorrhizal fungi on host plant species representative for subse-

quent successional stages and to follow the fungal seral succession. Mycorrhizal

chronosequence studies usually assess changes resulting from three causes: changes

in plant species, age of plants, and the successional stage itself (Helm et al. 1996).

Apart from the observations of mycorrhizal fungi associated with plants comprising

the host communities in such real, complicated systems, field experiments and

glasshouse bioassays are conducted to test hypotheses referring to selected vari-

ables or simplified conditions (Helm et al. 1999; Nara 2006a; Ashkannejhad and

Horton 2006). As pointed out by Hobbie et al. (2005), one valuable technique has

been to take the symbiosis out of the field and study it in the laboratory or

greenhouse, but inferences derived from the laboratory should always be tested

against field data (Read and Perez-Moreno 2003). Chronosequence studies, espe-

cially these using molecular techniques of mycorrhizal species identification, have

yielded a large body of data, considerably increasing our knowledge of patterns and

mechanisms involved in ECM fungal successions.

10.4 Primary Successional Sites

In primary successional sites, vegetation develops on newly exposed substrates

void of any autochthonic organic matter where the supply of ECM fungi inoculum

is limited and depends mostly on air- and animal-mediated arrival of propagules

from “outside” the community (Trappe and Luoma 1992). Compatible fungal

associates are vital for successful establishment and persistence of mycorrhiza-
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dependent plants. Their establishment is driven by the general assembly rules and

ecological filters accounting for both stochastic (e.g., distribution of suitable esta-

blishment sites and propagules) and deterministic factors (facilitative and com-

petitive processes after community establishment) (Jumpponen and Egerton-

Warburton 2005; Jumpponen et al. 2012).

10.4.1 Glacier Forefronts

Glacier forefronts are unique areas of primary succession whereby non-vegetation

terrain exposed from beneath glacial ice develops toward a complex plant commu-

nity and can be regarded as model study systems (Jumpponen et al. 2012). Glaciers

leave a harsh environment of extreme conditions, including strong nutrient limi-

tations. Glacier forelands are relatively young, settling of plants and fungi occurs

within comparatively short, usually known time span, diversity of both plant and

fungal communities is low, and supply of ECM inoculum is relatively limited.

Glacier chronosequence studies on ECM communities (or including them

among other groups of organisms) focused on successional changes in occurrence

of sporocarps (Helm et al. 1996; Jumpponen et al. 1999a, 2002; Alfredsen and

Høiland 2001), ECM roots (Helm et al. 1996, 1999; Trowbridge and Jumpponen

2004; Cázares et al. 2005; Blaalid et al. 2012), and soil microbial DNA (Jumpponen

2003; Brown and Jumpponen 2014).

The presence of potential ECM fungi in the form of aerially deposited, dormant

spore bank was detected in recently exposed, early-successional areas prior to the

presence of susceptible hosts (Jumpponen 2003; Trowbridge and Jumpponen

2004). The propagules were sparse in young soil substrates, but their numbers

and diversity increased with time since deglaciation; the ECM propagule bank

seemed to establish in areas deglaciated for at least 40 years (Jumpponen et al.

2002). Spore dispersal of ECM fungi is facilitated not only by wind: many species,

particularly of hypogeous fungi, are introduced in feces of visiting mycophagous

animals (Cázares and Trappe 1994). In the accumulation of propagules, stochastic

patterns are important (Jumpponen et al. 2002; Jumpponen 2003). Similarly to

colonizing plants, spores may be more frequently deposited in so-called safe sites

which are more likely to accumulate large numbers of viable propagules and thus

favor higher rates of fungal colonization of host roots (Jumpponen et al. 1999b;

Trowbridge and Jumpponen 2004). Despite potential inoculum limitations,

all ECM plants occurring naturally at glacier forelands, even those in early-

successional sites, had their roots colonized with ECM fungi (Helm et al. 1996;

Cázares et al. 2005). These areas, especially at alpine but not high latitude locations,

are usually not considerably far from established woodlands, which are a rich and

continuous source of fungal propagules. Thus, at longer timescale, it is unlikely that

ECM colonization could be really a limiting factor for successional processes here.

However, aerial random spore dispersal may be much slower and limiting in

arctic situations (Hodkinson et al. 2003; Blaalid et al. 2012).
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Ectomycorrhizal hosts are among first plant colonizers of glacier barrens. They

associate relatively rapidly with fungal partners and become symbiotic (Hobbie

et al. 2005). Mycorrhizal colonization of seedlings occurs within 2 years of germi-

nation, sometimes within a few weeks (Helm et al. 1996), whereas total ECM

formation percentages increase from about 25% in the barren stage to over 50% in

the next and later stages. All the Pinaceae and Salicaceae sampled at the glacier

foreland nearly 100 years old had ectomycorrhizal roots (Cázares et al. 2005;

Jumpponen et al. 2012), even the first Abies lasiocarpa seedlings appearing on

the substrate deglaciated for 20 years. Degree of ECM root tip infection in early-

successional plants—Kobresia myosuroides (Mühlmann and Peintner 2008a),

Polygonum viviparum¼ Bistorta vivipara (Mühlmann et al. 2008), and S. herbacea
(Mühlmann and Peintner 2008b) reached 95, 100, and 93%, respectively, in the area

deglaciated for 150 years. Plant species with ectomycorrhizal associations are

among earliest vascular colonizers also in arctic-alpine glacier forelands (Alfredsen

and Høiland 2001; Hodkinson et al. 2003). However, in High Arctic, their

ECM colonization may proceed much slower (Fujiyoshi et al. 2011).

Successional changes were also observed in fruiting patterns. Sporocarps of

fungal genera such as Inocybe, Thelephora, and Laccaria and some species of

Cortinarius and Hebeloma were found predominantly in the early stages (usually

<50 years old), with a few common, non-host-specific ruderal species being the

most frequent. Later, they were supplemented with a number of species of

Lactarius, Suillus, Leccinum, Russula, and Amanita and other species of Cortinarius,
with several infrequently fruiting or host-specific taxa, especially in areas of litter

accumulation (Helm et al. 1996; Alfredsen and Høiland 2001; Jumpponen et al.

2002). In some cases, Ascomycetes were a significant component of the community,

especially in the inter-canopy areas (Trowbridge and Jumpponen 2004). The

prolonged presence, and not replacement, of the initial fungal colonizers could result

from the heterogeneity in the host age distribution (coexistence of hosts of various

age) and differing soil conditions in patchy plant communities, thus facilitating the

presence of early, ruderal ECM fungi in the oldest parts of the chronosequence

(Jumpponen et al. 2002). Increasing number of ECM species showed positive

correlation with the frequency of the hosts (Alfredsen and Høiland 2001). Some of

the earliest species soon disappeared, some species were frequent through the whole

chronosequence and showed no preference toward the successional stage, and some

preferred more established vegetation. The highest number of ECM species was

usually found at the end of the chronosequences examined, although relatively high

fungal richness may occur already in the recently exposed areas (Blaalid et al. 2012).

The increase in the diversity of ECM fungi is attributed to the increase in both the

number of host species and the range of their ages, which in turn increased the

diversity of available habitats (Jumpponen et al. 2002).

On the Lyman Glacier forefront (the North Cascades mountain range,

Washington, USA), Trowbridge and Jumpponen (2004) found that individual

ECM taxa showed preferences for canopy or inter-canopy microenvironments.

They argued that such patterns in ECM species were related to organic matter

accumulation and N availability associated with soil development. Under-canopy
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soils promoted the occurrence of fungi relying on host photosynthates and facili-

tated selection of symbionts based on their compatibility with a plant host. Thus,

plant establishment in this early-successional system, decoupled from the substrate

age, may lead to convergence of ECM fungal communities (Jumpponen et al. 2012)

and is a key factor affecting ECM fungal succession (Jumpponen and Egerton-

Warburton 2005). Despite usual low species number and high heterogeneity,

functional diversity of ECM community allows colonization of early-successional

plants (Jumpponen 2003), facilitates subsequent establishment of late-successional

plants through sharing non-host-specific fungal symbionts (Helm et al. 1999), and

supports high nutritional demands of developing plant communities, especially

through the presence of efficient host-specific ECM taxa (Hobbie et al. 2005).

However, discrepancies between the ECM fungal communities in the glacial fore-

fronts and in the late-successional stages outside the terminal moraine or in adjacent

mature secondary stands may last for centuries, as the harsh environment makes the

succession process slow, resulting in patchy vegetation structure and lack of well-

developed organic layers (Jumpponen et al. 1999a; Blaalid et al. 2012). Moreover,

although the ECM fungal community may follow specific trajectory different from

other groups of fungi, niche preferences, pedogenesis, and successional age were

also proved to drive community shifts along primary successional chronosequence

(Brown and Jumpponen 2014).

10.4.2 Volcanic Deserts

Volcanic eruptions are natural catastrophic disturbances creating primary succes-

sional sites both in the past and at present. Flows of lava and thick deposits of

pumice and ash constitute a new, barren substrate ready for recolonization. The

process of vegetation succession and soil development is usually very slow—300

years after eruption plant cover makes up 5% of the land area (Nara et al. 2003a),

while formation of 6 cm deep soil profile may take almost 2000 years (Pe~na-
Ramı́rez et al. 2009). Since the former vegetation may be completely destroyed

and covered with scoria, any fungal inoculum must be brought in from far outside

the area by wind dispersal or animals. As majority of spores in this environment

decrease their activity with time (Ishida et al. 2008), after hundreds of years a new

dormant spore bank may be hardly present or active (Nara and Hogetsu 2004).

Germination patterns and infectivity of ECM fungal species correspond well with

their ecological traits and can critically affect initial colonization of non-mycorrhizal

habitats and development of ECM communities (Ishida et al. 2008). All ECM fungi

known to occur as first-stage colonizers in a Mt Fuji volcanic desert (Japan), such as

Laccaria spp. and Inocybe lacera, exhibited high germination rates in the presence

of roots of susceptible plant hosts. They readily formed mycorrhizal associations,

whereas majority of late-stage fungi, e.g., of the Cortinarius and Russula, exhibited
weak responses to host roots.
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Because of limited propagule availability, non-mycorrhizal seedlings that were

transplanted into most parts of the volcanic desert on Mt Fuji remained uncolonized

by ECM fungi, although all established Salix shrubs were associated with ECM

symbionts (Nara et al. 2003b; Nara and Hogetsu 2004). However, seedlings could

easily develop ECM associations when growing beside Salix shrubs, and their roots
could join the mycelial network of hyphae emanating from these plants (Nara

2006a). This resulted in better nutrient acquisition and improved growth, indicating

that early-established Salix shrubs facilitate the subsequent establishment of con-

specific seedlings by providing ECM fungal symbionts. Moreover, the analysis of

spatial coincidence between secondary colonizing timber species (Betula ermanii
and Larix kaempferi), which are ECM host plants that follow Salix in the initial

stage of forest formation, showed that these individuals were all accompanied by

Salix with no exception (Nara 2006b). The ECM fungal communities of these

timber species showed high similarity to that of Salix and were dominated by

species common to this host even a decade after their establishment. The seedlings

of Betula and Larix may have been connected to Salix shrubs by common mycelia

of the same ECM fungi (Nara and Hogetsu 2004). These were generalist species

that were compatible with two or more plant families (Betulaceae, Pinaceae,
Salicaceae). Thus, pioneer Salix may contribute to tree succession by providing

adjacent late colonizers with compatible ECM fungal symbionts.

The succession process can run much faster when the extent of disturbance or its

severity are not equally devastating and when the adjacent forest edges, islands of

preexisting vegetation, or its remnants underneath the present deposits serve as

ready propagule sources (Allen et al. 1992; Obase et al. 2005). It can also be facili-

tated by the activity of small mammals (Allen et al. 1992).

In such circumstances, the invasion of ECM host plants on volcanic deserts has

been observed after a few to several years of substrate exposure (Allen et al. 1992;

Obase et al. 2007). The Salicaceae are dominant woody pioneers in volcanic

deserts. Formation of ectomycorrhizas on the roots of Salix was found as early as

2 years after the eruption (Obase et al. 2007); 5 years after this disturbance all

seedlings of other ECM woody plants had their roots colonized with the ratio

reaching 75% (Obase et al. 2008).

No ECM sporocarps were observed until 10 years after the eruption of Mount St

Helens (USA), although some ECM trees had already appeared (Allen et al. 1992).

In the volcanic desert on Mount Fuji (Japan), the sporocarp abundance and the

species composition of sporocarps changed with host size enlargement (Nara et al.

2003a); the size of the ECM host, Salix reinii, was taken as an indicator of the age

after the first colonization. Laccaria laccata, L. amethystina, and I. lacera were the
first colonizers (first-stage species) and were subsequently joined by additional taxa

as the host grew: L. murina and Scleroderma bovista (second-stage species) and

later by other species of Hebeloma, Cortinarius, Russula, and Inocybe (late-stage

species). As the ECM species richness increased, none of the species disappeared or

were replaced in this early-successional sere. As sporocarps of the second-stage

species were situated on the bare ground on the outsides of the Salix patches (where
no litter had accumulated), their occurrence was attributed to the increased host age.
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The occurrence of many late-stage species was clearly related to changes in soil

conditions, mainly to the accumulation of organic material. The sporocarps of

these species were always situated inside the vegetation patches, where litter was

continuously deposited. Species of Laccaria, Inocybe, Hebeloma, Suillus, and

Scleroderma were also found near mature trees that survived the eruption of

Mt Usu (Japan) (Obase et al. 2005).

A well-corresponding pattern of species composition was found below ground,

particularly in the earlier successional stages (Nara et al. 2003b). Species recorded

as sporocarps dominated the underground ECM community. The sere was initiated

by the same, first-stage species of fungi, and additional species were recruited with

host growth, especially within vegetation patches, which was mainly attributed to

the accumulation of litter and resultant soil development. Most species which were

found only underground were fungi that do not form conspicuous sporocarps

(Cenococcum geophilum, Sebacina sp., species belonging to Thelephoraceae).
The colonization percentage of these fungi increased with host growth, especially

inside large host patches, and was high in unhealthy hosts (Nara et al. 2003b).

These species are usually abundant in older forests (Kõljalg et al. 2000).

Production of sporocarps of ECM fungi in early-successional volcanic deserts

increased with host size and was positively correlated with the host’s photosyn-

thetic rate (Nara et al. 2003a). This rate, in turn, increased linearly with N and P

concentrations in leaves, suggesting a bidirectional, positive feedback between both

symbionts. An efficient nutrient supply from ECM fungi results in high photosyn-

thetic activity, and, conversely, enough photosynthate can be supplied from hosts to

maintain the activity of ECM fungi, also expressed in sporocarp production. In

patches of less healthy hosts (based on photosynthetic rate, leaf biomass, and 1-year

shoot length), not only lower ECM sporocarp production was observed but also a

significant change in the ECM fungal species composition and a decrease in species

richness. This might reflect an insufficient carbon allocation to the roots of the hosts

and the inability of some ECM fungi (e.g., S. bovista) to colonize such roots or

sustain growth. However, the colonization of species forming no or inconspicuous

sporocarps was supported in these conditions indicating their low carbon demands

or ability to use other than host-derived carbon sources.

Nutritional status of the habitat seems to drive ECM species diversity in a variety

of plant hosts colonizing volcanic deserts, including Salix spp., Populus spp.,

Betula spp., Quercus spp., and L. kaempferi (Yang et al. 1998; Tsuyuzaki et al.

2005). The ECM communities can differ greatly among hosts when the availability

of different ECM inoculum is relatively high (Obase et al. 2007), but species of

Laccaria, Hebeloma, Inocybe, Scleroderma, and Thelephoraceae constitute the

majority of the ECM community in the roots of early-successional ECM plant

species.
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10.4.3 Sand Dune Systems

As reviewed by Corkidi and Rincón (1997), sand dunes are successional habitats

usually deficient in major nutrients (N, P, K) and organic matter. They may be

salinized and are subject to wide fluctuations in soil moisture and temperature,

blowing winds moving sand which can cause excessive erosion or accretion and

harmful sand blasting.

Coastal sand dunes are a model system in which environmental factors, mainly

soil condition gradient, filter for colonization by different groups of plants charac-

terized by different mycorrhizal status. The succession starts with ruderal plant

species with low mycorrhizal dependency in nutrient-enriched high-tide zone, then

facultatively AM and AM plants prevail in P-limited zone, ECM plants in N-limited

zone, and finally plants with ericoid mycorrhizal associations in zone of high

organic matter accumulation and limited nutrients bound in acidic organic com-

plexes (Read 1989; Allen and Allen 1992).

ECM host plants usually inhabit stabilized dunes covered with herbaceous

vegetation, where soil organic matter has accumulated over time leading to reduc-

tion of pH, inhibition of nitrification processes, and deficit of plant available N, and

they continue to grow in Ericales-dominated successional stages (Read 1989).

Among sand dune plants, taxa with dual mycorrhizal colonization, AM and

ECM, seem to be very important, sometimes dominant in fixed dunes and persisting

throughout succession (van der Heijden and Vosatka 1999; Maremmani et al. 2003;

Çakan and Karataş 2006). Such an ecological trait may be advantageous in nutrient-

limiting dune environment, enabling the plants to have better access to both P and N

sources that can fluctuate more within the season than along successional gradient

(van der Heijden and Vosatka 1999). The root colonization of Salix repens by ECM
fungi was high and by AM fungi was low with no difference between successional

dune habitats, indicating that ectomycorrhizas on these plants do not increase their

importance in later successional stages. However, different habitat preferences of

various ECM root associates and AM fungi found in willows suggest that mycor-

rhizal diversity contributes to the broad ecological amplitude of this plant and may

play an important role in facilitation of other plants in this successional series, both

AM and ECM dependent (van der Heijden and Vosatka 1999). The huge discre-

pancy between the high number of ECM species present as sporocarps and rela-

tively low number of ECM morphotypes found on roots of S. repens reflects

strongly heterogeneous spatial and temporal structure of the ECM community

(van der Heijden et al. 1999). A characteristic feature of that community is a

high proportion of fungal taxa host specific to Salicaceae, especially those of the

Cortinariaceae, but the mechanisms that underpin this phenomenon or its functional

relevance are not clear.

One of the earliest woody colonizers of sand dunes are pines, and they are

always associated with their ECM partners, even in the most pioneer and isolated

sites (Dominik 1951; Maremmani et al. 2003; Ashkannejhad and Horton 2006).

Mechanisms of the establishment of ECM fungi which support primary
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successional Pinus contorta seedlings on coastal dunes of Oregon (USA) involve

both long-distance spore dispersal and animal vectors (Ashkannejhad and Horton

2006). The spores, originating from sporocarps occurring in adjacent but relatively

remote coniferous forest zones, come to the isolated dune areas either as a long-

distance spore rain or with animal feces and create a resistant spore bank in soil. It

may comprise propagules of tens of ECM species typical of coniferous forests

including Basidiomycetes (Boletaceae, Cortinariaceae, Russulaceae, Thele-
phoraceae, Tricholomataceae) and Ascomycetes (C. geophilum, Wilcoxina
mikolae). However, as it was shown in the field and in seedling bioassays, only a

subset of these fungi had spores that were resistant to inhospitable, exposed

conditions and sustained their ability to infect roots of isolated pine seedlings.

These were C. geophilum,W. mikolae, a few Thelephoraceae species, Laccaria sp.,
I. lacera, and a whole range of Pinaceae-specific species of Suillus and Rhizo-
pogon. Among these early-successional fungi, suilloid taxa seem uniquely adapted

for long-distance dispersal to, and survival in, the isolated areas where mycelial

networks are absent. They are the principal ECM group with specific ecological

adaptations for establishment of pines in harsh or early-successional habitats

(Ashkannejhad and Horton 2006). Also, this study showed a key role of deer in

suilloid and other fungi dispersal over the long distances across sparsely vegetated

early-successional areas, especially of hypogeous species, as deer feces consider-

ably add to the soil dormant spore bank.

10.4.4 Mine Spoils and Other Soil-Disturbed Sites

Vast areas of stripped land and various kinds of spoils and tailings usually stored in

the form of spoil heaps (slag heaps, spoil banks, dumps), resulting from road

cuttings, land leveling on construction sites, mining and extraction of different

minerals, fuels, etc., lead to the formation of primary successional sites surrounded

with the much more successionally advanced landscapes. After removal of the

upper layer, the soil is usually low in macronutrients, contains no organic matter or

mineralizable nitrogen, and lacks water-stable microaggregates. Spoil heaps fre-

quently have a poor water-holding capacity, low porosity, and unfavorable air–

water conditions and absorb solar energy causing high surface temperatures. They

tend to get compacted, but are prone to wind and water erosion, and may show high

metal(loid) concentrations, salinity, and extreme pH values (Marx 1975; Conesa

and Schulin 2010).

Passive reclamation of such sites relies on natural, spontaneous successional

processes; active reclamation is supported by human assistance and various ame-

lioration measures, including reinstatement of topsoil layers, fertilization, organic

enrichment, seeding grasses and legumes, and tree planting (Hüttl and Weber 2001;

Macdonald et al. 2015). However, the establishment of trees and their development

is often problematic, as the ECM fungal inoculum potential of strongly disturbed

soils and young mine spoils is usually very low (Malajczuk et al. 1994; Lunt and
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Hedger 2003; Bois et al. 2005). With time, the amount of the inoculum increases,

suggesting air- and animal-vector spore dispersal (Bois et al. 2005). As the succes-

sion of the habitat and vegetation proceeds, gradually more niches for diverse ECM

fungi appear (Malajczuk et al. 1994) and spore/hyphal network production by

developing in-site ECM assemblage increases.

The inoculum potential, ECM root colonization, and host plant growth can be

increased significantly by the amelioration measures aiming at soil reconstruction,

such as placing the retained topsoil, usually rich in ECM fungal propagules, on the

surface of the spoil (Helm and Carling 1993; Lunt and Hedger 2003; Bois et al.

2005), different soil subsurface preparation methods (Bauman et al. 2013), or

organic enrichment with leaf litter (Lunt and Hedger 2003).

Spontaneous arrival of ECM pioneer trees (Salix, Populus, Betula, and Pinus
spp.) onto different types of non-meliorated coal-mine wastes was observed after

10–30 years of their establishment, and after 50 years, a relatively diverse and

abundant ECM fungi were found on their roots (Pachlewski 1956, 1958). Similarly,

Pinus halepensis colonized metal-contaminated tailings after 40 years (Parraga-

Aguado et al. 2014), forming isolated “fertility islands” accelerating further vege-

tation development under their canopies. Thus, an artificial introduction of

tree seedlings is an effective way of facilitating succession and forest restoration

processes on reclaimed sites (Hüttl and Weber 2001; Macdonald et al. 2015).

The spore bank of row or relatively young reclamation materials is usually rather

poor. Greenhouse bioassays proved the ability to germinate and support emerging

or transplanted seedlings for C. geophilum, Tuber sp., Wilcoxina sp. (E-strain),

Laccaria sp., Rhizopogon-like, Suillus spp., Thelephora americana, as well as

Sebacinoid and Pezizales species (Danielson et al. 1983; Bois et al. 2005). The

indigenous ECM communities, which colonize seedlings and young trees up to

7 years growing on young mine spoils, consist mainly of C. geophilum and the

species of Geopora, Tuber, Wilcoxina, Amphinema, Hebeloma, Inocybe, Laccaria,
Rhizopogon, Sebacina, Suillus, Thelephora, Tomentella, and Atheliaceae
(Danielson and Visser 1989; Danielson 1991; Lunt and Hedger 2003; Gebhardt

et al. 2007; Rincón et al. 2007; Huang et al. 2012; Onwuchekwa et al. 2014). Also,

Pisolithus tinctorius was reported as a typical early-stage ECM fungus, which is

well adapted to low pH and high temperatures of anthracite and hard coal spoils

(Marx 1975). This common and widespread multi-host species, known from many

highly disturbed sites (Marx 1977), has been widely used for artificial inoculation of

tree seedlings prior to outplanting and proved to be effective in increasing the

seedlings’ survival and growth in post-mining landscapes, especially in warmer and

drought-susceptible parts of the world (Marx et al. 2002).

The adverse conditions of young mine spoils, especially in non-meliorated sites,

seem to be a very strong limiting factor. Environmental filtering promotes early-

successional ECM fungi capable of inhabiting immature soils with low levels of

organic matter, low nutrient mineral soils or fertilized, disturbed, polluted, or

extreme pH sites, and fluctuations in soil temperature and moisture (Münzenberger
et al. 2004; Bois et al. 2005; Staudenrausch et al. 2005; Huang et al. 2012). Some of

these taxa are able to withstand high metal(loid) concentrations and can
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significantly improve the survival and the performance of host trees on metalli-

ferous substrates or smelter wastes (Staudenrausch et al. 2005; Hrynkiewicz et al.

2008; Huang et al. 2012) providing a powerful tool for phytoremediation (Colpaert

et al. 2011).

After outplanting, the colonization rate of seedlings roots by indigenous ECM

fungi may stay low for a long time. On the roots of Quercus rubra seedlings

growing on a lignite mine spoil, it reached 15% after 5 years (Gebhardt et al.

2007); on the roots of Pinus massoniana seedlings on a Pb–Zn mine tailing, it

reached 26% after 7 years (Huang et al. 2012); at a former ore mining area rich in

Pb, Zn, Cu, and Cd, the rate reached 3–36% on the roots of 20–30-year-old trees of

Salix caprea (Hrynkiewicz et al. 2008). The inoculation of seedlings with selected

ECM fungi prior to planting can help to overcome the problem of the probable lack

of the indigenous ECM inoculum in the sites, to surmount the initial stress of

transplantation, and to acclimate to a harsh environment and adverse substrates

during the first year(s) after outplanting (Rincón et al. 2007). Despite the fact that

they are often poor competitors among field conditions (Danielson and Visser 1989;

Xu et al. 2001; Rincón et al. 2007) and most of them may be replaced within 2 years

(Rincón et al. 2007), they can help seedlings to develop new short roots susceptible

to the colonization of indigenous ECM symbionts (Grossnickle 2005) or to increase

the overall percent of ECM root mycorrhization (Onwuchekwa et al. 2014). The

best results are expected when inoculated fungi are specifically adapted to the envi-

ronmental conditions of transplantation sites (Rincón et al. 2007). However, the

seedlings usually get colonized by native ECM fungi during their development in

nurseries (Leski et al. 2010; Pietras et al. 2013) and intentional inoculation may not

be necessary.

After the initial period of low richness and poor diversity of ECM communities

in disturbed sites, fungal communities can develop quite rapidly. In Pinus sylvestris
afforestations on a reclaimed lignite mine spoil heap, the number of ECM species

(counted based on sporocarps) reached 5 in the third year after outplanting and 23 in

14 years old stand, coupled with a massive production for some taxa (for Geopora,
Hebeloma, Helvella, Inocybe, Rhizopogon, Suillus, and Tricholoma spp.) (Kałucka

and Jagodziński 2016). In 20–25 years old stands of Populus tremula growing in a

heavy metal-contaminated site, 54 ECM fungal taxa were found (Krpata et al.

2008).

With time, the number of ECM species and ECM community diversity tend to be

more similar between the older stands of spoil heaps and the surrounding forests

(Gebhardt et al. 2007; Glen et al. 2008) or other mature forests (Krpata et al. 2008).

However, the ECM species composition is different; late-successional fungi, such

as members of Thelephoraceae or Russulaceae, are relatively less represented

(Glen et al. 2008; Huang et al. 2012), while the members of the typical early-

successional genera, such as Cenococcum, Hebeloma, Inocybe, Laccaria,
Pisolithus, Scleroderma, Tomentella, Tuber, and Wilcoxina, tend to be persistent

in disturbed habitats (Glen et al. 2008; Hrynkiewicz et al. 2008; Krpata et al. 2008).

Variation in successional trajectories of ECM communities on mine spoils may be

very high, as they are affected by strong, site-dependent environmental filtering
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caused by climatic conditions (Glen et al. 2008), host preferences (Huang et al.

2014), and soil properties, such as the content of metalliferous contaminations

(Huang et al. 2014), the maturity of soil, and the presence of organic matter

(Staudenrausch et al. 2005; Huang et al. 2012, 2014), and they are modified by a

variety of restoration and amelioration measures (Kałucka and Jagodziński 2016).

Moreover, mine reclamation forests differ from the forests of the same age and

grow under better conditions in root biomass (Jagodziński and Kałucka 2010) and

allocation of aboveground biomass (Jagodziński et al. 2014), which probably both

affect their ECM communities. As a result, although different from natural, the

reclamation stands form a unique habitat for many rare and interesting ECM fungal

taxa and can significantly contribute to the fungal biodiversity, both at a local and

larger scale (Kałucka et al. 2016).

10.5 Secondary Successional Sites

Secondary successional sites are created after natural or human-caused disturbance

of different size and severity, where the preexisting vegetation has been destroyed

but the soil is developed and contains organic matter and nutrients left by the

previous community (Begon et al. 1996). Frequently, such sites show hetero-

geneous patterns of surviving organisms and their propagules, which can affect

early stages of secondary succession and development of new vegetation (Turner

et al. 1998). As in case of primary succession, fungal partners are key components

of developing mycorrhiza-dependent plant communities. Their establishment in

secondary sites is driven by the same rules; however, the propagules may both

arrive from “outside” the community (air and animal dispersal) and originate from

the previous assemblage of fungi associated with the preexisting plant community

(if the disturbance was not severe enough to destroy it completely), enabling

regeneration (Jones et al. 2003; Hewitt et al. 2013). Dispersal from adjacent

non-disturbed sites, covered with intact vegetation, seems to be strong and very

important, especially when connections via common mycorrhizal networks are

established (Dickie and Reich 2005; Thiet and Boerner 2007; Teste and Simard

2008). Some ecological filters accounting for secondary successional trajectory are

different, especially in terms of enriched soil conditions (Walker and Syers 1976).

Among the most distinctive and frequent examples of secondary successional sites

are the previously forest-occupied areas affected by natural or man-initiated fire,

agriculture, intensive forest management or natural wind-throws, floods, etc. A

growing body of mycological research in such environments shows vital role of

ectomycorrhizal fungi in the recovery and sustainable continuity of forest

ecosystems.
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10.5.1 Fire-Affected Sites

Fire is one of the most common and important natural disturbances that influence

soils (Bento-Gonçalves et al. 2012), vegetation (Keeley et al. 2011), and microbial

communities (Hart et al. 2005; Cairney and Bastias 2007). Human interference with

natural fire regimes, both via increasing the frequency of intentional or

unintentional fires and via extension of fire intervals and limiting fire extent with

suppressing measures, is also of great concern.

As reviewed by Dahlberg et al. (2001) and Dahlberg (2002), succession of

ectomycorrhizal fungi following fire depends considerably on the intensity and

frequency of fire events. Fennoscandian boreal forests are usually subject to

low-intensity fires allowing most of trees to survive; moreover, their mycorrhizal

partners escape from combustion in thick organic humus layer and ECM species

richness may not be significantly affected (Jonsson et al. 1999). In these forests, no

post-fire ectomycorrhizal succession is apparent, unless high-intensity burns cause

high tree and ECM mortality. However, at long timescales, fire-driven successional

processes may lead to the decline of ECM basidiomycetes and the predominance of

ericoid mycorrhizal ascomycetes, potentially resulting in long-term humus accu-

mulation and high C sequestration (Clemmensen et al. 2015).

North American boreal forests, different types of temperate forests such as in

temperate North America, southern South America or Mediterranean, and forests in

Australia undergo natural fire cycles with much shorter intervals and high intensity

(Keeley et al. 2011); prescribed burning is also a common forest management

practice to reduce the impact of wildfires (Fernandes and Botelho 2003). More

frequently, these fires result in stand replacement and eradication of pre-fire ECM

communities.

Post-fire changes in ECM communities may be caused directly by heating

(Kipfer et al. 2010), but also by heat-mediated effects on roots including their

mortality and limited availability, and chemical and physical changes of soil (loss

of organic matter, modified nutrient and moisture levels, changes in pH) (Neary

et al. 1999; Hart et al. 2005; Cairney and Bastias 2007). The extent and quality of

changes in mycorrhizal fungal assemblages following fire events may vary consi-

derably; the fire legacies, which may persist for decades after fire events (Treseder

et al. 2004; Holden et al. 2013), and status of the ECM community after the

disturbance cassation are essential for the subsequent course of successional

processes.

Tree seedlings regenerating after fire are usually highly mycorrhized with coloni-

zation and the number of ECM operational taxonomic units per soil sample increas-

ing with time (Longo et al. 2011; Barker et al. 2013; Holden et al. 2013; Rincón et al.

2014). The species richness and diversity increase significantly during the first 2 years

(Rincón and Pueyo 2010; Hernández-Rodrı́guez et al. 2013). Early stages of

ECM fungal succession are often characterized by few dominant and many less

frequent taxa (Grogan et al. 2000; Rincón and Pueyo 2010; Rincón et al. 2014).

Most of them are the components of the pre-fire community (Horton et al. 1998;
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Dahlberg et al. 2001; de Román and de Miguel 2005). The richness of fungi

colonizing seedling roots is higher in the areas previously occupied by ECM

hosts and on the sites where some of the trees survived the fire, suggesting that

viable inocula (ectomycorrhizas, mycelial networks, resident spores, sclerotia)

remain in burned sites and readily infect new roots. Wind or water dispersal of

spores is probably more important in the previously non-ECM host areas (Horton

et al. 1998). Spores, sclerotia, and individual surviving ECM roots form dominant

inoculum type for mycorrhizal colonization after severe fires, when most mycelia

and mycorrhizae are killed (Baar et al. 1999; Grogan et al. 2000; Bruns et al. 2002).

As a consequence, as shown for seedlings of Pinus muricata (Grogan et al. 2000)

and Pinus pinaster (Rincón et al. 2014) established immediately after fire,

significantly more ascomycetes and species representing suilloid types,

Rhizopogonaceae, and Atheliaceae were colonizing the root tips than amanitoid,

russuloid, cortinarioid, and thelephoroid taxa, which prevailed before fire. Resistant

propagule bank, consisting mainly of heat-resistant spores and sclerotia of

Rhizopogon spp., C. geophilum, Wilcoxina spp., and also Hebeloma spp., Tuber
sp., and Tomentella spp., plays a pivotal role in colonizing emerging tree seedlings

and early post-fire succession in the absence of ECM species which are more

competitive in non-disturbed sites (Baar et al. 1999; Taylor and Bruns 1999; Izzo

et al. 2006; Buscardo et al. 2010; Barker et al. 2013). In case of high severity fires,

an increase in the relative abundance of ascomycetous fungi was signaled (Grogan

et al. 2000; Cairney and Bastias 2007; Holden et al. 2013; Rincón et al. 2014).

Point-source inoculum may still prevail for the regenerating seedlings even

14 years post-fire (Rincón et al. 2014).

Successional changes in above- and belowground ECM fungal communities

have been observed with increasing forest-stand age in a few chronosequences

following stand-replacing fires. Distinct shifts in species composition and increas-

ing diversity were shown, especially in the first years after disturbance until the

canopy closure, in regenerating stands of Pinus banksiana (Visser 1995; LeDuc

et al. 2013), P. sylvestris (Kipfer et al. 2011), as well as Pseudotsuga menziesii and,
less clearly, Betula papyrifera (Twieg et al. 2007). Very few species present in

early-successional sites (Wilcoxina, Thelephora terrestris, Coltricia perennis,
Rhizopogon spp., Tomentella spp.) were completely replaced in older sites. Many

of them persisted in low abundances over the entire chronosequence, although those

dominant in young stages were largely absent after canopy closure. Some species,

e.g., C. geophilum, were found to persist throughout the lifetime of the stand; in the

mature stands, these taxa were joined by the late-successional species of Clavulina,
Cortinarius, Lactarius, Russula, Tricholoma, Hygrophorus, and Piloderma. The
ECM species abundance distribution differed between youngest stage, where few

dominant species prevailed, and older stages, characterized by rather lognormal

distribution, indicative of a stable, species-rich community (Visser 1995). The

overall ECM species diversity increased with the stand age due to both the presence

of taxa found in the young sites and the gradual accumulation of new taxa. It

reached a plateau right before or at the time of canopy closure, while the community

composition stabilized some time later in the mature stands (Visser 1995;
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Twieg et al. 2007; LeDuc et al. 2013). Similar trends were observed in the

ecosystems that are not adapted to fire, like Central European pine forests (Kipfer

et al. 2011). The number of ECM species was strongly reduced after the severe fire

event, then significantly increased with time, and reached the level of adjacent

undisturbed forests after 15–18 years; however, the community composition did not

converge to the pre-fire state, indicating its resilience but much longer time needed

for its restoration.

Majority of the early colonizing ECM species in post-fire sites are fruiting

species; a rapid increase in the taxonomical diversity of sporophores associated

with replanted pine seedlings was observed in the second to fourth year after fire,

even after severe stand-replacing fires (Friedrich 2001; Kutorga et al. 2012), with

T. terrestris, Laccaria spp., C. perennis, Paxillus involutus, Scleroderma citrinum,
Amphinema byssoides, and Tomentellopsis zygodesmoides found first. It is possible
that the origin of some of these species was from a nursery. However, sporophores

of T. terrestris and A. byssoides, as well as sclerotia of C. geophilum, were

observed in unmanaged and naturally regenerating burned stand of Pinus mugo in

the first year after the intensive fire, suggesting the resistant spore bank and

aerial deposition to be the main inoculum sources (Motiej�unaitė et al. 2014).
Some of the understory shrubs may exert facilitative effect on the recruitment

and development of ECM host trees. Cistus ladanifer, pyrophytic shrub typical of

Mediterranean early post-fire vegetation, was shown to harbor rich and diverse

community of ECM fungi 4 years after fire (Hernández-Rodrı́guez et al. 2013).

Other Cistus spp. and Arbutus unedo were also shown to share ECM species with

trees in fire-affected Mediterranean vegetation (Buscardo et al. 2012).

Arctostaphylos uva-ursi is another shrub which could play a similar role in alpine

forests (Kipfer et al. 2011).

Despite the increasing knowledge about the effects of fire on ECM communities,

the understanding of the functional drivers of their post-fire successional traits and

role of particular fungal species is still poor. An increase in soluble organic and free

amino acid N, pH, organic matter, C/N ratio, and available P and Fe were shown to

significantly explain the differences in ECM species assemblages (Twieg et al.

2009; Longo et al. 2011; LeDuc et al. 2013; Rincón et al. 2014), although the

relationships are inconsistent and thus difficult to interpret. Apart from soil condi-

tions, multiple biotic and abiotic factors associated with climate, vegetation type

and structure, host plant composition and age, topography, fire cycles intervals or

time elapsed since last fire event, fire severity, and heterogeneity are proven to drive

the recovery of the post-fire ECM fungal communities (Dahlberg et al. 2001; Hart

et al. 2005; Cairney and Bastias 2007; Buscardo et al. 2011; LeDuc et al. 2013).

10.5.2 Clear-Cuts and Gap-Forming Disturbances

Timber harvesting is a common practice affecting ECM forests throughout the

world. The silvicultural cutting systems may exert impacts of different extent and
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intensity, from single tree and group selection (selective logging), partial harvest-

ing, and variable retention cutting (e.g., seed tree or green tree retention with single

stems, groups, or hectares-size patches of trees left after logging) to variable density

thinning, including still widely used clear-cutting (Kuuluvainen et al. 2015). All

these activities, to some extent, mimic natural disturbances. Sufficient retention and

creating fine-scale heterogeneity in stand structure and composition, promoting

development of forests with late-successional stand characteristics including

greater structural complexity and biodiversity, are part of the currently recom-

mended ecosystem-based forest restoration and management strategy (Gustafsson

et al. 2012; Kuuluvainen et al. 2015).

As reviewed by Jones et al. (2003), sustained harvest practices usually neither

lower mycorrhizal colonization rate of regenerating seedlings nor reduce the ino-

culum potential of ECM fungi to a level that threatens species diversity, while

increasing disturbance intensity may cause a reduction in ECM richness and diver-

sity (Lazaruk et al. 2005) (but see Barker et al. 2013 for contrasting results). ECM

fungal communities typically benefit from retention practice (Rosenvald and

Lõhmus 2008). Their species richness and abundance in retention cuts was shown

to be significantly higher than in clear-cuts, and many species typical of mature

forests remained present within the rooting zone of single retention trees or their

groups (lifeboating effect), providing sources of inocula for regenerating tree

seedlings (Kranabetter 1999; Cline et al. 2005; Lazaruk et al. 2005; Rosenvald

and Lõhmus 2008).

Although the patch size effect on the species richness may be small or insignifi-

cant immediately postharvest (Lazaruk et al. 2005; Jones et al. 2008), a clear effect

of habitat fragmentation on the ECM community 10 years after logging was demon-

strated by Kranabetter et al. (2013) and attributed to reductions in rooting density,

declines in spore dispersal, and alterations in soil conditions. The reductions were

apparent especially in the late-successional species of Clavulina, Lactarius,
Russula, and Tylospora and in the species of Cortinarius and Elaphomyces forming

large, mat-like colonies. Few species, like Meliniomyces bicolor (Hymenoscyphus
ericae aggr.) and Tomentellopsis submollis, were more abundant under retained

trees.

The size of the retention patches and the proportion of trees cut also affect taxo-

nomical richness and production of ECM epigeous sporophores which seem less

resistant to the harvest stress than mycorrhizal root tips. Sharp decrease in ECM

sporophore production was found in Douglas-fir stands with 15% retention (Luoma

et al. 2004); reduction of fruiting in patches up to 0.12 ha was by 50% on average

(Kranabetter et al. 2013). Among the reasons of lower productivity, the authors

mention seasonal alterations of temperature and moisture regimes under variable

retention systems, especially at the soil surface, soil disturbances, and possible edge

effects. Kranabetter et al. (2013) suggest retention patches approximately 0.2 ha in

size and culminating in at least 3% of the total cutblock area as having strategic

value by capturing much of the spatial heterogeneity and species diversity of the

ECM fungal community.
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Edges of intact forests and retention trees act as efficient sources of mycorrhizal

inoculum for seedlings, creating the potential for including them into the function-

ing mycorrhizal networks and improving their carbon, nutrient, and water balance

(Teste and Simard 2008; Bingham and Simard 2012). However, the beneficial

influence of the live trees as an inoculum source disappears gradually within

5–10–25 m into the harvested area from the edge of intact forest (Kranabetter and

Wylie 1998; Hagerman et al. 1999a), retention patches (Outerbridge and Trofymow

2004; Jones et al. 2008), and single retention trees (Kranabetter 1999; Cline et al.

2005; Luoma et al. 2006). In most cases, the ECM colonization level and diversity

diminishes at a distance of >5 m from the retention trees, and the ECM richness is

positively correlated with fine-root-tip density (Luoma et al. 2006). Taking the

edge:area ratio of retention patches into account, Jones et al. (2008) suggested that

more small patches (but of at least 10 m diameter) would be more effective than a

few large patches in supplying ECM inoculum to adjacent harvested areas during

the first year after harvest. Although ECM diversity did not differ with retention

stand age, seedling root colonization was significantly lower adjacent to second-

growth stands than to old-growth (Outerbridge and Trofymow 2004).

Many years following harvest, the richness of ECM fungal community on

seedlings emerging in clear-cuts outside the rooting zone of live trees persists on

the reduced level or decreases even further (Hagerman et al. 1999b; Kranabetter

1999; Cline et al. 2005), suggesting reduction in the available inoculum potential.

Active ECM root tips substantially decline to the level usually not exceeding 5%

within 2 years after clear-cutting (Hagerman et al. 1999b; Lazaruk et al. 2005).

Naturally regenerated Tsuga heterophylla seedlings transplanted from the mature

forest into the 6-year-old clear-cut opening, after 2 years, showed reduced morpho-

type richness, both general and average per seedling, less even species distribution,

and increased abundance of pioneer species, suggesting the key role of enough

rooting density and hyphal links to mature trees in shaping the ECM community

structure (Kranabetter and Friesen 2002).

Clear-cutting puts strong selection pressure on the ECM community, as it cuts

off the carbon supply. Often, this results in a substantial reduction of ECM fungal

diversity and different ECM species assemblages capable of colonizing the roots of

regenerating seedlings (Kranabetter and Wylie 1998; Hagerman et al. 1999b; Cline

et al. 2005; Dickie et al. 2009). Among these species, C. geophilum and the species

of Hebeloma, Phialocephala, Rhizopogon, Suillus, Tuber, Wilcoxina, Atheliaceae
(e.g., Amphinema), T. terrestris, and other Thelephoraceae are most frequent and

abundant (Hagerman et al. 1999b; Jones et al. 2003; Hagerman and Durall 2004;

Cline et al. 2005; Barker et al. 2013; Walker and Jones 2013). These are known

pioneer and ruderal species, comprising an ECM-resistant propagule bank in

disturbed soils. Most of these species are present also in undisturbed forests;

however, as the late-successional species dependent upon the presence of mature

trees and connections to their living roots decline after clear-cut logging, they

become relatively more abundant and readily colonize new seedlings in the absence

of competitive interactions (Jones et al. 2003; Cline et al. 2005; Barker et al. 2013).

It is possible that the ECM fungal communities on seedling roots in clear-cuts are
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better adapted to taking up nutrients under the altered conditions (Jones et al. 2003,

2008); functional efficiency of these early-successional ECM assemblages

expressed by extracellular enzyme activity may not differ from that of the ECM

fungi present in intact forests, at least in the short term (Jones et al. 2010).

Further development of simplified and overall unified ECM fungal communities

(Jones et al. 2010; Walker and Jones 2013) in regenerating secondary stands in

clear-cuts is influenced by stochastic dispersal limitations and various environ-

mental filters. As summarized by Jones et al. (2003), among the most important

interrelated physical, chemical, and biological factors are changes in soil temper-

ature, moisture, insulation, pH, carbon supply, nutrient cycling, soil microbiota,

possible ECM fungi introduced from nursery, and host characteristics (host age,

species composition of regenerating stand, presence of ECM shrubs) as well as

suppressing effects of non-ECM plants. Soil chemistry, especially soil N, C, P, and

organic horizon depth, can affect, although inconsistently, the composition of ECM

fungal assemblages in clear-cut origin forests, with different species responding

differently to soil parameters (Dickie et al. 2009; Twieg et al. 2009). Some forest

management practices, besides different retention logging described earlier, were

shown to foster reestablishment of ECM symbiotic relationships which accelerate

forest regeneration. Although niche partitioning by substrate (mineral soil versus

different types of woody debris) was not confirmed to occur among ECM fungal

species on very young seedlings planted in clear-cuts, retention of postharvest

coarse woody debris was suggested to increase the diversity of the ECM commu-

nity in the long term (Walker and Jones 2013). Forest floor retention in clear-cuts

may result in the richness and diversity of ECM fungi on regenerating seedlings

comparable to the undisturbed forest as soon as after 1 year; however, mineral soil

inoculum was shown to be sufficient to compensate for losses caused by forest floor

disruption in the longer term (Barker et al. 2013). Methods of post-logging site

preparation that leave surface organic matter relatively intact may impact indige-

nous ECM fungi less than those that remove or bury the organic layer (Lazaruk

et al. 2008). Sprouts of stumps left after logging (e.g., of Quercus) (Dickie et al.

2002), understory trees (e.g., Salix, Populus), as well as ECM shrubs (e.g.,

Arctostaphylos) (Hagerman and Durall 2004) may serve as retained inoculum

sources accelerating colonization of regenerating overstory tree seedlings.

In the chronosequence study, Twieg et al. (2007) demonstrated a significant

increase in ECM fungal diversity with host age between two age classes (young,

5 years old, and at canopy closure, 26 years old) in mixed stands of B. papyrifera
and P. menziesii of clear-cut origin. Species representing the genera of Russula,
Piloderma, and Cortinarius increased, while Amphinema, Laccaria, and

Thelephora decreased their frequency and abundance when stands aged (Smith

et al. 2000; Kranabetter et al. 2005; Durall et al. 2006; Twieg et al. 2007).

Changes in the postharvest forest tree composition lead to shifts in the ECM

fungal community, however, with the legacies of clear-cut disturbance persisting

for decades. In a common garden experiment, in which pure stands of native trees,

P. sylvestris and Quercus robur, were planted directly after 80-year-old

P. sylvestris stand had been clear-cut (including removal of the root systems), the
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former, although characterized by lower ECM species richness, maintained more

even and more than twice as diverse ECM fungal community than the latter,

over 30 years postharvest (Trocha et al. 2012).

10.5.3 Post-Agricultural Sites

Over the last hundred of years, population movements caused by wars, demo-

graphic changes (aging of rural population, migration of the youth to the towns),

and changes in the agricultural policy of the governments resulted in an intensive

and well-documented process of farmland abandonment in many parts of the world.

In Europe, post-agricultural sites are expected to be one of the most striking features

of the landscape (Faliński 1998; Stoate et al. 2009). Following the abandonment of

traditional agricultural land, natural or semi-natural habitats can be reestablished;

however, intensive agriculture may lead to increasing number of old fields showing

a low recovery of a historic vegetation state (Cramer et al. 2008).

The previous land-use and cultivation practices have persistent effects on most

of the physical, chemical, and biological properties of soils, including contents of

organic matter, nitrogen and other elements, pH, porosity, bulk density, microbial

activity, and the overall rate of soil processes, manifesting in a long-term, 80–100

years long or even longer recovery of forest soils and vegetation (van der Wal et al.

2006; Olszewska and Smal 2008; Smal and Olszewska 2008; von Oheimb et al.

2008). In old fields, the rates of the recovery of a well-structured, mature forest

community vary considerably: up to 140 years in European mesophilous pine

forests and 350 years in European mixed hardwood forests (Faliński 1986).

In an active agricultural field, ECM inocula are sparse, patchily distributed, and

surrounded by large areas with a lack of infectivity (Boerner et al. 1996). However,

the infectiveness and richness of ECM community increases significantly with time

after disturbance, especially in the first 5–10 years, reaching the pre-disturbance

level 25–30 years after agriculture cessation. In this process, a major role of animal

faces in ECM dispersal is apparent, as during these years, an increasing number of

discrete patches with a high potential of infectiveness were recorded.

With time, diverse ECM propagule bank can be formed in post-agricultural sites.

However, as shown by Ding et al. (2011) for a site abandoned for 15 years, it was

less rich in species than in the reference forest site and showed a strong dominance

of Wilcoxina micolae. Also, the ECM colonization rate on the roots of seedlings

was relatively high, but, on some hosts, still lower compared to that of the reference

site. On the other hand, in a mycorrhization experiment carried out by Menkis et al.

(2007), pine and spruce seedlings, pre-inoculated with C. geophilum, Piceirhiza
bicolorata, and Hebeloma crustuliniforme, were effectively colonized by a diverse

ECM community (19 morphotypes, including inoculated species, Rhizopogon sp.,

Suillus spp., T. terrestris, Paxillus sp., A. byssoides, and numerous unidentified

taxa) over two growing seasons in post-agricultural soil after 10 years of field

abandonment. This indicated a high ECM inoculum potential and a low impact of
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inoculation on subsequent fungal community development in this type of habitats.

Beneficial effects of inoculated T. terrestris on the number of mycorrhizal tips of

pine seedlings within 2 years of outplantation were shown by Hilszczańska and

Sierota (2006). Moreover, 17 morphotypes of ECM fungi were found on the

roots of saplings (including the pre-inoculated strain) after 6–8 years, indicating

the importance of environmental conditions for the persistent establishment of

ECM fungi (Hilszczańska et al. 2011).

Among the drivers of ECM inoculum occurrence and seedling mycorrhization in

post-agricultural systems, the distance from established vegetation has proved to be

a key element. The abundance of mycorrhizae on the roots of seedlings declined

sharply ca. 15 m from the base of mature trees, whereas the mycorrhization level,

foliar N concentrations, and survival of seedlings were higher near established trees

(Dickie et al. 2002, 2007; Dickie and Reich 2005). The species richness declined

with distance from trees with a higher number of infrequent species close to the

trees and ascomycete fungi being relatively more represented at greater distances

(Dickie and Reich 2005). The facilitation of tree seedlings may be very efficient if

they grow near the forest edges and are incorporated into the local common

mycorrhizal network (Thiet and Boerner 2007). Moreover, the close vicinity of

abandoned fields to well-established woodlands may contribute to a fast restoration

of ECM spore bank (Kałucka 2009).

A successful tree establishment in post-agricultural land may be hindered not

only by the lack of ECM inocula but the competition with herbs, which can nega-

tively affect seedlings regardless of their distance from mature trees (Dickie et al.

2007). ECM colonization and the survival of tree seedlings is even more suppressed

by a management practice of sowing additional herbs onto the sites (Hedlund and

Gormsen 2002). The composition and structure of vegetation developing in old

fields soon after cultivation cessation may form strong filters for ECM trees or,

instead, open “the windows of opportunity” for their establishment (Faliński 1998;

van der Putten et al. 2000; Cramer et al. 2008; Tokuoka et al. 2011).

Early-successional old fields proved to be good model systems for the studies of

ECM fungal chronosequences. Based on the observations of spatial and temporal

occurrence of ECM sporocarps (Mason et al. 1982; Last et al. 1983) and morpho-

types (Deacon et al. 1983) in first-generation birch stands planted in abandoned

falmland, a model of sequential appearance of “early-” and “late-stage” fungi was

proposed (see Sect. 10.2 in this chapter). As first ECM colonizers, species of

Hebeloma, Laccaria, Thelephora, Inocybe, and Lactarius were found, later

followed by Amanita, Cortinarius, and Leccinum; then, 10 years after seedlings

outplanting, Russula appeared. Sporocarps occurred in zones of progressively

increasing radius. The new species appeared usually closer to the stem base,

which suggested an association with the older roots and relationship of successional

changes in ECM community composition with tree age. Similar patterns were

observed concerning other tree species, e.g., P. menziesii (Chu-Chou and Grace

1981) and Pinus radiata (Chu-Chou 1979; Chu-Chou and Grace 1988).

Temporal and spatial sequential appearances of ECM fungi were also observed

in longer chronosequences, both in the natural processes of post-agricultural land
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reforestations and in tree plantations. In the complete series of seral communities

representing spontaneous vegetation change from an old-field psammophilous

grassland to a 100-year-old mesophilous Scots pine forest, sporophocarps of

98 ECM fungal species were recorded (Kałucka 2009). After 8–15 years of field

abandonment, 44 species were found growing already under 6–8 years old pine

trees. The first ECM colonizers included the species of Inocybe, Laccaria, Suillus,
Cortinarius, Amanita, and Hygrophorus (colonization stage), joined by

Chalciporus, Lactarius, many small-sized Cortinarius, and Tricholoma species

before and at the canopy closure (stabilization stage). Later, a gradual change in

ECM species composition, including a partial replacement of species selective for

the pre-forest, semi-open habitats and arrival of numerous forest-dwelling species,

mainly members of genera Russula, Lactarius, Cortinarius, and Amanita, was
observed (replacement stage). ECM fungal species diversity continuously

increased, while species richness and sporocarp biomass production peaked shortly

before the canopy closure (under 18–25 years old pines). Strong relationships

among the patterns of ECM species composition, frequency, abundance, and

production of sporocarps, and forest development, the age of trees, stand structure,

and soil profile formation suggested that ECM fungal succession is best explained

by the development of the vegetation and the habitat.

The ECM successional trajectories in spontaneous reforestation systems and in

tree plantations in post-agricultural lands seem to be similar (Kałucka and

Jagodziński 2016), but in the plantations, canopy closure happens usually earlier

and at a younger age of trees. As it was shown in the author’s (ILK) study carried

out in a chronosequence of 1–42 years old managed Scots pine stands, development

of the ECM fungal community can be significantly accelerated. Within 4 years after

outplantation, sporocarps of Hebeloma, Laccaria, Inocybe, Suillus, Thelephora,
and Tomentella appeared and ECM fungal species richness and diversity conti-

nuously increased through the chronosequence of stands examined. However, the

peak of sporocarp biomass production connected with the canopy closure was

observed already in 7-year-old stands. Moreover, it coincided with an intensive

development of fine root biomass (Jagodziński and Kałucka 2011). The canopy

closure was then followed by gradual species change and successive arrival of fungi

typical of more mature forests. On former agricultural fields, similar pattern of

ECM community development was found in the chronosequence of Norway spruce

plantations (Gáper and Lizoň 1995; Mihál 1999). Thus, the factors that shape the

ECM community include the above- and belowground structure of the stand and

both the development of vegetation and habitat, not only the age of trees.

The reciprocal relationship between the development of ECM fungal commu-

nities and forest regeneration after agricultural abandonment is well documented at

the level of nitrogen biogeochemical cycle. After cultivation cessation, the avail-

able N pools decline due to the substantial transfer of mineralized N from soil into

plants (Richter et al. 2000). With tightening of N availability, the foliar %N and the

total foliar N content of overstory vegetation also decrease over time; as stands

aged, foliar δ15N decreased and became more negative, giving a strong evidence of

an increasing participation of ECM fungi in the process of N transfer from soil into
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the trees via the mineralization–mycorrhizal–plant uptake pathway (Compton et al.

2007; compare Hobbie et al. 2005).

10.6 Conclusions

Succession is one of the most important ecological processes shaping the biosphere.

Pioneer or disturbed ecosystems, if not permanently restricted by climatic or

edaphic conditions, or if released from disturbance, follow various trajectories of

successional processes toward more mature systems. ECM fungi, as obligatory

symbionts of the whole range of trees and shrub species, especially in the temperate

and boreal zones, are a key organism group which enable and enhance the devel-

opment of forest communities. On one hand, through their nutritional and protec-

tive relationships with host plants and involvement in biogeochemical cycles, ECM

fungi interact with vegetation succession and changing soil environment; on the

other hand, they are subjected to their own successional dynamics. As it was shown

in this chapter, the tree encroachment and successful colonization of open land,

both in primary and secondary successional sites, become possible if only the ECM

fungal propagules are present in the form of aerially deposited spores from local or

remote sources, or spores supplied by animal vectors, spore banks, or mycelial

inocula left after the disturbance of preexisting community or functioning ECM

networks that can be joined by the roots of arriving tree seedlings. In early-

successional sites, ECM fungal inocula and developing ECM communities can

speed up or alter the course of forest establishment or restoration. This phenomenon

is crucial in both natural and managed systems. Moreover, it is equally important

for understanding the mechanisms of woody vegetation succession when making

afforestation polices aiming at land reclamation (Rincón et al. 2006; Menkis et al.

2007), in sustainable forest management (Rosenvald and Lõhmus 2008), and in

preventing open biocoenoses from being overgrown with trees (Collier and

Bidartondo 2009; Dickie et al. 2011). The role of ECM fungi should also be

considered in the interpretation of the processes affecting forest development or

forest decline as a result of anthropogenic climate change (Milad et al. 2011) and

CO2 enrichment (Higgins and Scheiter 2012). ECM fungal communities may be

key players in the intensified forest restoration practices aiming at increased carbon

sequestration (van Breugel et al. 2011; Kałucka and Jagodziński 2013;

Clemmensen et al. 2013, 2015). Similarly, they strongly influence the processes

involving non-native tree invasions (Nu~nez et al. 2009; Dickie et al. 2010) and

expansions of trees within their native ranges (Collier and Bidartondo 2009).

Mechanisms of ECM fungal succession and its interactions with vegetation and

habitat development impact ecosystem trajectories after changes in land manage-

ment practices. This has important implications for biodiversity and sustainability

of rare and threatened ecosystems (Thiet and Boerner 2007; Dickie et al. 2011), and

thus the role of ECM fungi should be more considered in conservation polices.
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(eds) Structure and function of roots. Kluver Academic Publishers, Dordrecht, pp 349–352

Gebhardt S, Neubert K, W€ollecke J, Müenzenberger B, Hüttl RF (2007) Ectomycorrhiza commu-

nities of red oak (Quercus rubra L.) of different age in the Lusatian lignite mining district,

East Germany. Mycorrhiza 17:279–290. doi:10.1007/s00572-006-0103-4

Gleason HA (1939) The individualistic concept of the plant association. Am Midl Nat 21:92–110

Glen M, Bougher NL, Colquhoun IJ, Vlahos S, Loneragan WA, O’Brien P, Hardy GESJ (2008)

Ectomycorrhizal fungal communities of rehabilitated bauxite mines and adjacent, natural

jarrah forest in Western Australia. For Ecol Manage 255:214–225. doi:10.1016/j.foreco.

2007.09.007

Glenn-Lewin DC, Peet RK, Veblen TT (1992) Plant succession—theory and prediction.

Chapman and Hall, London

Grime JP (1977) Evidence for the existence of three primary strategies in plants and its relevance to

ecological and evolutionary theory. Am Nat 111:1169–1194

Grime JP (1979) Plant strategies and vegetation process. Wiley, New York

Grogan P, Baar J, Bruns TD (2000) Below-ground ectomycorrhizal community structure in a

recently burned bishop pine forest. J Ecol 88:1051–1062. doi:10.1046/j.1365-2745.2000.

00511.x

Grossnickle SC (2005) Importance of root growth in overcoming planting stress. New For 30:

273–294. doi:10.1007/s11056-004-8303-2

Gustafsson L, Baker SC, Bauhus J, Beese WJ, Brodie A, Kouki J, Lindenmayer DB, Lohmus A,

Pastur GM, Messier C, Neyland M, Palik B, Sverdrup-Thygeson A, Volney WJA, Wayne A,

Franklin JF (2012) Retention forestry to maintain multifunctional forests: a world perspective.

Bioscience 62:633–645. doi:10.1525/bio.2012.62.7.6

Hagerman SM, Durall DM (2004) Ectomycorrhizal colonization of greenhouse-grown Douglas-fir

(Pseudotsuga menziesii) seedlings by inoculum associated with the roots of refuge plants

sampled from a Douglas-fir forest in the southern interior of British Columbia. Can J Bot

82:742–751. doi:10.1139/b04-047

Hagerman SM, Jones MD, Bradfield GE, Sakakibara SM (1999a) Ectomycorrhizal colonization of

Picea engelmannii x Picea glauca seedlings planted across cut blocks of different sizes. Can J

For Res 29:1856–1870

Hagerman SM, Jones MD, Bradfield GE, Gillespie M, Durall DM (1999b) Effects of clear-cut

logging on the diversity and persistence of ectomycorrhizae at a subalpine forest. Can J For Res

29:124–134

10 Ectomycorrhizal Fungi: A Major Player in Early Succession 219

http://dx.doi.org/10.1071/wf02042
http://dx.doi.org/10.1017/s0953756297005364
http://dx.doi.org/10.1007/s00300-010-0922-9
http://dx.doi.org/10.1007/s00300-010-0922-9
http://dx.doi.org/10.1007/s00572-006-0103-4
http://dx.doi.org/10.1016/j.foreco.2007.09.007
http://dx.doi.org/10.1016/j.foreco.2007.09.007
http://dx.doi.org/10.1046/j.1365-2745.2000.00511.x
http://dx.doi.org/10.1046/j.1365-2745.2000.00511.x
http://dx.doi.org/10.1007/s11056-004-8303-2
http://dx.doi.org/10.1525/bio.2012.62.7.6
http://dx.doi.org/10.1139/b04-047


Hart SC, DeLuca TH, Newman GS, MacKenzie MD, Boyle SI (2005) Post-fire vegetative dyna-

mics as drivers of microbial community structure and function in forest soils. For Ecol Manage

220:166–184. doi:10.1016/j.foreco.2005.08.012

Hedlund K, Gormsen D (2002) Mycorrhizal colonization of plants in set-aside agricultural land.

Appl Soil Ecol 19:71–78. doi:10.1016/s0929-1393(01)00174-3

Helm DJ, Carling DE (1993) Use of soil transfer for reforestation on abandoned mined lands in

Alaska. II. Effects of soil transfers from different successional stages on growth and mycor-

rhizal formation by Populus balsamifera and Alnus crispa. Mycorrhiza 3:107–114. doi:10.

1007/bf00208918

Helm DJ, Allen EB, Trappe JM (1996) Mycorrhizal chronosequence near Exit Glacier, Alaska.

Can J Bot 74:1496–1506

Helm DJ, Allen EB, Trappe JM (1999) Plant growth and ectomycorrhiza formation by transplants

on deglaciated land near Exit Glacier, Alaska. Mycorrhiza 8:297–304. doi:10.1007/

s005720050250

Hernández-Rodrı́guez M, Andres Oria-de-Rueda J, Martı́n-Pinto P (2013) Post-fire fungal suc-

cession in a Mediterranean ecosystem dominated by Cistus ladanifer L. For Ecol Manage 289:

48–57. doi:10.1016/j.foreco.2012.10.009

Hewitt RE, Bent E, Hollingsworth TN, Chapin FS III, Taylor DL (2013) Resilience of

Arctic mycorrhizal fungal communities after wildfire facilitated by resprouting shrubs.

Ecoscience 20:296–310. doi:10.2980/20-3-3620

Hibbett DS, Matheny PB (2009) The relative ages of ectomycorrhizal mushrooms and their plant

hosts estimated using Bayesian relaxed molecular clock analyses. BMC Biol 7. doi:10.1186/

1741-7007-7-13

Higgins SI, Scheiter S (2012) Atmospheric CO2 forces abrupt vegetation shifts locally, but not

globally. Nature 488:209–212. doi:10.1038/nature11238
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Treigienė A (2012) Wildfire and post-fire management effects on early fungal succession in

Pinus mugo plantations, located in Curonian Spit (Lithuania). Geoderma 191:70–79. doi:10.

1016/j.geoderma.2012.02.007

222 I.L. Kałucka and A.M. Jagodziński
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Dobies T, Hale CM, Jagodziński AM, Kałucka I, Kieliszewska-Rokicka B, Modrzyński J,
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Chapter 11

Truffle Ecology: Genetic Diversity, Soil

Interactions and Functioning

Antonietta Mello, Elisa Zampieri, and Alessandra Zambonelli

Abstract Truffles are fungi producing hypogeous fruiting bodies belonging to at

least 13 phylogenetically distant orders. The most studied are “true truffles”

belonging to the genus Tuber, which is the most economically important group.

Truffle fruiting bodies are colonized by bacteria, yeasts, guest filamentous fungi

and viruses that, all together, constitute the truffle microbiota. Research on the role

of this community has demonstrated that bacteria contribute to truffle aroma. From

the ecological point of view, truffle aroma attracts mycophagous animals, which in

turn disperse and diffuse truffle spores in the soil, and mediates interactions with

microorganisms and plant roots. Truffles have a heterothallic organization, whereby

for truffle reproduction it is necessary that strains of opposite mating type meet.

Regarding truffle development, the truffle ascocarps use carbon coming from the

host plant and not from dead host tissues or soil organic matter as believed so far. In

addition to form ectomycorrhizae with a wide diversity of host plants, some truffle

species are able to form also arbutoid and orchid mycorrhizas.

Knowledge of truffle diversity, traditionally relied on the survey and molecular

identification of fruiting bodies, moved over the years towards the survey of

mycorrhizas and, recently, on the distribution in soil of the mycelium, with the

determination of genets and mating types. The possibility of studying (micro)

organisms directly in the field (metagenomics or environmental genomics) and

the introduction of high-throughput sequencing techniques (454 pyrosequencing)
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have given a strong impulse to the study of the microbial communities interacting

with truffles and their habitat.

11.1 Introduction: Truffles and Their Life Cycle

Truffles are generically considered the fungi producing hypogeous fruiting bodies

(Trappe and Claridge 2010). They have generally globose, subglobose fruiting

bodies, which protect their spores that are packed inside their internal tissue.

Because truffles are sequestrate fungi, their spores are dispersed by mycophagous

animals, which are attracted by their aroma (Piattoni et al. 2016; Urban 2016).

Truffle volatiles not only attract mammals and insects but also, diffusing in the soil,

mediate interactions with microorganisms and plant roots (Splivallo et al. 2011).

Fungi that form truffle sporomata belong to at least 13 orders that represent

phylogenetically distant fungal lineages comprised in Zygomycota, Ascomycetes,
Basidiomycetes and Glomeromycota (Bonito and Smith 2016). However, Italian

and French researchers restrict the term of “true truffles” at only the Ascomycetes
belonging to the genus Tuber, which is the most economically important group of

hypogeous fungi (Jeandroz et al. 2008). The genus is estimated to comprise around

200 species (Bonito et al. 2010a, 2013) worldwide distributed. However, only few

Tuber spp. have fruiting bodies, which are considered gastronomic delicacy for

their unique aroma. The most worldwide appreciated species grow naturally in

Europe and include T. magnatum Pico (the Italian white truffle), T. melanosporum
Vittad. (the Perigord black truffle or black truffle of Norcia and Spoleto),

T. aestivum Vittad. (the burgundy truffle or summer truffle) and T. borchii Vittad.
(the bianchetto or pine truffle). By cultivation, these species have been introduced

in non-native areas not only in Europe but also in numerous American, African and

Oceanian countries (Hall and Haslam 2012; Reyna and Garcı́a Barreda 2014).

Recently also some species of American and Chinese truffles began to be appreci-

ated in the cuisine even if their cultivation is still in its infancy.

True truffles form ectomycorrhizae with a wide diversity of host plants including

several species of angiosperms (forest trees and shrubs) and Pinaceae (Hall et al.

2007; Bonito et al. 2013). Recently, it has been found that some species are able to

form also different types of mycorrhizal association such as arbutoid mycorrhizas

and orchid mycorrhizas (Lancellotti et al. 2014; Selosse et al. 2004). Detailed

studies on their natural growth habitat have mainly focused on the commercially

important species. In general, they are found in calcareous, slightly to moderately

alkaline soils in different climatic conditions depending on the Tuber species.

Truffle fruiting bodies are colonized by a dense microbial community made of

bacteria, yeasts, guest filamentous fungi and viruses that, all together, constitute the

truffle microbiota. According to Vahdatzadeh et al. (2015), bacteria, which are the

dominant group in the truffle’s microbiome, are the most important contributors to

T. borchii truffle aroma, and this might also be the case for T. magnatum,
T. aestivum and T. melanosporum. Mycoviruses have been found to infect

T. excavatum (Stielow et al. 2012) and T. aestivum (Stielow and Menzel 2010;
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Stielow et al. 2011a, b) symptomless fruiting bodies and recently were found in

T. magnatum fruiting bodies showing suberized consistency and brown spots

irregularly distributed on the peridium (Ratti et al. 2016).

Regarding the life cycle, truffles have been considered for long-time self-fertile

(Bertault et al. 1998). This opinion could not be tested in absence of an experimental

system, based on spore germination, and therefore of the classical breeding of the

resulting mycelia (Mello et al. 2005). Only after the detection of heterozygosis in

T. melanosporum and in T. magnatum it has been possible to discover that truffles

outcross (Paolocci et al. 2006; Riccioni et al. 2008) and, thanks to the

T. melanosporum genome sequencing, that it has an heterothallic organization

(Martin et al. 2010; Rubini et al. 2011a). Heterothallic organization with a MAT

locus structured in two idiomorphs harboured by different strains was also found in

other truffles: T. borchii and T. indicum (Belfiori et al. 2013, 2016). That means that

for truffle reproduction it is necessary that strains of opposite mating typemeet. These

discoveries have stimulated researchers to follow the spatiotemporal distribution of

these strains in soil by exploiting the new approaches of environmental microbiology

and molecular ecology. New important advances were reached in truffle soil biology

and ecology as will be discussed in the following paragraphs. However, many aspects

on their reproduction are still unravelled, for example, the fungal structures involved

in the fertilization are still unknown (Le Tacon et al. 2016). In the Pezizales
fertilization is accomplished by ascogonial fusion with an antheridium, more rarely

by spermatization or by somatogamy (Pfister and Kimbrough 2001). Somatogamy

seems to be excluded in truffles because anastomosis between genetically different

strains of T. melanosporumwas never observed in laboratory trials (Iotti et al. 2012c).

Moreover in the field competitive exclusion between strains of different mating type

occurs (Selosse et al. 2013). Although in the past structures attributable to ascogonia

were reported in immature fruiting bodies, antheridia were never observed (Callot

1999; Le Tacon et al. 2016). Recently it was found that many Tuber spp. are able to
produce mitotic (asexual) spores (Urban et al. 2004; Healy et al. 2013). These spores

are hypothesized to function in reproduction acting as spermatia for sexual

outcrossing (Healy et al. 2013).

Regarding truffle development, for long time it was believed that after the formation

of the primordium the ascoma was able to use dead host tissues or soil organic matter

as main carbon and nitrogen sources (Callot 1999). In an in situ 13CO2 pulse-labelling

experiment performed on a 20-year-old hazel tree in a truffle orchard established in the

northeast of France, Le Tacon et al. (2013) could establish that almost all of the carbon

allocated to the truffle ascomata come from the host and not via saprotrophic pathways.

The development of truffles requires that carbon is stored in the host plant for several

weeks/months because Tuber ascomata take at least 6 months to grow between the

production of the primordia and full ascoma development.

Moving from truffle life cycle, this chapter will provide insights on the distri-

bution of the most studied species in Europe, their diversity and interactions in soil.

The discovery of new species in America and the cultivation in Australia, as well as

the interest for Chinese truffles, will also be discussed. Finally, recent findings on

the combination of metagenomics and metaproteomics to unravel the habitat of the

brûlé and its functioning will be presented.
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11.2 Genetic Diversity of the Most Studied Species

and Their Soil Community Composition

Knowledge of truffles diversity has traditionally relied on the survey and molecular

identification of fruiting bodies, as done for other ECM fungi. Given that fruiting

bodies are temporary organs, the search of truffle diversity moved over the years

towards the survey of mycorrhizas, through the molecular typing of their

morphotypes. However, as mycorrhizas mostly depend on the host’s physiological
activity, later when the technologies have made possible DNA extraction and

amplification from the soil, the research focused on the distribution in the soil of

the mycelium, which is expected to be present year-round in the soil. The possi-

bility of studying (micro)organisms directly in the field (metagenomics or environ-

mental genomics) and the introduction of high-throughput sequencing techniques

(i.e. 454 pyrosequencing) have given a strong impulse to the study of the microbial

communities interacting with truffles and their habitat.

Hereafter we report these studies on T. magnatum, T. borchii, T. aestivum and

T. melanosporum.

11.2.1 Tuber magnatum

Tuber magnatum is the most precious truffle because of its aroma, a very limited

distribution area (Italy, Switzerland-Ticino, Romania, Hungary and some parts of

the Balkans), and the absence of reliable methods for its cultivation (Hall et al.

1998; Murat et al. 2005; Iotti et al. 2012a; Salerni et al. 2014b). In Italy,

T. magnatum grows mainly in Piedmont, Marche, Tuscany, Emilia-Romagna,

Abruzzo and Molise (Zambonelli et al. 2012c). It was also found in Liguria,

Umbria, Lazio, Veneto, Campania and Basilicata (Zambonelli et al. 2012c) and

recently in Greece (Christopoulos et al. 2013), Sicilia (Vasquez et al. 2014) and

France (http://lci.tf1.fr/jt-13h/videos/2011/des-truffes-blanches-trouvees-dans-la-

drome-une-revolution-6848528.html). For these reasons, several studies were car-

ried out to describe the natural habitat and the soil-associated microorganisms

(Murat et al. 2005; Bertini et al. 2006; Mello et al. 2010; Leonardi et al. 2013;

Orgiazzi et al. 2013; Lalli et al. 2015). Lalli et al. (2015) have recently proposed a

double check of the truffle-grounds, basing on root tip and fruiting body harvesting.

Although the ECM community characterized by fruiting body sampling was not

specular to that found by root tip collections, this type of analysis has allowed to

have a more comprehensive record of the ectomycorrhizal fungal species sharing

the same environment of T. magnatum (Lalli et al. 2015). The presence of some

fruiting bodies (Amanita stenospora, Cortinarius aprinus, Hebeloma quercetorum
and Hygrophorus arbustivus var. quercetorum) could be considered as

bioindicators of habitats typical of the precious white truffle (Lalli et al. 2015).

The surveys in T. magnatum truffle-ground put in evidence as the ectomycorrhizae
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of this truffle were very rare (Murat et al. 2005; Bertini et al. 2006; Leonardi et al.

2013; Zambonelli et al. 2012a), even if in controlled conditions the white truffle is

able to form them (Iotti et al. 2012b). Its mycelium is more widespread (Zampieri

et al. 2010) than can be inferred from the distribution of fruiting bodies (Mello et al.

2005), and it is moreover positively correlated to the ascoma production (Iotti et al.

2012a), soil tillage (Salerni et al. 2014b) and the seasonal fluctuations (Iotti et al.

2014). The phenomenon of non-correspondence between the production of fruiting

bodies and presence of ectomycorrhizae in the soil has not found an explanation yet,

but it has been supposed that its ectomycorrhizae are camouflaged by the

copresence of other ectomycorrhizal fungi present on the same root or that

T. magnatum may form other types of symbiosis (Leonardi et al. 2013). In general,

in Italy and Istria (Croatia), the most productive hosts are Quercus spp., Populus
spp., Salix spp. and Tilia spp. in presence of soils with an extremely soft and porous

texture, moderately alkaline pH, a high amount of calcium carbonate, sufficient not

stagnant water and a climate with abundant annual precipitation with very short dry

periods (Bencivenga and Urbani 1992; Lulli et al. 1993; Hall et al. 1998; Bragato

et al. 2010; Salerni et al. 2014b). On the contrary, the habitats of T. magnatum in

Serbia show features different from the Italian ones (Marjanović et al. 2015). The

soils have no traces of CaCO3, with 50% clay and lower pH (6.8–7.5) (Marjanović

et al. 2010). The vegetation is, moreover, characterized by Q. robur, Populus
sp. and Fraxinus angustifolia (Marjanović et al. 2015).

11.2.2 Tuber borchii

Among the white truffles, T. borchii is appreciated in the market and used both as

fresh product and as conserved products (Hall et al. 2007). It is found widely from

Finland to Sicily and from Ireland to Hungary and Poland both in calcareous soils

and in acidic soils, in association with a wide range of broad leaf trees (oak, hazel,

poplar, linden, chestnut and alder) and of coniferous species such as pine and cedar

(Gardin 2005; Hall et al. 2007; Shamekh et al. 2009). Recently, it was found in

association with strawberry tree (Arbutus unedo) with which it forms arbutoid

mycorrhizas (Lancellotti et al. 2014). Recently T. borchii cultivation has been

introduced in several European countries and in New Zealand, Australia and the

USA (Zambonelli et al. 2015).

The ectomycorrhizal fungal communities of natural T. borchii truffle-grounds
have been examined by Iotti et al. (2010) who have found that the presence of

T. borchii did not have an effect on the richness of other ectomycorrhizal fungi.

Regarding to the genetic diversity of T. borchii, the presence of two cryptic species
undistinguishable by morphological analysis was shown by Bonuso et al. (2010).

The life cycle of the whitish truffle has just been clarified, demonstrating its

heterothallic nature, with homokaryotic hyphae in the ascomata and

ectomycorrhizae (Belfiori et al. 2016). Recently, Iotti et al. (2016) have demon-

strated how it is possible to produce T. borchii fruiting bodies starting from the

11 Truffle Ecology: Genetic Diversity, Soil Interactions and Functioning 235



mycorrhization of plants with mycelial pure culture and then the establishment of

the truffle-ground. Both mating types in the environment have to be present in

different blocks of trees in order to limit their competition and to ensure their

presence and their fertilization. This modern approach addresses towards a more

technological trufficulture based on management strategies of a balanced presence

of the mycelia of the two opposite mating partners in an orchard, as suggested by

Rubini et al. (2014). A major problem in the cultivation of mycorrhized plants can

be the replacement of the truffles by aggressive competing fungi (Zambonelli and

Iotti 2001). On the contrary, Zambonelli et al. (2000) have demonstrated that

T. borchii is able to replace other mycorrhizal fungi such as Laccaria bicolor
when both fungi are inoculated on the P. pinea roots. This result could be explained
in two ways: T. borchii and P. pinea had a stronger association than that of the other
ectomycorrhizal fungi and the pine, or the other ectomycorrhizal fungi were less

adapt to the environment in which the plants were transplanted (Zambonelli et al.

2000). In vitro experiments showed also that the bacterial soil composition may

influence the competitive relationships between T. borchii and other

ectomycorrhizal fungi (Zambonelli et al. 2009). The VOCs produced by a ubiqui-

tous bacterium, Staphylococcus pasteuri, are able to inhibit the mycelial growth of

T. borchii as well as the ectomycorrhizal basidiomycete Boletus luridus, but do not
affect the mycelial growth of H. radicosum (Barbieri et al. 2005).

11.2.3 Tuber aestivum

The black truffle T. aestivum (syn. T. uncinatum) is reported from Spain to China

across East Europe and the UK and from Gotland (Sweden) to North Africa

(Morocco) (Wedén et al. 2004; Song et al. 2005; Hilszczańska et al. 2008; Jeandroz

et al. 2008; Stobbe et al. 2012). It is cultivated in New Zealand and Australia (Hall

et al. 2007), but also in Canada in regions of British Columbia (Berch and Bonito

2014), in Finland (Shamekh et al. 2014) and in USA-Missouri using

Q. bicolor � Q. robur hybrid (Pruett et al. 2009). The fungus prefers a soil pH of

6.8–8, low phosphorus concentrations (0.30–0.59 g � kg�1), and soils that are poor

in the readily degradable nitrogen (Wedén et al. 2004; Hilszczańska et al. 2008),

and it is adapted in semi-continental region as Burgundy in France (Chevalier et al.

1979). It reaches higher altitudes in the Southern habitats with a warm climate, and

it is located near the sea level in the Northern areas (Stobbe et al. 2013a). Following

the presence of T. aestivum in a field in the Czech Republic, it was demonstrated

that warm temperatures help the fungus to colonize new spaces (Gryndler et al.

2015). Its presence is characterized by the formation of a burnt area (brûlé), around

the host tree, with a scant vegetation, probably due to the production of allelopathic

compounds (Streiblová et al. 2012; Gryndler et al. 2014). Molinier et al. (2013) also

demonstrated a T. aestivum competitive power and expandability in environmental

conditions that are appropriate in terms of soil, climate, exposure and plant cover.
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In Israel, T. aestivum similarly demonstrated its capacity to adapt to severe condi-

tions and to replace T. melanosporum in orchards (Turgeman et al. 2012).

The fungus can enter in association with more than 20 species of host plants,

including species of Abies, Betula, Carpinus, Carya, Castanea, Cistus, Corylus,
Fagus, Ostrya, Tilia, Picea, Pinus, Populus, Quercus and Ulmus (Wedén et al.

2009; Benucci et al. 2012; Stobbe et al. 2013a, b; Gryndler et al. 2014). It was

demonstrated that in natural conditions, it can form brûlé with Pinus nigra subsp.

salzmannii and P. sylvestris and Quercus ilex subsp. ballota and Q. faginea hosts

(Garcı́a-Montero et al. 2014). The brûlé with the conifers was smaller than that of

hardwood, but the fruiting body production was greater (Garcı́a-Montero et al.

2014). Roots of non-host plants (i.e. the plants usually not forming fully functional

mycorrhizae with a specific fungal symbiont) showed the presence of T. aestivum
mycelium biomass (Gryndler et al. 2014). The mycelium was localized in the

decomposing root cell layers on the root surface, suggesting a functional interaction

with the non-host plants (Gryndler et al. 2013, 2014). Its quantification by qPCR

has allowed to suggest that the mycelium of T. aestivum is relatively dense and that

reaches higher biomass densities than other ectomycorrhizal fungi previously

comparably quantified (Gryndler et al. 2013). The production of allelopathic

compounds could have different effects in relation to the type of non-host plants

(Gryndler et al. 2014). It is known that T. aestivum can reduce the growth of Vicia
faba (Lanza et al. 2004) or that can cause the formation of the brûlé due to an

allelopathic activity on non-host plants (Streiblová et al. 2012). Gryndler et al.

(2014) highlighted the capacity of T. aestivum to change vegetation cover and

therefore to have an impact on carbon and nutrient cycles in the ecosystem.

The ectomycorrhizal community of a T. aestivum truffle-ground close Spoleto

(Italy) showed a dominance of T. aestivum ectomycorrhizae and a diversity of

ectomycorrhizal species mediated by the host plants (hornbeam trees and hazel),

but not host specific (Benucci et al. 2011). Salerni et al. (2014a) analysed in a

truffle-ground the fungal communities above and below ground, by means of

observations of fruiting bodies and ectomycorrhizal morphotypes associated with

Quercus cerris, Q. pubescens and P. nigra. The data were put in relation with the

production of T. aestivum, expressed in both the number and weight of fruiting

bodies, demonstrating that mycorrhizal fungi and T. aestivum production are not in

competition. The orchard showed high species richness with fungal species that

changed marginally in relation to host tree. In detail, the most frequent fungi were

Tricholoma spp. and Tomentella spp., above and below, respectively (Salerni et al.

2014a). In order to understand the effects of indigenous mycorrhizal fungi on

T. aestivum colonization in plants, the ectomycorrhizal community of an artificial

truffle-ground was monitored for 2 years after the transplantation of mycorrhized

seedlings (Pruett et al. 2008). Pruett et al. (2008) found that T. aestivum coloniza-

tion and indigenous ectomycorrhizal fungi increased in terms of richness and

abundance, demonstrating that T. aestivum was not replaced by native species in

a short term. On the contrary, T. aestivum affects soil microarthropod community:

Symphyla and Pauropoda are negatively affected, whereas Folsomia spp. are

positively affected by T. aestivum (Menta et al. 2014).
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A recent study based on a large-scale population genetic analysis suggests that

genetically distinct populations and likely ecotypes are present within T. aestivum
(Molinier et al. 2016). In the light of the previous finding that the aroma of

T. aestivum is influenced by the identity of single clones/genets (Molinier et al.

2015), the future research will be aimed at verifying if ecotypes adapted to

particular environments exist within this species and if they differ for their aroma.

11.2.4 Tuber melanosporum and the Brûlé Functioning

This truffle species grows naturally in France, Italy and Spain where its cultivation

is an agroforestry alternative for rural areas. In the last 20 years, attempts have been

made to grow mycorrhized oaks and hazel with T. melanosporum, in areas and

countries outside its natural growth habitats. The first black truffles to be harvested

outside of Europe came from a northern Californian truffière in 1991; 2 years later,

in 1993, the first truffles were harvested also in New Zealand (Hall et al. 1998), and

in the same year, a cultivation project was initiated in Israel (Pinkas et al. 2000).

However in Israel after the T. melanosporum fruiting body production (Kagan Zur

et al. 2000), this species was replaced with the locally more competitive T. aestivum
(Turgeman et al. 2012). In Australia, the first black truffles were harvested in

Tasmania in 1999, and truffle production increased considerably in the following

years. Three tons of black truffles were produced in 2011 (Hall and Haslam 2012),

and Australian truffle production could soon overtake French truffle production at

least in a poor fruiting year (Hall and Zambonelli 2012).

Cultivated black truffles have also been produced in Canada, Morocco, Chile,

China and South Africa (Reyna and Garcı́a Barreda 2014; Berch and Bonito 2014;

Zambonelli et al. 2015; Wang 2012). In Chile a local plant, Nothofagus obliqua,
was also mycorrhized with black truffle under greenhouse conditions, with the aim

of cultivating this truffle as a secondary crop during reforestation (Pérez et al.

2007).

Genetic diversity and mating type distribution of T. melanosporum have been

investigated in artificially planted truffiéres in Australia to increase ascoma pro-

duction (Linde and Selmes 2012), highlighting that the lacking of production of

certain truffle orchard is due to the scarce quality of nursery-inoculated seedlings

which can be contaminated with T. brumale, rather than to the absence of both

mating types in the field.

The distribution of mating type genes of T. melanosporum has been also

investigated in T. melanosporum orchards, located in central Italy (Rubini et al.

2011b). Contrary to what is expected, strains with opposite mating types were never

present on the same root apparatus, while both mating types were detected in the

soil of the truffle-ground (Rubini et al. 2011b). Experiments made by the same

authors and based on inoculation of host plants in controlled conditions showed that

the coexistence of both mating types on the roots of the same host plant can happen

but lasts until their competition excludes one of the two mating types. The genetic
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basis of the competition between strains belonging to different mating types is still

unknown. It seems related to a self-/non-self-recognition system acting before

hyphal contact rather than the presence of a heterokaryon incompatibility

(HI) system which leads to the death of the heterokaryotic cells in incompatible

reactions (Iotti et al. 2012c). In fact, although orthologs of the genes which control

HI in other filamentous ascomycetes are present also in the T. melanosporum
genome, they lack the key functional domains involved in the HI process (Rubini

et al. 2014).

Anyway, according to Zampieri et al. (2012), the detection of the two mating

types in soil extracts can be a promising predictor of T. melanosporum production,

given that mating type genes for T. melanosporum were detected under productive

and formally productive trees and, generally, not under unproductive trees. How-

ever, in all the three situations, the mating type genes were detected only when

more than 0.3 ng of T. melanosporum DNA was present in soil. These observations

clearly suggest that quantification of T. melanosporumDNA coupled to detection of

its mating type genes can be a suitable tool to predict the fertility of truffle orchards.

However, the production of sporomata depends not only from the encounter of the

two mating types, but from several abiotic and biotic factors. In any case, the

discovery of competition between the two mating types on the host roots has

practical implications in trufficulture. In fact, inoculation techniques should be

developed for production of seedlings of opposite mating type to potentially

improve truffle productivity (Rubini et al. 2014).

The spatial genetic structure of T. melanosporum populations at a small scale has

been investigated in two productive T. melanosporum orchards, one located in the

northern France and the other in central Italy (Murat et al. 2013). The analysis of the

genetic profiles of ECMs using both SSR markers and mating type genes and the

monitoring of the distribution of T. melanosporum mycelia of the two mating types

in the soil allowed the authors to demonstrate a pronounced spatial genetic structure

of T. melanosporum, characterized by non-random distribution of small genets.

Several small T. melanosporum genets that shared the same mating types can be

found on the same host plant, suggesting that the genet distributional pattern is

related to the allelic configuration of the MAT locus.

Following the distribution of ectomycorrhizae and mycelium of

T. melanosporum in natural ecosystems dominated by four ectomycorrhizal host

species (Q. ilex, Q. coccifera, A. unedo, C. albidus), Taschen et al. (2015)

documented a spatial heterogeneous pattern of T. melanosporum distribution in

soils, and, in contrast to most multi-host ECM fungal species, a marked affinity for

Q. ilex. This work underlines that the frequency of ECM tips and the distribution

patterns of soil mycelia do not mirror fruiting distribution within brûlés, which

cannot be then predicted, on this basis.

The development of T. melanosporum is associated with the production of a

“burnt” area (commonly referred to the French word brûlés), around its symbiotic

plant, characterized by scanty vegetation (Pacioni 1991). Bragato (2014) observed

in an experimental truffle-producing area in Italy that the disappearance of grasses

in the brûlé induces modifications of soil aggregation that are determined by freeze-

11 Truffle Ecology: Genetic Diversity, Soil Interactions and Functioning 239



thaw cycles occurring in the winter season. These changes play an important

function in the exchange of water and air between soil and the atmosphere helping

the growth of T. melanosporum. This observation can have practical applications

for truffle farming that could increase aggregate breakdown inside the brûlé by

watering in the frost days of late winter, thus limiting the use of more expensive

tillage practices. What is known on the origin of the brûlés? Splivallo et al. (2007)

and Splivallo et al. (2011) have indicated that fungal volatiles can mediate fungal-

plant interactions and that the production of ethylene and indole-3-acetic acid

(IAA) could in large quantities act as herbicides, thus suggesting their role in the

origin of the brûlés. According to Streiblová et al. (2012), truffles adopt an efficient

survival strategy by diffusing their metabolites, which are regarded as having

allelopathic effects on the herbaceous plants and the microorganisms in the rhizo-

sphere. In order to investigate the potential effects of T. melanosporum growth and

metabolites on the soil communities with which interacts, two studies used

metagenomics to compare the fungal composition inside and outside the brûlé in

French truffle-ground soils at Cahors (Napoli et al. 2010; Mello et al. 2011). Clear

differences were shown between the fungal communities, together with a lower

fungal biodiversity inside the brûlé in which the ectomycorrhizal fungus

T. melanosporum was the dominant fungus. By contrast, Basidiomycota, which
are mostly ECM fungi, showed decreased abundance in the brûlé, suggesting a

competition with T. melanosporum. In this way T. melanosporum ensures its

growth at the expense of fungi having the same trophic strategy. Mello et al.

(2013) also showed differences in the bacterial community composition between

the interior and exterior zones of the same brûlé through DGGE profiles and

microarrays of 16S rRNA gene fragments. Firmicutes (e.g. Bacillus), several

genera of Actinobacteria and a few Cyanobacteria were found more frequently

inside the brûlé than outside, whereas Pseudomonas and several genera from the

Flavobacteriaceae family (e.g. Flavobacterium, Fig. 11.1) were more abundant

outside the brûlé. As most herbaceous plants form symbioses with arbuscular

mycorrhizal fungi (AMF), Mello et al. (2015) wandered whether the scant plant

coverage in the brûlé is mycorrhized as the plant coverage in the area outside the

brûlé. The results showed that the patchy herbaceous plants in the brûlé were

extensively colonized by AMF, as were the plants outside the brûlé, and AMF

richness on the roots of the herbaceous plants inside the brûlé was not affected. By

contrast, reduced species richness of AMF was observed in the soil inside the brûlé

compared with the soil outside the brûlé. However, members of Diversispora,
Acaulospora and Archaeospora were only found in the brûlé, in roots or soil,

suggesting that this habitat specifically affected some taxa. Taking together, all

these metagenomic studies have identified the microorganisms present inside and

outside the brûlé of a T. melanosporum truffle-ground, but the molecular mecha-

nisms that occur in this ecological niche have not been faced, thus remaining

elusive. To elucidate the metabolic pathways present in the brûlé, Zampieri et al.

(2016) constructed a database, incorporating the metagenomic data for the organ-

ism previously identified in the brûlé, and conducted a metaproteomic analysis on

the same soil cross-referencing the resulting proteins with the database. As a result,
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the soil inside the brûlé revealed to contain a larger number of proteins compared

with the soil outside the brûlé. Fisher’s Exact Tests detected more biological

processes inside the brûlé, especially processes related to responses to multiple

types of stress. Thus, surprisingly, the organisms living in the brûlé show strong

metabolic activity, despite this niche being characterized by a reduced diversity of

plant and microbial species. Since the category “response to stress” principally

consisted of proteins identified in herbaceous plants, the authors hypothesized that

those few plants living in the brûlé experience stress conditions. From these results,

it is possibly hypothesized that truffle metabolites, such as volatile organic com-

pounds, may directly or indirectly elicit stress and defence responses in fungi and

bacteria, but mostly in the surrounding herbaceous plants. In conclusion, the

Fig. 11.1 Heat map of the operational taxonomic units (OTUs) that were both significantly

different and had nearly a twofold difference in average intensity between inside and outside the

brûlé for Flavobacterium. In_1, In_2, In_3 and Out_1, Out_2, Out_3, respectively, were pools

from inside and outside the brûlé and were used as replicate samples. Supplementary material from

Mello et al. (2013), PLoS One 8(4): e61945. doi:10.1371/journal.pone.0061945
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combination of metagenomics and metaproteomics has provided a powerful tool to

reveal the functioning of a complex soil niche as the brûlé.

11.2.5 Chinese Truffles

Chinese truffles can be considered as a good complement to T. melanosporum in the

market due to their lower prices and more availability (Garcı́a-Montero et al. 2010).

The most appreciated in China and in other countries where they are exported are

T. indicum and T. pseudoexcavatum. Not in the entire world these fungi can be sold;
for example, in Italy they are not marketable, even if there was evidence of the

presence of T. indicum in the soil and in the root tips in a Piedmont truffle-ground

(Murat et al. 2008). Also in North America Bonito et al. (2011b) inferred about two

independent introductions of T. indicum. As demonstrated by several authors

(Zambonelli et al. 1997; Comandini and Pacioni 1997; Garcı́a-Montero et al.

2008), the ectomycorrhizae of T. melanosporum, T. indicum and

T. pseudoexcavatum showed a similar morphology with some exceptions as the

length of the unramified ends, the colour and the outer mantle pseudocells and

cystidia diameter. The ectomycorrhizae of the two Chinese truffles can be

obtained in presence of a relative abundance of sand and clay and a modest

level of silt (Garcı́a-Montero et al. 2008). The features of the soil, where the two

truffle species live, are a moderately basic pH, low levels of total carbonates, an

elevated level of active carbonate, moderate levels of organic carbon and total

nitrogen, the C/N ratio between 13 and 15, high values of exchangeable cation

complex, 100% of the degree of saturation of exchangeable cations, a good

proportion of exchangeable Ca2+ and Mg2+, K+ in relatively large concentra-

tions and scarce Na+ (Garcı́a-Montero et al. 2008). In general, the two Chinese

truffles prefer calcareous soils, even if Riousset et al. (2001) found T. indicum in

substrates devoid of calcium carbonate, and rich in organic matter. In China, the

natural truffle habitats are often damaged during the random digging without

pigs and dogs and out-of-season harvesting, causing a decline in the local

production (Wang et al. 2008, Wang 2012). Some fungal species have been

already considered “endangered fungi taxa” because of the excessive human

collections (Liu et al. 2003). It becomes therefore crucial both to take care of the

truffle habitats and to regulate the commercial harvesting and conservation of

truffles in China (Wang et al. 2008, Wang 2012).

Regarding host plants, in general Chinese truffle species are mostly associated to

conifers, broad-leaved trees and mixed forests of pines and broadleaved trees with

the following plants: Pinus tabulaeformis var. yunnanensis, P. armandii, Quercus
acutissima, Q. pannosa, Viburnum cylindricum, Alnus cremastogyme, Coriaria
nepalensis, Camptotheca acuminate, Prunus mume, Pyrus pashia and Berberis
poiretii (Yang 2001). However, it was demonstrated that T. pseudoexcavatum and

T. indicum showed a high capacity of mycorrhization with Q. ilex subsp. ballota
(Garcı́a-Montero et al. 2008). Moreover, T. indicum is also able to interact with
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Q. ilex subsp. ilex, Q. pubescens and Q. cerris that are the same host plants of

T. melanosporum (Comandini and Pacioni 1997; Zambonelli et al. 1997; Di

Massimo et al. 1996) and with North American angiosperm and gymnosperm

hosts (Bonito et al. 2011b).

Seen in the common host range and soil preference of T. pseudoexcavatum and

T. indicum and the Perigord black truffle, it could be strongly hypothesized that

both Chinese truffle species have a potential ability to go through numerous

T. melanosporum plantations and Mediterranean ecosystems (Garcı́a-Montero

et al. 2008). Another Chinese truffle, which may threaten European truffles, is the

new Chinese species T. sinoaestivum (Zhang et al. 2012) which is sold as

T. aestivum on the international market. T. sinoaestivum has already been found

mixed to T. aestivum in Italy (Zambonelli et al. 2012b). This truffle could be

unintentionally used as inoculum for the production of mycorrhizal plants for truffle

cultivation and potentially contaminate European truffle areas.

Due to the increasing interest in import truffles from China and the fraudulent

commercial practices related to these truffles (sold as T. melanosporum in Europe

and in Japan), researchers have tried to characterize 16 Chinese truffles and to show

a comprehensive summary of their taxonomy, ecology, mycorrhizae, genetics,

biochemistry and cultivation in order to distinguish them from European black

truffles (Garcı́a-Montero et al. 2010). It is acknowledged that the morphological

classification among truffle species is controversial (Ceruti et al. 2003) and that

molecular tools are necessary for quality control both of commercial plants

mycorrhized with Tuber and of ascomata sold in the market (Garcı́a-Montero

et al. 2008, 2010). Several phylogenetic studies were performed in order to describe

the Tuber genus (Chen and Liu 2007; Wang et al. 2007; Jeandroz et al. 2008; Huang

et al. 2009; Bonito et al. 2010a, 2013; Kinoshita et al. 2011). Thanks to these

studies, new species were highlighted, for example, T. latisporum, which was

separated from other white truffles (Chen and Liu 2007); T. huidongense,
T. liaotongense and T. taiyuanense, which are different species or subspecies inside
the Puberulum group (Wang et al. 2007); T. pseudosphaerosporum, which is related
to T. borchii and T. gibbosum (Fan and Yue 2013); T. turmericum sp. nov., which

belongs to the T. turmericum group (¼japonicum group sensuKinoshita et al. 2011)
(Fan et al. 2015); or T. hubeiense and T. wumengense, resembling T. borchii (Fan
et al. 2016b). Recently, it has been demonstrated that species of T. californicum in

China were misidentified and they were T. xuanhuaense, T. jinshajiangense, T. caoi
and T. parvomurphium (Fan et al. 2016a). Other species were on the contrary

discovered as synonyms: T. indicum, T. himalayense, T. sinense and

T. pseudohimalayense are one species, T. indicum complex (Wang et al. 2006a, b).

While several studies have been carried out to clarify the Chinese Tuber taxon-
omy, few focused on other aspects such as Chinese Tuber ecology (Garcı́a-Montero

et al. 2010). Further studies are therefore requested to better characterize these

valuable products, which in addition to be eaten for their taste are considered as

source of natural antioxidants for use in functional foods or medicine (Luo et al.

2011; Zhao et al. 2012).
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Recently, the life cycle of T. indicum has been clarified, demonstrating its

heterothallic nature with a MAT locus organized in two idiomorphs harboured by

different strains (Belfiori et al. 2013). Given that T. melanosporum and T. indicum
are very similar, a breeding between them cannot be excluded, thus leading to have

potentially detrimental effects related to erosion of their biodiversity and specificity

(Belfiori et al. 2013).

11.2.6 American Truffles

Truffles are dominant in ectomycorrhizal communities of commercial pecan

orchards in North America (Bonito et al. 2011a). T. lyonii, native of North America,

is sold in limited quantities because its aroma is not so similar to that of European

truffles; its production fluctuates from year to year, limiting its supply; and the

harvesting is performed by raking, allowing to collect both mature and immature

ascomata (Bonito et al. 2011a). Several attempts are in progress to obtain pecan

seedlings mycorrhized with European truffle species (e.g. T. borchii and

T. aestivum) in order to have nuts, truffles and woods (Benucci et al. 2012).

Although Benucci et al. (2012) obtained mycorrhizae of T. borchii and

T. aestivum and not of T. macrosporum with pecan, further studies are needed to

assess whether these relationships are maintained after planting in the field and

whether truffle production can be supported by this host species.

Among the American truffles, there is T. anniae complex. Interestingly,

ascomata of T. anniae complex were found under P. sylvestris in Finland, demon-

strating a dispersal of truffle species between America and Europe (Wang et al.

2013). The T. anniae complex seems to be able to live in a wide range of soil types

and pHs, also characterized by extreme conditions as the presence of heavy metals

(Staudenrausch et al. 2005; Krpata et al. 2008). Liming of the forest may help to

increase the incidence of T. anniae ectomycorrhizae, while the ascomata were

collected only in sites with renewed substrates; this last finding leads to hypothesize

that fresh organic matter and aerobic soil conditions are important to ascoma

production (Wang et al. 2013). In recent time the T. anniae complex has been

found in British Columbia in association both with C. avellana in truffle orchards

and with Pinus contorta, Pseudotsuga menziesii and Betula papyrifera in forestry

sites (Berch and Bonito 2016).

Recently seven new species (T. beyerlei, T. castilloi, T. guevarai, T. lauryi,
T. mexiusanum, T. miquihuanense and T. walker) were described and collected in

the USA and in Mexico (Guevara et al. 2013). They belong to Maculatum group,

and they are associated with angiosperm hosts, including monocot species of

Epipactis and woody dicot species of Quercus, Populus, Salix, Carya and

Notholithocarpus with the exception of T. beyerlei, which was found under

P. menziesii (Guevara et al. 2013). Moreover, the Tuber gibbosum complex was

better characterized by phylogenetic analysis, showing the presence of four distinct

species (Bonito et al. 2010b). The species in this group are associated exclusively
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with Pinaceae hosts, particularly with Douglas-fir (P. menziesii), but also occasion-
ally with Pinus. T. gibbosum and T. oregonense are two of the most important

species of this group (Bonito and Smith 2016). These truffles have not been

cultivated yet, but in the Pacific Northwest of the United States are wild-harvested

during winter and spring (Lefevre 2013).

Ascomata of a previously unknown species described by Healy et al. (2016) as

T. arnoldianum have been found in both native and non-native tree roots at the

Arnold Arboretum in Massachusetts (USA). From data showing its abundance,

T. arnoldianum appears to be a strong competitor when exposed to other native

ECM fungi in disturbed environments, and this suggests that it could be used in

forestry and restoration.

11.3 Conclusions

In the last years, the knowledge of the ecology of truffles has greatly increased,

thanks to many new scientific insights and technologies as the sequencing of

T. melanosporum genome, the new approaches of environmental microbiology

and the high-throughput sequencing. The discovery of the heterothallic nature of

truffles, the correlation between the genet distributional pattern of T. melanosporum
and the allelic configuration of the MAT locus, the successful production of plants

inoculated with mycelial pure cultures and the likely presence of ecotypes within

T. aestivum will move the researchers towards the optimization and selection of the

inoculum to be used for the set-up of new orchards. At the same time, multi-marker

phylogenetic analyses have allowed the discovery of new species increasing the

knowledge of the Tuber genus.
Recently, the combination of metagenomics and metaproteomics is starting to

reveal the proteins expressed by the organisms within an ecosystem at a specific

time and, consequently, to describe metabolic processes active in these ecosystems.

The application of this approach to the T. melanosporum brûlé has been the first step

towards the knowledge of its functioning.

Altogether, the recent advent of “omics” technologies has greatly increased our

understanding of truffle ecology that is relevant to answer applied questions of

importance to the management of the truffle habitat.
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Chapter 12

Inter- and Intraspecific Fungal Diversity
in the Arbuscular Mycorrhizal Symbiosis

Brandon Monier, Vincent Peta, Jerry Mensah, and Heike B€ucking

Abstract The 450-million-year-old arbuscular mycorrhizal (AM) symbiosis plays

a critical role for the nutrient uptake and abiotic (drought, salinity, and heavy

metals) and biotic stress resistance of the majority of land plants. The fungal

extraradical mycelium takes up nutrients, such as phosphate and nitrogen, and

delivers them to the intraradical mycelium, where the fungus exchanges these

nutrients against carbon from the host. It is known for decades that AM fungi can

improve the nutrient acquisition of many important crops under low input condi-

tions and are able to increase plant productivity in stressful environments. How-

ever, despite their application potential as biofertilizers and bioprotectors, AM

fungi have so far not been widely adopted. This is mainly due to the high variability

and context dependency of mycorrhizal growth and nutrient uptake responses that

make benefits by AM fungal communities difficult to predict. In this review, we

summarize our current understanding of interspecific and intraspecific fungal

diversity in mycorrhizal growth benefits and discuss the role of fungal genetic

variability and host and fungal compatibility in this functional diversity. A better

understanding of these processes is key to exploit the whole potential of AM fungi

for agricultural applications and to increase the nutrient acquisition efficiency and

productivity of economically important crop species.

12.1 Introduction

Plants from practically all environments can form symbiotic relationships with

arbuscular mycorrhizal (AM) fungi, all comprised within the phylum,

Glomeromycota. AM fungi were previously placed in the Zygomycota but were

later grouped into their own phylum, because molecular data confirmed that this

group of fungi is unique and has no obvious affinity to other major phylogenetic

groups in the fungal kingdom (Schüßler and Walker 2010). AM associations are

formed by approximately 65% of all terrestrial plant species including, but not
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limited to, a gamut of economically important crops (e.g., corn, rice, soybean,

wheat) and even bryophytes including hornworts and liverworts (Smith and Smith

2011; Pressel et al. 2010; Wang and Qiu 2006). The wide distribution of these

interactions within the plant kingdom and fossil records suggest that this symbiosis

evolved ~450 million years ago and played a key role for the evolution of land

plants (Taylor et al. 1995).

AM interactions are formed by a large number of different plant species

(n > 200,000), but the number of fungal species is relatively low and has been

estimated as< 350 (Öpik et al. 2013; Brundrett 2009). A high beta diversity among

different sampling sites, however, indicates that the global species richness of AM

fungi is possibly higher than these estimates (Kivlin et al. 2011). However, the

exact number of AM fungal species is difficult to determine, because some species

were placed into genera based on older relatively vague descriptions that cannot

longer be verified (Rosendahl 2008).

Plants are also able to form other mycorrhizal associations, such as

ectomycorrhizal (ECM), ericoid, or orchid mycorrhizas, with fungi from the

phyla Ascomycota and Basidiomycota. However, these relationships are not as

prevalent as AM fungal associations and entail a relatively small proportion of the

overall mycorrhizal interactions between plants and fungi (Moore et al. 2011;

Brundrett 2009). ECM interactions are formed predominantly by woody perennials

from cool temperate, boreal, montane to tropical ecosystems (Brundrett 2009). The

number of plant species that develop ECM interactions is relatively small with

6000–8000 species, but ECM fungi exhibit a wide taxonomic range with

20,000–25,000 species (Tedersoo et al. 2010; Rinaldi et al. 2008). The ECM fungal

diversity can be very high in ecosystems and can consist of hundreds of different

ECM fungal species (Henkel et al. 2012; Buée et al. 2011; Newton and Haigh

1998).

Both, AM and ECM symbioses play a key role for the nutrient uptake of their

host plant and improve the uptake of phosphate and nitrogen, but also of trace

elements such as copper and zinc. In addition, the symbiosis increases the resistance

of plants against abiotic (drought, heavy metals, salinity) and biotic (pathogen)

stresses (Smith and Read 2008). But the symbiosis is also costly for the plant, and

plants transfer up to 20% of their assimilated carbon to their fungal partner (Wright

et al. 1998). ECM fungi have also saprophytic capabilities, but AM fungi are

obligate biotrophs that completely rely on their host plant for their carbon supply

and are unable to complete their life cycle without the symbiosis to the host.

AM fungi are not equally beneficial for the host, and mycorrhizal benefits have

been described as a mutualism to parasitism continuum (Smith and Smith 2013;

Johnson and Graham 2013; Johnson et al. 1997). However, the mechanisms

responsible for these functional differences and the more or less beneficial out-

comes for the host are currently unknown. We will discuss here factors that may

contribute to the observed high interspecific and intraspecific fungal diversity and

will particularly focus on the AM symbiosis because a better understanding of these

processes is critical for a useful application of these fungi in efforts to increase crop

production and food security in the future (Rodriguez and Sanders 2015).
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12.2 Genetic Diversity of Arbuscular Mycorrhizal Fungi

12.2.1 The Arbuscular Mycorrhizal Fungus: An Asexual
Symbiont?

In the past the standard for “species” identification of AM fungi was through the

determination of morphological traits found among resting spore types (Mosse and

Bowen 1968; Morton and Benny 1990; Schüßler and Walker 2010). The validity of

this methodology is rather limited due to similarities in the spore morphology of

different fungal species and significant differences in spore size and color within

one fungal species (Redecker et al. 2013; Merryweather and Fitter 1998;

Bentivenga et al. 1997; Morton 1985). Another limitation is that the composition

of AM fungal communities in colonized roots cannot be accurately identified.

Characteristics of fungal structures (arbuscules, vesicles, intercellular hyphae)

within colonized roots are not species specific, and the correlation between the

presence of resting spores in the soil and the AM fungal communities in roots is not

reliable, because not all identifiable spores may really contribute to the AM

community composition of the root. Based on differences in spore morphology,

about 250 AM fungal species have been validly described.

Progress in sequencing technologies allow now to classify AM fungal species by

morphological data in combination with sequence information of ribosomal RNA

genes (SSU or LSU). The availability of these sequence data led to substantial

changes in the AM fungal taxonomy and the establishment of several new genera

and families within the Glomeromycota (Schüßler and Walker 2010). The new

sequencing technologies also revealed that the AM fungal diversity in ecosystems

is larger than previously been expected. However, our current understanding of the

AM community composition is still limited by the availability of reliable sequence

data for all species within the Glomeromycota and the lack of a universal standard

for the identification of operational taxanomic units (OTUs) of AM fungi. When

different OTU delineation techniques are compared, one based on the evolutionary

origin of monophyletic clades and the other based on sequence similarities with

published sequences, the latter generally leads to a significantly higher number of

OTUs and a change in absolute OTU richness (Lekberg et al. 2014). Depending on

target gene and sequence similarity cutoff, the number of virtual AM fungal taxa

(taxa without morphological analogues) ranges from 300 to 700 in different envi-

ronmental samples (Öpik et al. 2013; Kivlin et al. 2011).

The biological species concept, however, is difficult to apply to Glomeromycota

(Sanders 1999, 2002). The biological species concept defines species as groups of

actually or potentially interbreeding natural populations that occupy a specific

niche in nature and is not solely based on morphological concepts (Mayr 1942,

2000). However, all fungi within the phylum Glomeromycota (in contrast to fungi

within the Ascomycota or Basidiomycota) lack any obvious sexual structures, and

the low morphological diversity within this group of fungi led to the overall

assumption that AM fungi are ancient asexuals. According to evolutionary theory,
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sexual reproduction is advantageous because the recombination of genes leads to

genetic variations and allows the elimination of deleterious mutations and unfavor-

able traits. The conservation of an asexual lifestyle in AM fungi over such a long

coevolution with plants (~450 million years) therefore represents a paradox

(Sanders 1999, 2011).

Earlier studies of AM fungi from pot cultures or field-collected spores provided

no evidence for gene recombination in AM fungi (Rosendahl 2008; Stukenbrock

and Rosendahl 2005). But over the past decade, the question on whether AM fungi

are ancient asexuals without an opportunity for genetic recombination is more

controversially discussed. Recent studies revealed that the genomes of several

AM fungal species contain genes that are in other organisms involved in sexual

reproduction processes. In the transcriptome of Rhizophagus irregularis (previ-

ously Glomus intraradices) (Stockinger et al. 2009), for example, several meiosis-

specific genes [homologous-pairing protein 2 (HOP2) and meiotic nuclear division

protein 1 (MND1)] were identified, which are conserved among eukaryotes and are

only known to function in eukaryotic meiosis (Tisserant et al. 2012). More than

85% of the core meiotic genes that are involved in the meiosis of Saccharomyces
cerevisiae can be identified in the AM fungal genome, indicating that AM fungi

may be able to undergo a conventional meiosis (Halary et al. 2011).

Recent genomic and transcriptomic surveys also demonstrated the presence of

mating-type gene homologues and putative sex pheromone-sensing mitogen-acti-

vated protein (MAP) kinases in several AM fungal species. In the genomes of

Rhizophagus spp. and Glomus cerebriforme, orthologues of the sex pheromone-

sensing pathway of S. cerevisiae were identified, which is highly conserved in

Asco- and Basidiomycota and involved in the signal transduction pathway between

pheromone receptors at the hyphal surface and the transcription factors that regulate

mating in these fungi (Halary et al. 2013). However, as long as the exact function of

these genes in AM fungi is unknown, their existence is not conclusive evidence for

a sort of cryptic sexuality in AM fungi (Corradi and Bonfante 2012). Nevertheless,

the identification of these sex-related genes in AM fungi opens up the possibility

that the previous view of AM fungi as ancient asexuals and as evolutionary

aberration is oversimplified and that cryptic sexuality could be an important

pathway in this ecologically important group of fungi (Halary et al. 2013; Corradi

and Bonfante 2012).

12.2.2 Arbuscular Mycorrhizal Fungi Have a Diverse Set
of Nuclei

AM fungi are unique, because their spores and hyphae are coenocytic and contain

multiple nuclei in a common cytoplasm. The number of nuclei in spores can be as

high as several hundred or even thousand nuclei per spore, and in the coenocytic
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mycelium of the fungus, up to 100 nuclei can be found per 100 μm of hyphae

(Marleau et al. 2011).

Genetic diversity in, e.g., ribosomal gene sequences of AM fungi can not only be

caused by genetic variation among fungal individuals but also by the heterogeneity

found within one individual. It has been hypothesized that in the absence of sexual

recombination (see above), evolution should favor individuals with highly diver-

gent genetically different nuclei (Kuhn et al. 2001; Sanders 1999), and indeed

individual spores of AM fungi contain a population of genetically divergent nuclei

(Kuhn et al. 2001; Sanders 1999; Hijri et al. 1999). It has been hypothesized that

AM fungi evolved to be multi-genomic and that this multi-genomic life style could

explain the fitness and the long-term evolutionary persistence of this group of fungi

(Hijri and Sanders 2005; Pawlowska and Taylor 2004). Genetic divergence of

spores cannot only be found in ribosomal genes but also in protein-coding genes,

and these genetic variants are passed on from generation to generation through

spores (Hijri and Sanders 2005). Kuhn and co-workers assumed (2001) that the

genetic diversity is the result of multiple mutations in an otherwise clonal genome

and that recombination events cannot explain the majority of mutations in the

genome sequences. Genome polyploidization has also been discussed as a potential

origin of the spore divergence in AM fungi (Pawlowska and Taylor 2004), but this

view has been questioned by other authors, who reported that even species with a

very large nuclear DNA content are haploid (Hijri and Sanders 2005).

12.2.3 The Role of Hyphal Fusions in Fungal Diversity

Anastomosis, the fusion between encountering AM fungal hyphae could also

explain the high nuclei divergence in AM fungi, and there is increasing evidence

that these fusion events can contribute to genetic exchange and diversification in

AM fungi. Genetically distinct AM fungi can exchange nuclei through anastomosis,

and it has been demonstrated that genetic markers from each parent are transmitted

to the progeny of this hyphal fusion (Croll et al. 2009). However, AM fungi differ in

their frequency with which they anastomose, and it has been shown that in

Funneliformis mosseae, the likelihood that hyphal contacts lead to hyphal fusions

is more than seven times higher than in F. coronatus (Pepe et al. 2016). However,
even in pairings in which the anastomosis frequency is relatively low, a genetic

exchange between the hyphae can be observed (Croll et al. 2009).

Fungal compatibility plays a role in the frequency with which fungal isolates

anastomose. While, for example, high anastomosis frequency and high compatibil-

ity were found between isolates of R. irregularis that were isolated from a single

site (Croll et al. 2009), no anastomosis was observed between geographically

distant isolates of Funneliformis mosseae, but all these isolates were capable of

self-anastomosing (Giovannetti et al. 2003). It has been suggested that similar

environments and proximity are important factors for the vegetative compatibility
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among AM fungi. Successful anastomosis only occurs when the isolates are either

genetically similar or from the same habitat (Purin and Morton 2013).

Interestingly it has also been demonstrated that the symbiotic growth phase plays

a role for successful anastomosis (Purin and Morton 2013). Before the symbiosis

with the host is established and host root and fungus enter the symbiotic growth

phase, the fungus undergoes a presymbiotic growth phase that is characterized by

spore germination, the exchange of signal molecules between both partners [root

exudates (e.g., strigolactones) and the so-called “myc factors”

(lipochitooligosaccharides)] (Maillet et al. 2011; Akiyama and Hayashi 2006) and

extensive hyphal branching. While in the presymbiotic growth phase, anastomosis

was relatively unconstraint between hyphae from either genetically identical or

different isolates from the same habitat, hyphal anastomosis was suppressed

during the symbiotic growth phase (Purin and Morton 2013). This suggests that

hyphal anastomosis may fulfill different functions during the presymbiotic or

symbiotic growth phase. A potential explanation could be that during the

presymbiotic growth phase, fungal anastomosis allows to redistribute water and

nutrients within the growing hyphal network, while during the symbiotic growth

phase, anastomosis could cause a significant slowdown in the water and nutrient

transport to the host and a dilution of the carbon transport from the source

(mycorrhizal interface within the root cortical cells) to the sink (growing hyphal

tips and developing spores).

This high genetic diversity among nuclei within one fungal individual may

explain the high intraspecific diversity found in AM fungi and the high functional

differences and context dependency of mycorrhizal growth responses. If nuclei with

different genetic potential are randomly distributed during spore formation, the

offspring of this fungal individual will carry a different composition of nucleotypes

compared to the parent or the siblings and may also differ from the parent or the

siblings in its effect on plant growth. Angelard and co-workers (2010) tested this

hypothesis and examined the growth response of Plantago lanceolata and Oryza
sativa after inoculation with parental, crossed, and offspring lines of the AM fungus

R. irregularis (previously G. intraradices) and found that the growth of both plants

was reduced by an inoculation with crossed lines, compared to the parental lines.

Some offspring lines differed also from the other lines in their effect on plant

growth. While offspring lines reduced the plant growth of P. lanceolata compared

to the crossed lines, the growth of rice significantly increased by the colonization

with certain offspring lines. The offspring lines had also a different effect on plant

gene expression than the crossed lines (Angelard et al. 2010) and expressed a

different fungal phenotype and colonization pattern compared to their respective

crossed lines (Angelard and Sanders 2011). This considerable genetic and pheno-

typic diversity among different single spore lines that share the same parent is also

stable over multiple single spore generations (Ehinger et al. 2012).

However, it has also been demonstrated that while there is a high genetic and

phenotypic variation among different single spore lines, the differences among

subcultured replicates of these single spore lines are small. This suggests that

while the genetic potential of each spore is randomly selected during spore
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development, the phenotypes of these cultures are still relatively stable (Ehinger

et al. 2012; Koch et al. 2004). Recently, it was shown that while in crossed isolates,

the nuclei are inherited by both parents; mitochondria seem to be inherited only by

one parent. Based on putative orthologs in the genome of the AM fungus

R. irregularis to the set of genes involved in the mitochondrial segregation in

S. cerevisiae, the authors assume that mitochondrial segregation processes are

independent from nuclear segregation processes (Daubois et al. 2016).

12.2.4 Is There an Effect of Endobacteria in Fungal
Diversity?

Recently, it has been demonstrated that endobacteria are widely distributed across

the whole phylogenetic range of AM fungi. These mycoplasma-related

endobacteria (MRE) are related to the recently discovered bacterial lineage of

Mollicutes and live in the fungal cytoplasm. There are indications that this

fungal-bacterial symbiosis evolved ~400 million years ago (Mondo et al. 2012)

and therefore close to the evolution of the AM symbiosis. The bacterial symbiont

depends on its host for carbon, phosphate, and nitrogen supply, while the depen-

dence of the fungal partner from these endobacteria has been suggested to be

relatively low compared to the dependence from the plant partner.

The analysis of the genome of some of these endobacteria revealed typical

determinants of symbiotic, pathogenic, and free-living bacteria that are integrated

in an otherwise reduced genome (Ghignone et al. 2012; Naito and Pawlowska

2016). The endobacterium Candidatus Glomeribacter gigasporarum, for example,

is unable to synthesize essential amino acids indicating a strong metabolic depen-

dence of this endobacterium from its fungal partner and an obligate biotrophic

lifestyle (Naito et al. 2015). The bacterial genome also contains a substantial

proportion of genes that were potentially acquired horizontally from their fungal

host. One potential example for a horizontally acquired gene is a SUMO protease

that may allow these endobacteria to change the SUMOylation level of fungal

proteins (Naito et al. 2015).

The role of MRE in the biology of their fungal hosts is largely unknown (Toomer

et al. 2015), but there are indications that these endobacteria may have a functioning

pathway for the synthesis of folate and of cobalamin (vitamin B12) and contain

the genes for a type III secretion system that are used by other pathogenic and

symbiotic Gram-negative bacteria to release effector molecules into their host cell

(Ghignone et al. 2012). Recent fungal transcriptome and proteome studies demon-

strated that endobacteria play an important role during the fungal presymbiotic

growth phase (Vannini et al. 2016; Salvioli et al. 2010, 2016). The endosymbiosis

has an influence on fungal growth and calcium signaling and enhances the bioen-

ergetic capacity during the presymbiotic growth phase and plays thereby an impor-

tant role for the successful establishment of the AM symbiosis with the host plant.
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Germinating spores that are colonized by endobacteria accumulate proteins

involved in DNA replication, transcription, and protein synthesis and have higher

transcript levels of a Rho-GDP-dissociation inhibitor (Vannini et al. 2016) than

control spores. This dissociation inhibitor regulates Rho-GTPases, which are

involved in cytoskeletal organization, vesicle trafficking, and bud site selection

and are all important processes during fungal growth. Several genes that are

involved in oxidative phosphorylation are upregulated, and ATP biosynthesis and

fungal respiration are increased in germinating spores with endobacteria, indicating

that the colonization with endobacteria increases the bioenergetic potential and the

ecological fitness of the fungal host during the critical presymbiotic growth phase

(Salvioli et al. 2016; Vannini et al. 2016).

In contrast, the fungal phenotype in the symbiotic growth phase does not seem to

be affected by the colonization with the endobacterium Candidatus
G. gigasporarum (Salvioli et al. 2016). However, under consideration that each

AM fungal species harbors a distinct group of MRE (Naito et al. 2015) and that

there is also a considerable MRE diversity across AM fungal individuals (Toomer

et al. 2015; Agnolucci et al. 2015), more research is necessary to evaluate whether

bacterial endophytes can also contribute to the functional diversity of AM fungi

during the symbiotic growth phase. Based on the currently available evidence, it

can be assumed that endobacteria at least play a significant role for the successful

establishment of the symbiosis and may have an effect on the AM community

composition of the host plant.

In addition to MREs, spores of different AM fungal species and fungal isolates

have been shown to be associated with diverse bacterial communities, and several

of these spore-associated bacteria exhibit plant growth-promoting capabilities

(Battini et al. 2016; Agnolucci et al. 2015). Several bacterial isolates showed, for

example, the capability to produce plant growth hormones and are able to solubilize

phosphate from mineral phosphate and phytate. It can be assumed that these

bacterial capabilities can also contribute to the mycorrhizal benefits for the host

plant, but the composition and effects of these bacterial communities are largely

unexplored.

12.3 Host Specificity in the Arbuscular Mycorrhizal
Symbiosis

Since the AM fungus is an obligate biotroph that is unable to complete its life cycle

without the symbiosis to its host, AM fungal species were seen as generalists with a

low host specificity, and are able to colonize a wide range of host plants (Ehinger

et al. 2009). In fact, the low fungus to host species ratio (350 fungal species to

200,000 plant species, see above) has led to the overall assumption that there is a

high functional redundancy among fungal species and that the role of inter- and
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intraspecific fungal diversity does not play an important role for ecosystem func-

tioning (Klironomos 2000).

AM interactions are many-to-many interactions, and each individual host plant

is colonized simultaneously with multiple fungal species, and each fungal individ-

ual is associated with multiple host plants of the same or of different plant species.

These host plants share a common mycorrhizal network (CMN), and it has been

demonstrated that AM fungi allocate nutrient resources preferentially to specific

host plants within these CMNs (Bücking et al. 2016; Fellbaum et al. 2014; Walder

et al. 2012). It has been estimated that in any community between 30 and 50 dif-

ferent AM fungal species could exist (Fitter 2005). For example, in a boreonemoral

forest, up to 47 fungal taxa were identified (Öpik et al. 2008, 2009). If AM fungi are

not host specific, all these species could potentially contribute to the AM fungal

community composition of a single host plant.

However, new sequencing technologies provide now much more evidence for a

host specificity or at least host preference of AM fungi. When fungal communities

in the roots of forest plant species were compared to the roots of generalist plant

species, the fungal taxon richness was significantly higher for forest than for

generalist plant species (28.8–13.0 fungal taxa), and the AM fungal community

composition differed significantly among these two plant groups (Öpik et al. 2009).

Almost half of the fungal virtual taxa that were identified colonized exclusively

forest plant species, while only one fungal taxa colonized specifically generalist

plant species, and these differences in these fungal communities were unrelated to

plant community spatial structure or environmental conditions (Öpik et al. 2009).

Distinct AM fungal communities among different host plant species were also

found in a semiarid prairie ecosystem and temperate grasslands (Valyi et al. 2015;

Torrecillas et al. 2012). Perennial plant species harbored a lower AM fungal

diversity than annual plant species, and half of the AM fungal species that were

identified were specific for one plant species (Torrecillas et al. 2012). These data

suggest that the host specificity of AM fungi is higher than previously assumed, and

this has also implications for the success and survival of introduced AM fungi and

the establishment of designed AM fungal communities in agricultural applications

for enhanced crop productivity.

12.4 Functional Diversity in the Arbuscular Mycorrhizal
Symbiosis

The impact of different AM fungi on plant growth can range from highly mutual-

istic to antagonistic (Klironomos 2003), and mycorrhizal growth responses have

been described as a mutualism to parasitism continuum (Johnson and Graham 2013;

Smith and Smith 2013; Johnson et al. 1997). Mycorrhizal growth responses are

highly context dependent, and it has been suggested that particularly, the nutrient

availability in the soil determines the position of AM fungi along this mutualism to

12 Inter- and Intraspecific Fungal Diversity in the Arbuscular Mycorrhizal. . . 261



parasitism continuum (Johnson and Graham 2013). High phosphate availabilities in

the soil in general reduce mycorrhizal colonization and mycorrhizal growth benefits

for the plant, and negative mycorrhizal growth responses have been discussed as a

consequence of the high carbon costs of the symbiosis for the plant that are not

counterbalanced by a net gain in phosphate (Peng et al. 1993). However, it has also

been suggested that negative mycorrhizal growth responses could be the result of

the suppression of the phosphate uptake via the plant pathway (via the epidermis

and root hairs) which is not compensated for by an increase in the phosphate uptake

via the mycorrhizal uptake pathway (via the extraradical mycelium and the mycor-

rhizal interface) (Smith et al. 2011). AM fungal species differ in the efficiency with

which they suppress the plant uptake pathway (Grunwald et al. 2009), and this

suppression could lead to an overall reduction in total phosphate uptake and even

phosphate deficiency of the plant (Smith et al. 2011).

However, a meta-analysis of about 2000 field and laboratory studies suggest that

functional differences not only depend on soil fertility but also on functional

characteristics of the host plants and the complexity of the soil microbial commu-

nity, which includes AM fungi and non-mycorrhizal microbial species (Hoeksema

et al. 2010). Below we discuss different factors that may contribute to the functional

diversity in mycorrhizal growth responses.

12.4.1 Fungal Identity

Genetic and functional diversity (see also above) have been observed at all levels of

biological organization in AM fungi (Antunes et al. 2011; Powell et al. 2009; Koch

et al. 2006; Munkvold et al. 2004; Hart and Reader 2002). However, the reasons for

the high functional variability among AM fungi are largely unknown. It has been

suggested that fungal growth traits are conserved within one phylogenetic group.

For example, Hart and Reader (2002), who screened different phylogenetic groups

within the Glomeromycota for their colonization strategies, found that members of

the Gigasporaceae tend to extensively colonize the soil, while the colonization of

the roots is limited. In contrast, members of the Glomeraceae exhibit a different

colonization strategy and extensively colonize the host roots but show only a

relatively low hyphal exploration into the soil. Based on these fungal growth traits,

the authors assumed that the phylogenetically determined variability in coloniza-

tion strategies could also lead to differences in the mechanisms by which these

fungi promote host plant growth. The extensive colonization of the root system of

the Glomeraceae could suppress the colonization of the root system with root

pathogens and thereby contribute to a higher biotic stress resistance of the host,

while the better exploration of the soil by hyphae of the Gigasporaceae could have a

stronger effect on the nutrient and water uptake of the host. Evidence that fungal

growth traits such as levels of root colonization, spore production, and extraradical

hyphal extension are phylogenetically conserved within the Glomeromycota has

also been described by other authors (Antunes et al. 2011; Powell et al. 2009).
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Some studies have shown that mycorrhizal growth responses, such as shoot

biomass and phosphate and nitrogen contents, are positively correlated to fungal

growth traits, such as hyphal length, area covered by ERM, hyphal density, or

hyphal length per mm of colonized root length (Avio et al. 2006). However, fungal

growth traits are not necessarily correlated to mycorrhizal growth benefits or the

capability of the AM fungi to increase the phosphate or nitrogen uptake of the plant.

In a study, in which the effect of 31 different AM fungal isolates from 10 AM

species on plant biomass (Medicago sativa) and phosphate and nitrogen uptake was
examined, no correlation between fungal growth traits and mycorrhizal benefits was

observed. The authors reported that the capability of AM fungi to increase the

growth and nutrient uptake of Medicago is not related to the fungal phylogeny and

is relatively widely distributed in the phylum Glomeromycota (Koch et al. 2017;

Mensah et al. 2015). This is consistent with the results of de Novais et al. (2014),

who reported that the ability to promote plant growth is unrelated to the taxonomic

classification of AM fungal isolates. This asymmetry between phylogenetically

conserved fungal growth traits and evolutionary not conserved host plant effects

indicates that other processes such as more efficient nutrient uptake and/or higher

nutrient transport rates to the host contribute to the observed functional diversity

among AM fungi.

However, there is not only a high interspecific but also intraspecific functional

diversity among different isolates of one fungal species (Koch et al. 2017; B€orstler
et al. 2008, 2010; Koch et al. 2004). Mensah and co-workers (2015), who tested

three different isolates of ten fungal species, found in all fungal species a high

intraspecific variability in the effects on host plant biomass and phosphate and

nitrogen uptake. High within-species diversity among different isolates of the same

fungal species has been reported in several studies and in symbiosis with different

host plant species (Koch et al. 2017; de Novais et al. 2014; Campagnac and Khasa

2014; Koch et al. 2006; Avio et al. 2006; Munkvold et al. 2004). The high

intraspecific functional diversity can likely be explained by the high genetic

variability among different isolates (see also above). In F. mosseae (previously

Glomus mosseae), for example, a genetic diversity of more than 50% was found

among different geographical isolates (Avio et al. 2009). However, similarly high

genetic and phenotypic differences can also exist among individuals from one AM

fungal population. Fivefold differences in hyphal length were observed among

isolates of R. irregularis (previously G. intraradices) that were isolated from one

population (Koch et al. 2004). Hyphal length has previously been used as an

important criterion to explain differences in the phosphate uptake by mycorrhizal

plants (Jakobsen et al. 1992). Koch et al. (2017) found that host plant performance

was not related to the AM fungal morphology or growth traits, and they hypothe-

sized that differences in plant growth benefits among isolates within an AM fungal

species could be the result of a co-evolution between co-existing fungal and plant

populations. The reason for this high functional diversity among different isolates

of one AM species is largely unexplored and should be more strongly considered,

when fungal gene expression and function is studied.
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12.4.2 Fungal-Host Compatibility

Before the symbiosis to the host plant can be established, AM fungi undergo a

presymbiotic growth phase and respond to their potential host plants with enhanced

hyphal branching of germinating spores and a more target-oriented growth of their

hyphae (Bücking et al. 2008; Buée et al. 2000). To attract AM fungi, host plants

release root exudates that contain several active molecules, e.g., strigolactones, and

there are indications that host plants change the composition of their root exudates

to attract AM fungi particularly under stressful conditions (Tripathi et al. 2016).

Strigolactones, for example, stimulate hyphal branching and fungal metabolic

activity during the presymbiotic growth phase of the fungus (Bücking et al. 2008;

Tamasloukht et al. 2007; Besserer et al. 2006; Akiyama and Hayashi 2006;

Akiyama et al. 2005; Tamasloukht et al. 2003). However, there is evidence that

the plant genotype plays a critical role in the microbial community composition and

that these differences could be the result of quantitative or qualitative changes in the

root exudate composition among different plant genotypes (Aira et al. 2010).

Consistently, plant genotypes have been shown to differ in their responsiveness to

mycorrhizal fungi (Wang and Bücking 2015; Aira et al. 2010).

Branched fungal hyphae on the other hand also secrete a diffusible signal

(lipochitooligosaccharides) to the roots, also referred to as “myc factor” that induces

a symbiosis program in the roots and prepares the roots for colonization. In response to

myc factors, specific cells in the roots support the formation of the prepenetration

apparatus that provides the fungus with a pathway through the epidermis to the inner

cortex where the fungus forms arbuscules (Parniske 2008; Genre et al. 2005). These

intracellular highly branched structures are involved in the nutrient to carbon

exchange processes between both partners and are characterized by the expression

of mycorrhiza-inducible plant phosphate and nitrogen transporters in the

periarbuscular membrane and carbohydrate transporters in the fungal membrane

(Breuillin-Sessoms et al. 2015; Helber et al. 2011; Guether et al. 2009; Gomez et al.

2009; Javot et al. 2007). The successful colonization of the root depends on a common

symbiosis signaling pathway that is highly evolutionary conserved in mycorrhizal

plants. Plants withmutations in this pathway are unable to form a successful symbiosis

(Parniske 2008; Gherbi et al. 2008; Kistner et al. 2005). The perception of myc factors

leads to a transcriptional reprogramming of host gene expression (e.g., transcription

factors) (Czaja et al. 2012), but whether AM fungi differ in their myc factor compo-

sition and lead to different changes in host plant gene expression is currently unknown.

The mycorrhizal colonization percentage is a common metric to describe the

abundance of AM fungal structures in roots, and it is generally assumed that

mycorrhizal colonization is positively correlated to host plant benefit. Accordingly,

Treseder (2013) found in her meta-analysis an increase in plant biomass and host

plant phosphate content with higher mycorrhizal colonization rates. However,

differences in the mycorrhizal colonization are only in part responsible for the

variability in host plant responses, and AM fungi differ greatly in the benefit that

they provide per root length colonized (Mensah et al. 2015; Treseder 2013).
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Mycorrhizal nutrient transport per root length colonized, however, depends on an

effective interplay between resource release (carbon from the host plant and nutrients

from the AM fungus) into the mycorrhizal interface and the efficient uptake of

resources by both partners from the interface (nutrients by the host plant and carbon

by the fungal partner). If an essential component in these processes is interrupted, a

successful symbiosis will not be established. For example, ifMtPt4, the mycorrhiza-

inducible phosphate transporter ofMedicago truncatula is not expressed, the plant is
unable to take up phosphate from the mycorrhizal interface, and arbuscules are

prematurely degenerated (Javot et al. 2007). AM fungi can escape this premature

degeneration when they are able to transfer nitrogen to their host (Javot et al. 2011).

Similarly, if the transcript levels ofMST2, a high-affinitymonosaccharide transporter2

of theAMfungus, are reduced, arbuscules aremalformed, and the expression ofMtPt4
is reduced (Helber et al. 2011). This indicates that the exchange processes of carbon

for nutrients are linked and that both processes are critical for an efficient AM

symbiosis. However, AM fungal species differ in their effect on MtPt4 expression,

and there are indications that the expression of this transporter is correlated to the

fungal phosphate transport to the host (Fellbaum et al. 2014).

It has been suggested that a reciprocal reward system, in which carbon or

nutrients are preferentially allocated to more beneficial partners, contributed to

the evolutionary stability of the AM symbiosis (Kiers et al. 2011). Plants are able to

distinguish between high-quality and low-quality AM fungi and allocate more

carbon to fungi that provide more benefit (Kiers et al. 2011). Similarly, AM fungi

transfer more phosphate or nitrogen to plants that are able to provide more carbon

benefit (Fellbaum et al. 2012, 2014; Hammer et al. 2011; Bücking and Shachar-Hill
2005). However, resource exchange to multiple partners in the AM symbiosis is not

an all-or-nothing process, and fungi still provide nutrients to low-quality hosts, and

plants still invest carbon into fungal structures of low-quality fungal partners

(Fellbaum et al. 2014; Kiers et al. 2011). This indicates that resource exchange in

the AM symbiosis is controlled by biological market dynamics, and there are

indications that the cost to nutrient benefit ratio varies among different host plant

species (Walder et al. 2012).

The carbon transport from the host is an important trigger for phosphate and

nitrogen transport and leads to changes in fungal gene expression and in the

polyphosphate metabolism of the AM fungus (Fellbaum et al. 2012; Hammer

et al. 2011; Kiers et al. 2011; Bücking and Shachar-Hill 2005). Polyphosphates

are linear polymers of inorganic phosphate residues linked by phosphoanhydride

bonds that play a role for the phosphate and nitrogen transport through the fungal

hyphae to the host (Kikuchi et al. 2014; Cruz et al. 2007). It has been suggested that

AM fungi control the nutrient release into the mycorrhizal interface by regulating

polyphosphate formation and/or remobilization in the intraradical mycelium

(Bücking and Shachar-Hill 2005; Takanishi et al. 2009; Ohtomo and Saito 2005).

However, the mechanisms that control the resource exchange between partners are

only poorly understood, and more research is needed to understand whether and

how the processes in the mycorrhizal interface contribute to the functional diversity

in the AM symbiosis.
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12.4.3 Effects of Microbial Communities on Functional
Diversity

Our current understanding of functional diversity in the AM symbiosis is primarily

based on laboratory experiments and single plant/single fungus interactions.However,

plant responses are substantially lower when the plant is colonized with one fungal

partner compared with inoculations with multiple fungal species or a whole-soil

microbial inoculum (with multiple AM fungal species and non-AMmicroorganisms)

(Hoeksema et al. 2010). The higher plant responses after inoculations with multiple

AM species could be the result of (1) a complementarity effect, in which different

members of theAMcommunity provide different benefits to the host (Hart andReader

2002), (2) an establishment of a more beneficial AM fungal community, or (3) a

competition effect, in which the competition among fungi for host plant carbon

changes the cost to benefit ratio in favor of the host (Bücking et al. 2016). However,

there are also reports in which negative effects of multi-fungal communities on host

plant growth were observed. Violi et al. (2007), for example, demonstrated that the

inoculation with multiple fungi reduced host plant growth and nutrient uptake com-

pared to host plants that were inoculated only with one fungus. Gosling et al. (2016)

also reported that an increase in AM fungal diversity does not lead to higher plant

growth benefits. It has been suggested that functional complementarity or redundancy

among different fungal species controls whether fungal communities act synergisti-

cally or antagonistically (Jansa et al. 2008;Maherali andKlironomos 2007). However,

it has also been shown that the relatedness of coexisting AM fungi in a fungal

community affects plant growth benefit. Communities of more closely related AM

fungi were more likely to coexist, and also led to higher plant growth responses

compared to communities of more distantly related AM fungi (Roger et al. 2013).

This indicates that the general belief that host plant benefits will be higher with more

diverse AM fungal communities is not necessarily applicable to all host plants and that

more research is needed to better understand how AM fungal communities

(in comparison to single inoculations) affect host plant growth and nutrient uptake.

12.5 Conclusions

There is an increasing interest to apply AM fungi in environmentally sustainable

agriculture, but the application of AM fungi is still hindered by the high functional

diversity in the AM symbiosis that makes host plant responses and/or benefits

difficult to predict. Our current understanding of mycorrhizal host plant benefits

is mainly based on observations with single AM fungal inoculations that provide

only a limited insight into the application potential of specific fungi in certain

environments and conditions, and/or for different host plants. In order to identify

AM fungi that can provide specific benefits for their host plant, it is critical to better

understand the interspecific genetic diversity, but also the intraspecific genetic
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diversity within AM fungal species and its effect on host plant benefit. In addition,

more research is needed to identify AM fungal communities of specific host plants

and under different environmental conditions and to characterize the contributions

of individual AM fungi alone and in the community to host plant benefit. For the

commercial application of AM fungi or AM fungal communities, it is also neces-

sary to examine how specific communities can be established and whether intro-

duced AM fungi are able to survive and to colonize host plants in the presence of an

already existing AM fungal community (Rodriguez and Sanders 2015).

Acknowledgments The authors wish to acknowledge the financial support of the National

Science Foundation (Award: 1051397), the South Dakota Soybean Research and Promotion

Council, the USDA NIFA Hatch project SD00H423-12, and the South Dakota Oilseed Initiative.

References

Agnolucci M, Battini F, Cristani C, Giovannetti M (2015) Diverse bacterial communities are

recruited on spores of different arbuscular mycorrhizal fungal isolates. Biol Fertil Soils

51:379–389. doi:10.1007/s00374-014-0989-5

Aira M, Gomez-Brandon M, Lazcano C, Baath E, Dominguez J (2010) Plant genotype strongly

modifies the structure and growth of maize rhizosphere microbial communities. Soil Biol

Biochem 42:2276–2281. doi:10.1016/j.soilbio.2010.08.029

Akiyama K, Hayashi H (2006) Strigolactones: chemical signals for fungal symbionts and parasitic

weeds in plant roots. Ann Bot 97:925–931. doi:10.1093/aob/mcl063

Akiyama K, Matsuzaki KI, Hayashi H (2005) Plant sesquiterpenes induce hyphal branching in

arbuscular mycorrhizal fungi. Nature 435:824–827. doi:10.1038/nature03608

Angelard C, Sanders IR (2011) Effect of segregation and genetic exchange on arbuscular mycor-

rhizal fungi in colonization of roots. New Physician 189:652–657. doi:10.1111/j.1469-8137.

2010.03602.x

Angelard C, Colard A, Niculita-Hirzel H, Croll D, Sanders IR (2010) Segregation in a mycorrhizal

fungus alters rice growth and symbiosis-specific gene transcription. Curr Biol 20:1216–1221.

doi:10.1016/j.cub.2010.05.031

Antunes PM, Koch AM, Morton JB, Rillig MC, Klironomos JN (2011) Evidence for functional

divergence in arbuscular mycorrhizal fungi from contrasting climatic origins. New Physician

189:507–514. doi:10.1111/j.1469-8137.2010.03480.x

Avio L, Pellegrino E, Bonari E, Giovannetti M (2006) Functional diversity of arbuscular mycor-

rhizal fungal isolates in relation to extraradical mycelial networks. New Physician

172:347–357. doi:10.1111/j.1469-8137.2006.01839.x

Avio L, Cristani C, Strani P, Giovannetti M (2009) Genetic and phenotypic diversity of geograph-

ically different isolates of Glomus mosseae. Can J Microbiol 55:242–253. doi:10.1139/w08-

129

Battini F, Cristani C, Giovannetti M, Agnolucci M (2016) Multifunctionality and diversity of

culturable bacterial communities strictly associated with spores of the plant beneficial symbi-

ont Rhizophagus intraradices. Microbiol Res 183:68–79. doi:10.1016/j.micres.2015.11.012

Bentivenga SP, Bever JD, Morton JB (1997) Genetic variation of morphological characters within

a single isolate of the endomycorrhizal fungus Glomus clarum. Am J Bot 84:1211–1216

Besserer A, Puech-Pagès V, Kiefer P, Gomez-Roldan V, Jauneau A, Roy S, Portais JC, Roux C,
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Chapter 13

Arbuscular Mycorrhizal Fungi and Dark

Septate Endophytes in Grapevine: The

Potential for Sustainable Viticulture?

M. Likar and M. Regvar

Abstract Viticulture is an important agronomic sector that has the potential to

greatly benefit by improvements in our understanding of grapevine cultivation.

Although conventional viticulture relies to a great extent on pesticide and fertilizer

application, more sustainable approaches involve management practices that favor

plant–fungus interactions that have positive effects on the nutritional quality of the

grapes and reduce production costs (i.e., of pesticides and fertilizers) and thus

reduce the negative effects on the environment. Fungal endophytes that colonize

grapevines belong to different taxa, with the majority of reports focusing on fungi

that form arbuscular mycorrhizal associations. These fungal endophytes have been

demonstrated to confer beneficial growth and nutrition effects to their plant hosts

via improved exploitation of the substrate and improved tolerance of the grapevine

to abiotic and biotic stresses. Here, we review current knowledge on the importance

and potential of these diverse fungal groups for grapevine production and expose

the gaps in our understanding of possible functions of fungal groups that are

currently little studied. In addition, we underline the effects of sustainable agricul-

tural practices on fungal communities, to boost the progress in different viticultural

techniques on the interactions between fungal endophytes and grapevines.

13.1 Introduction

The majority of terrestrial ecosystems are dominated by plants that form associa-

tions with mutualistic fungi, such as arbuscular mycorrhizal fungi (AMF) (Smith

and Read 2008) and dark septate endophytes (DSEs). There is an abundance of

literature devoted to AMF colonization of grapevine roots (Karagiannidis and

Nikolaou 1999; Likar et al. 2013; Radić et al. 2012, 2014; Schreiner and Mihara

2009; Schubert and Cravero 1985). Grapevine roots are also colonized by diverse
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Ljubljana, Slovenia

e-mail: matevz.likar@bf.uni-lj.si

© Springer International Publishing AG 2017

A. Varma et al. (eds.), Mycorrhiza - Function, Diversity, State of the Art,
DOI 10.1007/978-3-319-53064-2_13

275

mailto:matevz.likar@bf.uni-lj.si


groups of ascomycetes, basidiomycetes, and chytridiomycetes (Likar et al. 2013).
The status of colonization of grapevine roots with DSEs remains elusive.

13.2 Arbuscular Mycorrhizal Fungi of Grapevines

The AMF in vineyard soils and in grapevine roots are dominated by Glomus s. l.
spp.: Rhizophagus intraradices/Rhizophagus irregularis1, Diversispora epigaea,
Septoglomus viscosum, and other unidentified representatives of Glomus s. l.

(Balestrini et al. 2010; Cheng and Baumgartner 2004; Likar et al. 2013; Lumini

et al. 2010; Menge et al. 1983; Nappi et al. 1985; Radić et al. 2012, 2014; Schreiner
and Mihara 2009; Schubert and Cravero 1985). In addition, the Paraglonimus/
Archaeospora and Scutellospora spp. have been reported as colonizers of grapevine
roots (Schreiner and Mihara 2009). A large-scale study of vineyards in Burgundy

(France) showed that six molecular taxa of AMF (Claroideoglomus sp.;

Glomeraceae sp. 1, 4, and 5; Glomerales sp.; and Rhizophagus irregularis)
represented 77% of all of the sequences obtained, which indicated relatively low

diversity (Bouffaud et al. 2016). A screening study in production vineyards along

an even longer stretch along the east Adriatic coast (ca. 500 km) reported

Sclerocystis sinuosa (¼ Glomus sinuosum) as the dominant AMF species observed

on grapevine roots (Likar et al. 2013). This is an AMF species that is typically

found in undisturbed habitats (Borstler et al. 2006; Oehl et al. 2005; Rosendahl and
Stukenbrock 2004) and rarely in low-input agroecosystems (Li et al. 2007). In
addition, Likar et al. (2013) reported Glomus indicum as a colonizer of grapevine

roots. G. indicum was described recently by Blaszkowski et al. (2010) and is known
to colonize various hosts, including Vitis berlandieri. As such it might be a common

colonizer of Vitis rootstock based on V. berlandieri (including SO4 and 5BB).

Similarly, several species from the genera Claroideoglomus, Funneliformis, Glo-
mus s. str., and other AMF genera have also been identified on roots of the wild

grapevine V. vinifera ssp. sylvestris (Ocete et al. 2015). Studies on wild grapevine

have indicated high diversity of AMF communities on their roots, thus stressing the

important quality and ecological value of AMF colonization, and, as a consequence,

also the potential for improvement of cultivation techniques used in production

vineyards.

However, the picture of the diversity of AMF that colonizes grapevine and the

factors that affect the structure and changes in AMF communities in different parts

of the world is still far from complete. Likar et al. (2013) showed that the AMF

community along a 500-km-long stretch of karst slowly changed from north to

south (Fig. 13.1). In addition to communities that were similar along the entire

1In the past, the name G. intraradices was in the majority of cases misapplied to a present species

R. irregularis, and not to R. intraradices, which has a very limited distribution (Stockinger

et al. 2009).
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transect, some southern locations showed no resemblance to the northern locations,

which suggested different influences of the more temperate and more Mediterra-

nean parts of the range. This finding, however, contrasts with the reported stability

of fungal diversity in vineyards (Schreiner and Mihara 2009), although it is in line

with the dependency on high soil moisture reported by the same authors. One of the

reasons might be the geographical scales of these studies, which for Likar et al.
(2013) was along the Adriatic coast. This study was sufficient to demonstrate that

although AMF from grapevine roots are dominated by Glomerales, there is a shift to

members of Diversisporales in sandy vineyard soils, which is in line with the

findings of Balestrini et al. (2010). Some of the changes in the composition of

fungal endophyte communities, however, have been attributed to soil phosphorous

(P) concentrations, again confirming that AMF communities are highly influenced

by soil characteristics (Balestrini et al. 2010; Lin et al. 2012; Liu et al. 2016;
Schreiner and Mihara 2009).

13.3 Dark Septate Endophytes and Other Non-arbuscular

Mycorrhizal Endophytes of Grapevine

As well as AMF strains, fungi that form septate hyphae with melanized cell walls

are common colonizers of plant roots in natural environments. These fungi are

referred to as DSEs, and they represent a heterogeneous group of ascomycetes that

occur across a wide range of terrestrial ecosystems, although they are most numer-

ous in extreme habitats (Mandyam and Jumpponen 2005). Among the DSEs,

members of the order Helotiales are commonly observed, although frequently

these isolates are not fully identified or they are grouped with the anamorphic

genera Phialocephala, Rhynchosporium, and Phialophora. This last not only

includes many genera within Helotiales (Hennebert and Bellemere 1979), but

also the pyrenomycetous genera Coniochaeta (Coniochaetaceae) (Schol-Schwarz

1970), Lasiosphaeria (Lasiosphaeriaceae, Gams and Holubova-Jechova 1976), and

Gaeumannomyces (Diaporthaceae, Walker 1980). In a study performed by Knapp

et al. (2012) in semiarid sandy grasslands with wood steppe patches on the Great

Hungarian Plain, they identified members belonging to the additional orders of

Pleosporales, Hypocreales, Eurotiales, and Xylariales.

The presence of DSEs on grapevine is still not fully confirmed, and the majority

of studies have reported the presence of pathogens (e.g., Pestalopsis), the genera

Fusarium and Alternaria, and different yeast (e.g., Aureobasidium pullulans).
Despite the increasing number of studies on DSEs, the bulk of our knowledge on

DSE diversity and taxonomy is still restricted to the colder and temperate zones of

our planet. Furthermore, although DSEs are cosmopolitan (for a review on their

specific habitats, see Mandyam and Jumpponen 2005), and some DSE taxa appear

to reoccur across unrelated biomes, studies performed in Mediterranean regions

have shown that the DSE taxa that dominate the colder regions are not present
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(Girlanda et al. 2006). These findings suggest that there is at least some environ-

mental selection in the distribution of DSEs. This might result in completely

different DSE assemblages in vineyards, which are by nature based in warmer

climates. To our knowledge, there have also been no reports on root colonization of

grapevine with hyaline hyphal endophytes, which are otherwise frequent plant

colonizers (Varma et al. 1999, 2012). These might be particularly interesting for

the Mediterranean basin, as aquatic hyphomycetes have been reported to be partic-

ularly frequent root colonizers of plants in riparian and coastal ecosystems (Porras-

Alfaro and Bayman 2011).

13.4 Impact of Fungal Endophytes on the Physiology

of Grapevine

Arbuscular mycorrhizal fungi have an increasingly important role in vineyard

production systems, as many vineyards receive little water and are planted on not

very fertile soils (Schreiner 2005). Inoculation of grapevine with AMF has been

associated with increased growth (Linderman and Davis 2001; Schubert et al. 1988)
and improved drought tolerance (Nikolaou et al. 2003; Schreiner 2003) and nutrient
uptake (Schreiner 2007), in comparison with non-inoculated grapevine. As such,

Fig. 13.1 Communities of arbuscular mycorrhizal fungi in production vineyards along a 500-km

stretch of the Adriatic coast. Color-code: wine regions in western Slovenia (blue), middle

Dalmatia (cyan), and south Dalmatia (green). Right: Cluster analysis based on Bray–Curtis

dissimilarity index and created using unweighted pair-group analysis with arithmetic average

linking (Likar et al. 2013)
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AMF represent an integral and important component of these vineyard ecosystems

and might have significant applications for sustainable agricultural ecosystems.

13.4.1 Improved Mineral Nutrition of Grapevine

Studies under controlled conditions have shown that AMF-inoculated grapevine

have higher shoot and root weights in P-sufficient (Biricolti et al. 1997; Schubert
et al. 1988) and P-limiting (Linderman and Davis 2001) soils, higher tissue P

concentrations in P-sufficient soil (Biricolti et al. 1997), and more compact, highly

branched, roots than non-inoculated grapevines (Schellenbaum et al. 1991). In
addition to P and nitrogen (N), other chemical elements are also essential for

grapevine growth, such as potassium (K), magnesium (Mg), zinc (Zn), and boron

(B). In particular, K and Fe deficiency can occur in sensitive rootstock grown on

calcareous soils (Havlin et al. 1990). K-deficient grapevines are more sensitive to

drought (Reynolds 2010), which can be exacerbated by the low water capacity of

the calcareous soils that develop in karst regions.

A study on the mineral composition of grapevine in production vineyards along

the east Adriatic coast revealed that differences in the macronutrients K and P and

the micronutrient Mn explained two-thirds of the total variance in the mineral

composition of the grapevine leaves (Likar et al. 2015). Twenty-six to thirty-four

percent of the variance of these three elements was explained by the abiotic and

biotic soil parameters, with soil concentrations of K, Fe, and Cu, organic matter

content, and vesicular colonization having the strongest effects on the mineral

composition of the grapevines. This study confirmed that AMF are one of the

important factors that affect the mineral composition of grapevine. Due to their

specific root architecture, with low root density and coarse roots (Smart et al. 2006),
grapevines can be strongly dependent on beneficial fungal endophytes (Smith and

Read 2008). AMF mycelia increase the exploitable soil volume due to the small

diameter of the hyphae, which allows access to soil pores that would otherwise not

be explorable (Smith and Read 2008), and this improves the mineral nutrition of the

grapevines. Also, Maherali (2014) observed no correlations between root architec-

ture and mycorrhizal dependency in a meta-analysis of 12 studies across 196 exper-

imental trials on AMF–plant interactions. In line with these results, it appears that

grapevines still retain strong control over their colonization levels, as reduced

colonization of grapevines was observed with high soil fertility and/or high nutrient

status (reviewed by Schreiner 2005).

The involvement of AMF in plant nutrition has been studied in depth; however,

the knowledge of DSEs is very limited. The first reports on DSE isolates showed

that DSEs can promote the uptake of N and P into plants (Haselwandter and Read

1980; Jumpponen and Trappe 1998), although their effects on the overall plant

biomass appeared to be dependent on host–symbiont association and soil nutrient

status (Fernando and Currah 1996; Jumpponen and Trappe 1998). With further

studies, a wider range of effects have been reported, from negative or negligible to
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positive (Jumpponen 2001). In contrast, a more recent meta-analysis failed to

confirm any negative effects of DSEs on plant performance (Newsham 2011) and

confirmed DSE-dependent improvements in shoot and root biomass, and shoot N

and P content, with up to 138% increase in the biomass. In addition, Mullen et al.
(1998) proposed that N uptake can occur through DSEs early in the season, before

any root growth or AMF colonization takes place.

13.4.2 Non-nutritional Effects on the Physiology
of Grapevine

Beneficial effects of fungal endophytes on plant hosts can also result from altered

metabolic pathways. Secondary phenolic metabolites are an important part of plant

defense mechanisms and most are also known to be beneficial to human health.

Increases in their concentrations might therefore improve the resistance of grape-

vine and at the same time the quality of the grapes produced. AMF can influence the

levels of phenolics in plant roots and shoots (Ulrichs et al. 2008; Regvar et al.
2012), including grapevine (Eftekhari et al. 2012). Eftekhari et al. (2012) reported
that inoculation with Funneliformis mosseae (¼ G. mosseae) increased leaf quer-

cetin content two- to sixfold, which might improve the resistance of grapevine to

different plant pathogens. In addition, AMF were shown to affect induced plant

defenses—systemic acquired resistance (salicylic acid dependent; Gallou et al.
2011) and induced systemic resistance (jasmonic acid dependent; Li et al. 2010;
Hao et al. 2012). These protective effects appear to be active in grapevine through

the latter pathway that is mediated by jasmonic acid, and it was shown to be active

against the fungi Armillaria melea (Nogales et al. 2009) and Cylindrocarpon
macrodidymum (Petit and Gubler 2006) and also against the ectoparasitic nematode

Xiphinema index (Hao et al. 2012).
Fungal endophytes themselves can also produce secondary metabolites with

beneficial effects. Among the non-AMF endophytes identified on grapevine roots

in different studies (Pancher et al. 2012; Radić et al. 2014), Fusarium and Penicil-
lium isolates are known to produce secondary metabolites that are antagonistic to

soilborne phytopathogenic fungi (Nunez-Trujillo et al. 2012; De Stefano et al.

1999). Furthermore, Cladosporium sp., which can produce the secondary metabo-

lite with antimicrobial potential known as brefeldin A (Wang et al. 2007), and
Aureobasidium pullulans, which was confirmed to inhibit various grapevine path-

ogens (de Felice et al. 2008; Schmid et al. 2011), were also observed.

Bioprotection of plants by fungal endophytes might therefore provide an inno-

vative protection strategy that is worth considering as part of overall vineyard

management.

280 M. Likar and M. Regvar



13.5 Endophyte-Related Stress Alleviation in Grapevine

In addition to biotic stress, fungal endophytes can help to alleviate abiotic stress.

AMF have been reported to counterbalance adverse effects of salinity stress and to

thereby increase plant growth (Giri et al. 2003; Giri and Mukerji 2004). In a pilot

experiment on grapevine, Rhizophagus fasciculatus (¼ Glomus fasciculatum)
increased the growth of grape rootstock, further improving the tolerance of the

rootstock itself (Belew et al. 2010). AMF are believed to improve the supply of

mineral nutrients to plants in salt-stressed soil (e.g., enhanced acquisition of P, N,

Mg, Ca) and to promote maintenance of the K+/Na+ ratio and changes in biochem-

ical composition (e.g., accumulation of proline), plant physiology, gene expression,

and ultrastructure (Evelin et al. 2009).
Also, even if vineyard soils are not polluted by heavy metals to an extent that

would push grapevine plants toward the limit of tolerance, fungal endophytes can

still improve the overall quality of the grapes and their product, by limiting the

uptake of heavy metals (Jiang et al. 2016; Likar and Regvar 2013). Again, these

beneficial effects are a combination of maintained, or even increased, uptake of

essential elements and changes in host physiology that limit the uptake of toxic

elements, such as through induced secretion of organic acids that reduce the

bioavailability of these metals (Hildebrandt et al. 2007; Klugh and Cumming 2007).

Arbuscular mycorrhizal fungi colonization appears to decrease transplantation

shock in young grapevines. In an experiment under controlled conditions, there was

enhanced photosynthetic performance of inoculated plants (van Rooyen et al.
2004). These increased photosynthesis rates of the inoculated plants were related

to improved water relations. These results indicate that AMF inoculation can

influence the water relations of transplanted grapevine rootstock, thereby increasing

potential survival during the initial growth stages of the grapevine.

13.5.1 Indirect Effects Through Mycorrhizal Networks

The beneficial effects of fungal endophytes on plant hosts can be exerted not only

through direct interactions between fungal symbionts and plants but also through

indirect interactions through common mycelial networks. As fungal endophytes

tend to be nonspecific in their choice of hosts, many plants can be linked through

fungal hyphae in a common mycelial network. These networks can be enormous,

with around 200 m of AMF hyphae present in a single gram of typical forest soil

(Dickie 2006). The flow of nutrients between plants and fungal endophytes, and the

resulting redistribution of nutrients throughout a community, can affect the fitness

of the individual plants (Fitter et al. 1998).
Radić et al. (2012) compared AMF communities on grapevine roots and the most

frequent herbaceous perennials growing in vineyards. They observed that several

specialist AMF groups were exclusive to either the grapevines or the herbaceous
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perennials and also that generalist AMF species were shared between both plant

groups. The most frequent AMF colonizer of grapevine, Sclerocystis sinuosa, was
shared between grapevine, Plantago lanceolate, and Taraxacum officinale, whereas
Rhizophagus intraradices/Rhizophagus irregularis colonized grapevine, Trifolium
repens, and T. officinale (Fig. 13.2). Similarly, Baumgartner et al. (2005) observed
four AMF species (i.e., Glomus aggregatum, Claroideoglomus etunicatum ¼ G.
etunicatum, Funneliformis mosseae, Rhizophagus intraradices/Rhizophagus
irregularis) that were shared between grapevine and cover crops. These results

confirm the possibility of beneficial effects for grapevine promoted through the

common mycelial networks. As such, cover crop management practices might

enhance the microbiological function in vineyard ecosystems (Steenwerth and

Belina 2008), as they have been shown to affect AMF colonization of grapevine

roots through these shared common mycelial networks (Baumgartner et al. 2005).

13.6 Effects of Agricultural Practices on Fungal

Endophyte–Grapevine Interactions

In viticulture, the concept of terroir relates the sensory attributes of wines to the

environmental conditions of the grapes and is therefore an important descriptor of

the connection between a wine and its origin. This encompasses both the natural

factors of soil, climate, and topography and the human role in vineyard manage-

ment (Van Leeuwen and Seguin 2006).

Fig. 13.2 Arbuscular mycorrhizal species shared between the dominant herbaceous perennials

that occur naturally in vineyards (Radić et al. 2012), the cover crops (Baumgartner et al. 2005), and
the grapevines
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Among the terroir determinants, vineyard management in particular can drasti-

cally change, and due to increased awareness of consumers, increasing areas of

viticultural land are being devoted to ecological soil management. The new eco-

logical approaches to viticulture emphasize ecologically sound grape production

and recognize vineyards as a complex agroecosystem where many organisms

coexist and interact. In particular, ecological approaches recognize the importance

of interactions between the microbe communities and the plants (Likar et al. 2015;
Regvar et al. 2012), as these influence the growth, physiology, and yield of the crop.

Vineyards infected with soil pathogens such as phylloxera often require fumi-

gation treatments. However, the fumigant clears the soil of both desired and

undesired soil microbes, including AMF (Menge et al. 1983; Linderman and

Davis 2001). With this in mind, soil management practices (especially in ecological

agriculture) are focused on preserving a more natural diversity of plants, which can

result in the formation of different soil microbiomes (compared to conventional

agriculture). It has been shown that ecological agriculture increases the abundance

of AMF spores in different agricultural systems (Oehl et al. 2004; Verbruggen et al.
2012), including vineyards (de Oliveira Freitas et al. 2011; Radić et al. 2014).
Increased AMF spore abundance results in potentially increased AMF colonization.

In agreement with this, Radić et al. (2014) observed not only greater total coloni-

zation and spore abundance in ecological vineyards but also greater abundance of

arbuscules and vesicles, in comparison to conventional vineyards. Despite the

increase in overall spore abundance in ecological vineyards, the fractions of

different spores were changed. Furthermore, changes in number of observed and

estimated AMF species were increased in ecological vineyards, which suggests

changes in the whole AMF community structure. Similarly, Pancher et al. (2012)
observed that fungal endophyte communities in grapevine from organically man-

aged farms were different from those from farms that used integrated pest manage-

ment. Differences in soil management can alter the physicochemical characteristics

of the soil and thus affect the AMF spore community through, e.g., N levels or soil

temperature (Zhang et al. 2016). Although grapevine cultivar and cultivar-

dependent plant physiology can have roles in the shaping of endophytic communi-

ties of grapevine, they have lesser effects than crop management techniques

(Pancher et al. 2012).
Vineyard soil management practices, and specifically weed control and cover

cropping, can impact upon AMF colonization of grapevine roots, as the composi-

tion and diversity of the plant community can influence the structure of the AMF

community (Burrows and Pfleger 2002; Hausmann and Hawkes 2010; Johnson

et al. 2004). In general, plant richness is known to increase AMF diversity (Alguacil

et al. 2011), which in the case of vineyards might increase the number of possible

AMF colonizers of grapevine and result in improved physiological status of the

plants. Also, in addition to plant–host specificity and environmental factors, AMF

community composition is influenced by the neighboring plants, which can have

beneficial, neutral, or negative effects (Mummey et al. 2005). In line with this, an

examination of AMF colonization of grapevine when grown alone or with different
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companion plants (Fig. 13.3) showed that some of the weeds increased the coloni-

zation levels of grapevine, whereas others had negative effects (Radić et al. 2012).
Furthermore, the appropriate cover crops effectively enhance the soil organic

matter content, with effects that include reduced run-off water and improved soil

water content, which is of particular importance in Mediterranean and semi-arid

agroecoystems (Steenwerth and Belina 2008).

13.7 Outlook

This chapter has focused on the recent evidence of great diversity of fungal

endophytes in grapevine plants and the potential that their presence has for viticul-

ture. It appears that despite high selective pressures in agricultural ecosystems,

fungal endophyte communities are well developed and can provide benefits for

grapevine, which is by default highly dependent on interactions with beneficial

fungi. Despite the commercial allure of a more extensive approach, promotion of

well-formed fungal endophyte communities can provide long-lasting benefits for

sustainable grape production. In the long-term, this can provide commercially

sound production, due to lowered costs with reduced need for fumigation and/or

fertilization of vineyards.

In particular, the focus needs to be on the benefits that fungal endophytes can

provide for grape quality and to relate these to the grapevines. A wider spectrum of

interactions needs to be considered (e.g., Piccolo et al. 2016). In more depth,

improved knowledge that relates interactions between fungal endophytes and

grapevine, and the positive effects that these will bring, will ultimately lead to

improvements in viticulture techniques and more sustainably oriented production

of grapevine products.

Fig. 13.3 Arbuscular mycorrhizal fungi colonization of grapevine when grown alone or in

combination with Plantago lanceolata or Tanacetum cinariifolium (Radić et al. 2012)
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Radić T, Likar M, Hančević K et al (2014) Occurrence of root endophytic fungi in organic versus

conventional vineyards on the Croatian coast. Agric Ecosyst Environ 192:115–121. doi:10.

1016/j.agee.2014.04.008

Regvar M, Bukovnik U, Likar M, Kreft I (2012) UV-B radiation affects flavonoids and fungal

colonisation in Fagopyrum esculentum and F. tataricum. Cent Eur J Biol 7:275–283. doi:10.
2478/s11535-012-0017-4

Reynolds AG (ed) (2010) Front matter. In: Managing wine quality. Woodhead Publishing, Oxford,

pp 1–3

Rosendahl S, Stukenbrock EH (2004) Community structure of arbuscular mycorrhizal fungi in

undisturbed vegetation revealed by analyses of LSU rDNA sequences. Mol Ecol

13:3179–3186. doi:10.1111/j.1365-294X.2004.02295.x

Schellenbaum L, Berta G, Ravolanirina F, Tisserant B, Gianinazzi S, Fitter AH (1991) Influence of

endomycorrhizal infection on root morphology in a micropropagated woody plant species

(Vitis vinifera L.) Ann Bot 68:135–141

Schmid F, Moser G, Müller H, Berg G (2011) Functional and structural microbial diversity in

organic and conventional viticulture: organic farming benefits natural biocontrol agents. Appl

Environ Microbiol 77:2188–2191. doi:10.1128/AEM.02187-10

Schol-Schwarz M (1970) Revision of the genus Phialophora (Moniliales). Persoonia 6:59–94

Schreiner RP (2003) Mycorrhizal colonization of grapevine rootstocks under field conditions. J

Enol Vitic 3:143–149

Schreiner RP (2005) Mycorrhizas and mineral acquisition in grapevines. In: Christensen LP, Smart

DR (eds) Proceedings of the soil environment and vine mineral nutrition symposium. pp 49–60

Schreiner PR (2007) Effects of native and nonnative arbuscular mycorrhizal fungi on growth and

nutrient uptake of “Pinot noir” (Vitis vinifera L.) in two soils with contrasting levels of

phosphorus. Appl Soil Ecol 36:205–215. doi:10.1016/j.apsoil.2007.03.002

Schreiner RP, Mihara KL (2009) The diversity of arbuscular mycorrhizal fungi amplified from

grapevine roots (Vitis vinifera L.) in Oregon vineyards is seasonally stable and influenced by

soil and vine age. Mycologia 101:599–611. doi:10.3852/08-169

Schubert A, Cravero MC (1985) Occurrence and infectivity of vesicular-arbuscular mycorrhizal

fungi in north-western Italy vineyards. Vitis 24:129–138

Schubert A, Cammarata S, Eynard I (1988) Growth and root colonization of grapevines inoculated

with different mycorrhizal endophytes. Hortic Sci 23:302–303

Smart DR, Schwass E, Lakso A, Morano L (2006) Grapevine rooting patterns: a comprehensive

Analysis and a review. Am J Enol Vitic 57:89–104

Smith SE, Read D (2008) Mycorrhizal symbiosis, 3rd edn. Academic Press, London

Steenwerth K, Belina KM (2008) Cover crops enhance soil organic matter, carbon dynamics and

microbiological function in a vineyard agroecosystem. Appl Soil Ecol 40:359–369. doi:10.

1016/j.apsoil.2008.06.006

Stockinger H, Walker C, Schüssler A (2009) Glomus intraradices DAOM197198, a model fungus

in arbuscular mycorrhiza research, is not Glomus intraradices. New Phytol 183: 1176–1187

288 M. Likar and M. Regvar

http://dx.doi.org/10.1094/PD-90-1481
http://dx.doi.org/10.1146/annurev-phyto-080508-081831
http://dx.doi.org/10.1146/annurev-phyto-080508-081831
http://dx.doi.org/10.1007/s13199-012-0165-3
http://dx.doi.org/10.1007/s13199-012-0165-3
http://dx.doi.org/10.1016/j.agee.2014.04.008
http://dx.doi.org/10.1016/j.agee.2014.04.008
http://dx.doi.org/10.2478/s11535-012-0017-4
http://dx.doi.org/10.2478/s11535-012-0017-4
http://dx.doi.org/10.1111/j.1365-294X.2004.02295.x
http://dx.doi.org/10.1128/AEM.02187-10
http://dx.doi.org/10.1016/j.apsoil.2007.03.002
http://dx.doi.org/10.3852/08-169
http://dx.doi.org/10.1016/j.apsoil.2007.03.002
http://dx.doi.org/10.1016/j.apsoil.2007.03.002


Ulrichs C, Fischer G, Büttner C, Mewis I (2008) Comparison of lycopene, b -carotene and

phenolic contents of tomato using conventional and ecological horticultural practices, and

arbuscular mycorrhizal fungi ( AMF ). Agron Colomb 26:40–46

van Leeuwen C, Seguin G (2006) The concept of terroir in viticulture. J Wine Res 17:1–10. doi:10.

1080/09571260600633135

van Rooyen M, Valentine AJ, Archer E (2004) Arbuscular mycorrhizal colonisation modifies the

water relations of young transplanted grapevines (Vitis). S Afr J Enol Vitic 25:37–42

Varma A, Verma S, Sudha et al (1999) Piriformospora indica, a cultivable plant-growth-promot-

ing root endophyte. Appl Environ Microbiol 65:2741–2744

Varma A, Bakshi M, Lou B et al (2012) Piriformospora indica: a novel plant growth-promoting

mycorrhizal fungus. Agric Res 1:117–131. doi:10.1007/s40003-012-0019-5

Verbruggen E, Van Der Heijden MGA, Weedon JT et al (2012) Community assembly, species

richness and nestedness of arbuscular mycorrhizal fungi in agricultural soils. Mol Ecol

21:2341–2353. doi:10.1111/j.1365-294X.2012.05534.x

Walker J (1980) Gaeumannomyces, Linocarpon, Ophiobolus and several other genera of scoleco-
spored Ascomycetes and Phialophora conidial states, with a note on hyphopodia. Mycotaxon

11:1–129

Wang FW, Jiao RH, Cheng AB et al (2007) Antimicrobial potentials of endophytic fungi residing

in Quercus variabilis and brefeldin A obtained from Cladosporium sp. World J Microbiol

Biotechnol 23:79–83. doi:10.1007/s11274-006-9195-4

Zhang T, Yang X, Guo R, Guo J (2016) Response of AM fungi spore population to elevated

temperature and nitrogen addition and their influence on the plant community composition and

productivity. Sci Rep 6:24749. doi:10.1038/srep24749

13 Arbuscular Mycorrhizal Fungi and Dark Septate Endophytes in Grapevine: The. . . 289

http://dx.doi.org/10.1080/09571260600633135
http://dx.doi.org/10.1080/09571260600633135
http://dx.doi.org/10.1007/s40003-012-0019-5
http://dx.doi.org/10.1111/j.1365-294X.2012.05534.x
http://dx.doi.org/10.1007/s11274-006-9195-4
http://dx.doi.org/10.1038/srep24749


Chapter 14

What Have We Learnt from Studying

Mycorrhizal Colonisation of Wetland Plant

Species?

Alenka Gaberščik, Nataša Dolinar, Nina Šraj, and Marjana Regvar

Abstract Wetlands are ecosystems where the water regime is the main factor that

shapes the physical, chemical and biological characteristics. Wetland plants are

rooted in water-saturated soils that are frequently anoxic. In spite of this, the

rhizosphere can be oxygenated due to the aerenchyma of the wetland plants,

which enable active ventilation of roots, rhizomes and the nearby rhizosphere.

Some wetland species have an amphibious character, whereby they can thrive

both in water and on dry land, with the development of structurally different aquatic

and terrestrial forms. Studies of fungal colonisation in wetlands have revealed the

presence of fungal endophytes and mycorrhizal fungi. These colonisers are affected

by the hydrological regime of the specific wetland. The availability of oxygen also

alters the morphology and density of the individual fungal structures. It has been

shown that occurrence of arbuscular mycorrhiza is negatively correlated with water

depth and duration of flooding. In wetlands, the availability of nutrients depends on

a variety of factors, which can mask the role of these fungi. This is particularly the

case for phosphorus, which is the main plant benefit from mycorrhizal symbiosis.

The same holds true for the potentially positive role of aerenchyma, as the condi-

tions that induce their development inhibit colonisation by arbuscular mycorrhiza.

Studies carried out in an intermittent lake, Lake Cerknica, have revealed relatively

high arbuscular mycorrhizal colonisation of amphibious species. This appears to be

due to the low organic matter content and the low level of plant-available phos-

phorus in the rhizosphere. At the same time, the frequency of colonisation is lower

in aquatic specimens. The impact of water level fluctuations and season on fungal

root colonisation of the common reed Phragmites australis is reflected in an altered
frequency and intensity of fungal colonisation. The structures of dark septate

endophytes that might have a similar role in plants as arbuscular mycorrhiza

under stress conditions are relatively frequent in this species.
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14.1 Wetlands as Habitats for Plant Species

Wetlands are ecosystems where the water regime is the main factor that shapes the

physical, chemical and biological characteristics. Wetland plants are rooted in

water-saturated, or even flooded, soils, which frequently results in anoxic condi-

tions and therefore the unpredictable availability of nutrients, especially phospho-

rus (Baldwin et al. 2000). The element cycles are altered due to anoxic conditions,

which results in decreased availability of metabolic energy for the plants and in the

presence of a variety of reduced elemental forms that can interfere with biotic

processes, such as Mn2+, Fe2+, S2�, HS� and H2S (Mitsch and Gosselink 2007).

However, flooded soils are usually hypoxic rather than completely anoxic, as the

topsoil can remain oxygenated. Oxygen can also be present in the root rhizosphere,

because of the special tissue known as aerenchyma. These aerenchyma have

abundant intercellular spaces that develop in leaves, petioles, stems and roots of

wetland plant species, and they provide active ventilation of the roots and rhizomes

that are anchored in oxygen-deficient soils, thus maintaining favourable oxygen

conditions (Cronk and Fennessy 2001; Dickopp et al. 2011). As a consequence,

oxygen is also released radially from the roots into the surrounding rhizosphere,

with this oxygenation supporting aerobic processes and preventing production of

reduced forms of different substances that can have toxic effects on the biota,

including fungi (Sasikala et al. 2009). The conditions in the rhizosphere are more

favourable in wetlands with intermittent flooding, where the exchange of wet and

dry periods enables soil aeration. This thus has positive effects on the biogeochem-

ical cycles and biological processes, such as primary production and decomposition

(Dolinar et al. 2015), as well as the diversity of the microbial communities (Boulton

and Brock 1999).

14.2 Fungal Colonisation of Plant Roots in Wetlands

Plants in wetlands can be colonised by fungal endophytes (Bärlocher 2006;

Weishampel and Bedford 2006; Rodriguez et al. 2009) and mycorrhizal fungi

(Bohrer et al. 2004; Šraj-Kržič et al. 2006; Ipsilantis and Sylvia 2007; Dolinar

et al. 2010a, 2015; Dolinar and Gaberščik 2010), although most of the studies

carried out to date have focussed on arbuscular mycorrhiza (AM). Wigand et al.

(1998) reported that AM have a similar role in the aquatic environment as seen for

terrestrial habitats. The presence of AM increases nutrient uptake (Wigand and

Stevenson 1997; Miller and Sharitz 2000; Jayachandran and Shetty 2003), has

positive effects on plant shoot and root biomass and alters the composition of the

plant communities (Wolfe et al. 2006).

Fungal colonisation of plant roots in wetlands has kindled little research interest

in the past (Thormann et al. 1999), and some wetland species have even been

recognised as non-mycorrhizal, such as sedges (Muthukumar et al. 2004). However,
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recent studies have shown that AM are relatively common in wetlands. In some

wetlands, the majority of the plant species examined have roots colonised by fungi

(e.g. Dolinar et al. 2010a; Kandalepas et al. 2010; Stevens et al. 2010), which is also

the case for some submerged plant species (Šraj-Kržič et al. 2009) and even for

plants in saline wetlands (Welsh et al. 2010). Roots colonised by AM have been

found up to 100 cm deep in the soil (Taniguchi et al. 2012). Also, Wang et al. (2010)

reported the presence of orthologous copies of mycorrhizal genes in the common

ancestors of land plants, which provides evolutionary and functional molecular

evidence of the mycorrhiza-assisted transition of plants onto land. This means that

these fungi had to acquire some tolerance to anoxic conditions beforehand.

Among endophytes, dark septate endophytes (DSEs) are found in plant roots,

where they produce structures known as microsclerotia—clusters of round cells

with thick walls (Fig. 14.1) that have storage or vegetative propagation functions

(Mandyam and Jumpponen 2008). DSEs are not recognised as pathogens, because

they are usually found in healthy roots. They are more abundant in extreme

environments, although they have been reported for a variety of ecosystems

(Rodriguez et al. 2009). Studies focusing on DSEs and their effects on plant growth

are rare. In the review of Mandyam and Jumpponen (2005), they concluded that

DSEs are functionally similar to AM and have an important role in the acquisition

of nutrients, and so they might complement AM in the foraging for organic nutrient

sources. DSEs are especially important for plants that are subjected to stress

(Jumpponen and Trappe 1998; Jumpponen 2001). DSEs have been reported for

aquatic environments only in a few studies (e.g. Miller et al. 1999; Fuchs and

Haselwandter 2004; Kai and Zhiwei 2006; Dolinar and Gaberščik 2010; Dolinar

et al. 2015) (Fig. 14.1).

14.3 The Impact of Flooding on Fungal Colonisation

Flooding affects the processes of fungal root colonisation. The survival of mycor-

rhizal fungi under the anoxic conditions is possible according to two main scenar-

ios: some fungi can tolerate hypoxic conditions, while others concentrate near the

roots, which can provide the fungi with sufficient oxygen (Miller and Bever 1999).

If the roots have already been colonised by fungi before there is flooding, their

abundance can be maintained and, in some cases, even increased (Neto et al. 2006).

This is also the case for the amounts of spores from mycorrhizal fungi in flooded

soil (Miller and Sharitz 2000). Nevertheless, this cannot be generalised, as reduc-

tions in fungal colonisation due to flooding have also been reported (Garcı́a and

Mendoza 2008; Dolinar and Gaberščik 2010; Dolinar et al. 2015).

The occurrence of AM shows negative correlation with water depth and duration

of flooding (Stevens and Peterson 1996; Miller 2000; Jayachandran and Shetty

2003; Mendoza et al. 2005). It has been shown that the activity of mycorrhizal fungi

decreases with increased soil moisture, due to the lack of oxygen (Turner and Friese

1998). AM colonisation of wetland plants in lakes is less frequent in comparison
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with that seen for wetland plants that thrive along rivers, because aeration of the

sediments is more efficient for the latter (Kai and Zhiwei 2006). The potential for

fungal colonisation of wetland plants can be increased with their development of

aerenchyma, which can supply the rhizosphere with oxygen (Tanner and Clayton

1985; Mendoza et al. 2005; Voesenek et al. 2006; Dickopp et al. 2011), and also

sometimes by occasional draining of wetlands. AM can also be negatively affected

by increased soil salinity (Carvalho et al. 2003) and high phosphorus content or

high organic matter content of the soil (Wigand et al. 1998). The rhizosphere soil

characteristics affect AM, and AM fungi in nutrient poor soils can increase the

nutrient uptake of the plants (Wigand and Stevenson 1997; Andersen and Andersen

2006).

The availability of oxygen alters the morphology and density of the individual

structures that are characteristic of fungal colonisation. Ipsilantis and Sylvia (2007)

reported a reduction in the frequency of coils, arbuscules and vesicles in the wetland

plants Panicum hemitomon and Typha latifolia during flooding, where these struc-

tures practically disappeared. In contrast, Ray and Inouye (2006) only reported a

reduction in the colonisation of T. latifolia due to flooding. Plants of the genus

Typha have extensive aerenchyma that are very effective for aeration of the

rhizosphere and which promote fungal colonisation also during flooding. These

large intercellular spaces enable the development of arbuscules and has a negative

effect on the production of coils (Nielsen et al. 2004). Similarly, Smith and Smith

(1997) reported that increased oxygen availability supports the development of

arbuscules, while hypoxic conditions result in the development of coils.

Fig. 14.1 Different types of microsclerotia, as the DSE structures found in P. australis roots
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An increased supply of phosphorus for plants is one of the most important

ecological roles of mycorrhiza. However, in wetlands, the availability of nutrients,

and particularly of phosphorus, depends on other factors that can mask the direct

benefits of mycorrhizal symbiosis, such as the oxygen conditions. In terrestrial

ecosystems, mycorrhizal colonisation is often lower in phosphorus-rich soils (Smith

and Read 1997), which has also been confirmed for wetland plants (Stevens and

Peterson 2007). Johnson (2010) proposed a model for the availability of nutrients

that defined the relationships between the fungi and the plant that ranged from

parasitism to mutualism. This model assumes that the role of AM depends on the

interactions between the availability of nitrogen and phosphorus and the demand of

the fungi for carbon. According to this model, mutualistic relations are not likely to

be established under phosphorus-rich conditions. For example, the wetland species

Lythrum salicaria showed significantly higher AM colonisation when grown in

phosphorus-poor soil (White and Charvat 1999; Stevens et al. 2002a, b). The

relationship between phosphorus and mycorrhizal colonisation becomes more

complex in wetlands, where the changing water level results in changes in soil

oxygenation and in mobility and solubility of phosphorus (Baldwin et al. 2000).

This relationship can also be affected by the timing of the phosphorus availability

and the need of the plants for phosphorus (Carvalho et al. 2001).

14.4 Case Study

14.4.1 Fungal Colonisation of Plant Roots in a Wetland
with Intermittent Flooding

Studies of the fungal colonisation of roots have been performed in a wetland with

intermittent flooding (Lake Cerknica) in different habitats along a hydrological

gradient (i.e. from water to dry land). This area shows zonation of the vegetation

due to differences in the frequency of water level fluctuations, the timing and extent

of flooding and the substantial differences in the characteristics of the rhizosphere

soil (Šraj-Kržič et al. 2006, 2009; Dolinar and Gaberščik 2010). This last might also

critically affect fungal colonisation of the plant roots (Smith and Read 1997;

Andersen and Andersen 2006).

14.4.2 Fungal Colonisation of Amphibious Species

Fungal colonisation of wetland species with an amphibious character is poorly

understood. Only a handful of studies are currently available that have included

comparisons of submerged and terrestrial plant species (Beck-Nielsen and Madsen

2001; Miller 2000). Submerged and terrestrial forms of amphibious plants differ
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significantly in their structural, biochemical and functional characteristics (Kržič
et al. 2004; Šraj-Kržič and Gaberščik 2005; Šraj-Kržič et al. 2006, 2009; Dolinar

et al. 2010b, c; Klančnik et al. 2012, 2014), and they provide a perfect model system

for studying the levels of fungal root colonisation in the same species in contrasting

hydrological environments. In submerged specimens of amphibious plants, the

presence of root colonisation was confirmed by Šraj-Kržič et al. (2006, 2009);

however, the levels of root colonisation were significantly lower in the aquatic

specimens of the same species in comparison with their terrestrial counterparts

(Fig. 14.2). A redundancy analysis of these data revealed clustering of the surveyed

species into two groups, namely, the terrestrial and aquatic forms. The presence of

aerenchyma was negatively related to the frequency of fungal colonisation. In spite

of this, AM colonisation in aquatic specimens appears to be the result of efficient

aeration of the soil due to the intermittent flooding (Mendoza et al. 2005). These

kinds of studies are, however, hampered by several difficulties. First, effective

aeration within a root system is not easy to establish. In addition, some fungi can

be more tolerant to anoxic conditions than others, thus blurring the correlation

between aerenchyma formation and AM. As a rule, the conditions that induce

development of aerenchyma also inhibit AM colonisation, i.e. flooding and oxygen

deficiency (Turner and Friese 1998; Braendle and Crawford 1999; Rascio 2002;

Visser and Voesenek 2004). Cornwell et al. (2001) reported higher AM colonisa-

tion for plants with fewer aerenchyma that aerate the rhizosphere less efficiently,

possibly due to a lower availability of nutrients. In the case of a limited availability

of nutrients (e.g. under the influence of anoxia) or nutrient deficiencies, the pro-

duction of anthocyanins presents plant strategy to increase the protection against

stress conditions (Chalker-Scott 1999; Steyn et al. 2002). Our data analysis

(Fig. 14.2) indicates that anthocyanins are an important factor explaining the

frequency of mycorrhiza and contributes to the separation of these plants into

these terrestrial and aquatic groups; here, the aquatic plants are richer in anthocy-

anin content per dry mass.

A study of Šraj-Kržič et al. (2009) in Lake Cerknica revealed relatively high AM
colonisation in amphibious species, which appeared to be due to low organic matter

content (<10%) in the rhizosphere soils of the plants studied. In addition, the levels

of plant-available phosphorus in the rhizosphere were also low (<5.3 mg L�1). In

organic soils, oxygen can be consumed relatively rapidly and the phosphorus

content increases, which in turn has a negative effect on mycorrhizal colonisation

(Wigand et al. 1998). AM are likely to be an advantage for plants in habitats with

intermittent flooding, as they can increase the efficiency of nutrient uptake from the

soil, which is especially important during the flooding. As a rule, aquatic specimens

of amphibious plants cannot take up nutrients via the leaf surfaces, and their

nutrient uptake from the soil is slow, due to the absence of the transpiration flow

(Nilsen and Orcutt 1996; Rascio 2002). Studies in Lake Cerknica revealed a

significant positive correlation between the soil content of plant-available phos-

phorus and the AM parameters. We believe that greater AM colonisation of the

terrestrial plant forms is a consequence of better aerated soil, rather than having a

direct association with the soil content of plant-available phosphorus. Similarly,
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Miller (2000) noted that with the same availability of phosphorus, AM increase

with decreasing soil moisture. We believe that in wetlands with intermittent

flooding, the processes in the rhizosphere benefit from fungal colonisation due to

the changes between flooding and drought and diminish the effects of the avail-

ability of nutrients. The positive correlation between the AM parameters and the

photochemical efficiency of PSII in some plants additionally highlights the impor-

tance of mycorrhiza for amphibious species (Šraj-Kržič et al. 2006, 2009).

14.4.3 Fungal Colonisation of Selected Helophytes and Mire
Species

The roots of wetland plant species like the grass Phalaris arundinacea, the bog

rushes Schoenus nigricans and Schoenus ferrugineus, the plantain Plantago
altissima and the summer snowflake Leucojum aestivum are all abundantly

colonised by fungi (Dolinar et al. 2010a). An exception was seen for the sedge

Carex elata, which showed very low frequency of fungal colonisation and only a

rare presence of coils and microsclerotia. In C. elata, unicellular root hairs were

-1.0 1.0

-1
.0

1.
0

F(%)
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A(%)
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Fig. 14.2 Redundancy analysis plot showing the relationships between leaf properties (anthocy-

anins, aerenchyma) and mycorrhizal frequency (F%), mycorrhizal intensity (M%) and density of

arbuscules (A%). Anthocyanins explained 32% and aerenchyma 19% of the variability of the

samples. Diamond, Gratiola officinalis; square, Glyceria fluitans; triangle-up, Ranunculus lingua;
triangle-left, Teucrium scordium; circle, Sium latifolium; triangle-down, Sparganium emersum;
triangle-right, Veronica anagallis-aquatica. Filled symbols represent terrestrial specimens, and

empty symbols represent aquatic specimens
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observed, which are reported to be the consequence of anoxic conditions in some

species of the genus Carex and to also be associated with a lack of fungal

colonisation (Miller et al. 1999). However, the presence of unicellular root hairs

and the level of fungal colonisation are not necessarily exclusive (Muthukumar

et al. 2004). Mejstrik (1972) focussed on fungal colonisation of the roots of

different plant species in wet meadow community of Molinietum caeruleae.
There was no fungal colonisation in only nine of the 55 species studied here. In a

meta-analysis of mycorrhizal colonisation of the British flora, Harley and Harley

(1987) reported that there are many species, like P. arundinacea, S. nigricans,
S. ferrugineus and L. aestivum, where different sources have come to conflicting

conclusions to define these species as mycorrhizal or non-mycorrhizal. Among

these others, C. elata was indicated as non-mycorrhizal. Furthermore, for

P. arundinacea, Bauer et al. (2003) and Bohrer et al. (2004) reported mycorrhizal

colonisation, as was also the case for Lake Cerknica (our unpublished data). Here it

also needs to be noted that in some plant species that show low mycorrhizal

frequencies, root fungal colonisation with arbuscules (the most characteristic struc-

ture of AM colonisation) can be limited to certain periods of the plant ontogenesis

and in particular to flowering and seeding (Regvar et al. 2006). This appears to be

due to the larger demands for essential nutrients under otherwise sparing conditions

of available elements in the soil. Similarly, in aquatic and intermittently flooded

habitats, the formation of arbuscules can be confined to the periods of high nutrient

demands in the plants, thus leading to the conflicting results in the literature.

14.4.4 Fungal Colonisation on Phragmites australis Roots

The common reed, Phragmites australis, is the prevailing species in Lake Cerknica,
where it colonises habitats with different hydrological conditions (Dolinar et al.

2010a). It usually develops according to the water level fluctuations (Fig. 14.3).

Fungal colonisation of the P. australis roots was observed in sites with different

water regimes, which did not depend on the present or past water conditions

(Dolinar and Gaberščik 2010). Pronounced differences, however, occurred in

terms of the degree of colonisation in three locations (Fig. 14.4) and the density

of the different fungal structures observed within the root systems (data not shown).

AM fungi in the roots of P. australis have also been confirmed by Cooke and Lefor

(1998) and Oliveira et al. (2001), although during flooding, AM were not always

present (Wirsel 2004; Dolinar et al. 2015). P. australis has been associated with

more than 300 fungal taxa, although only a few species were found in abundance

(Neubert et al. 2006). Furthermore, the roots of P. australis can also contain hyphae
and structures of DSEs (Wu et al. 2009), as was also seen for Lake Cerknica

(Dolinar and Gaberščik 2010). The impact of the water level fluctuations and the

seasonal changes on the fungal root colonisation of P. australis was related to the

frequency and intensity of the fungal colonisation (Dolinar et al. 2015). This

appears to be a consequence of the sudden rises in the water level, during which
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the fungi failed to become established within new root hairs, due to the

unfavourable conditions, as was also seen by Ray and Inouye (2006).

In wetlands with intermittent flooding, it is difficult to distinguish between the

influence of environmental conditions and plant phenology on the fungal colonisa-

tion (Koide 1991). This was also reported in a study of the seasonal changes of

fungal colonisation in a saline wetland (Carvalho et al. 2001). In Lake Cerknica, the

fungal colonisation was monitored for three different locations, namely, in a dry

zone (Dujice transitional mire), a riparian zone (near the village of Gorenje Jezero)

and lake littoral zone (Zadnji kraj—the area of extent reed stands) (Fig. 14.4). The

greatest intensity of fungal colonisation for P. australis in the driest location was at
the end of the growing season, in late August and September, although this was still

relatively low regarding the whole root system (Fig. 14.4). Structures typical of AM

were seen for all of these three sites, namely, arbuscules, vesicles and coils, the

abundance of which increased towards the end of the growing season (Dolinar and

Gaberščik 2010). This study in Lake Cerknica also confirmed that the rise in the

water level had a negative effect on the proportion of roots colonised by fungi, as

revealed for P. australis from Zadnji kraj, although the densities of the arbuscules

and vesicles were higher for the colonised roots (our unpublished data). As storage

structures, the increased density of the vesicles under high water level conditions

indicated the altered activity of the fungi as a consequence of acclimatisation to the

changed conditions (Bonfante and Genre 2010).

Studies of P. australis have revealed negative correlation between frequency of

fungal colonisation and water level (Dolinar and Gaberščik 2010; Dolinar et al.

2015) and indicated that DSEs can have similar roles in plants as AM under stress

conditions, as was also suggested by Jumpponen (2001). Some studies have

revealed that roots that are suddenly exposed to water-saturated soils show either

reduced levels of fungal colonisation (Miller 2000; Ray and Inouye 2006; Stevens

et al. 2011) or changes in the form of root fungal colonisation, as well as in the

Fig. 14.3 Development of P. australis in Lake Cerknica and the average and extreme water levels

at the measuring location Dolenje Jezero. The measurements were obtained from the Environ-

mental Agency of Slovenia (ARSO)
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fungal species composition (Wang et al. 2011), compared to non-saturated condi-

tions (Bauer et al. 2003). However, it has not been clarified yet whether colonisation

of new root hairs occurs in flooded soils or that the structures that develop in

non-saturated soil are maintained (Miller and Sharitz 2000).

Koide (1991) showed that fungal colonisation increases when plants have

greater requirements for nutrients. This is usually during the time of flowering

and fruiting (Bohrer et al. 2004; Regvar et al. 2006; Likar et al. 2009), which was

also observed in a survey of fungal colonisation of P. arundinacea in Lake Cerknica
(our unpublished data); for P. australis, increased frequencies and intensities of root
colonisation were also seen during the storage and senescence processes in autumn

(Fig. 14.3, Dujice), which is in line with the study of Escudero and Mendoza (2005).

Some studies have reported the most abundant root fungal colonisation during

spring, in the period of the most intensive vegetative plant growth (Bajwa et al.

2001; Welsh et al. 2010). This is, however, in contrast to the findings of Miller

(2000), who noted that at the time of the most intensive growth there can also be a

reduction in the root mycorrhizal colonisation as a consequence of the trade-off of

between cost and benefit for the plants. This confirms that fungal colonisation of

roots in wetlands is a result of many exogenous and endogenous factors, the most

important being the presence of nutrients and water (Gaur and Kaushik 2011).

DSE colonisation of P. australis roots is relatively abundant, with a variety of

different forms of microsclerotia seen (Fig. 14.1). Two peaks were seen at two

sampling plots according to the water level changes: one at the beginning of the

growing season and one at the end (Dolinar and Gaberščik 2010). The question

Fig. 14.4 Seasonal changes in fungal root colonisation frequency (F%) for P. australis roots in
Lake Cerknica at locations Dujice, Gorenje Jezero and Zadnji kraj. Data (n ¼ 5) with different

letters are significantly different (P< 0.05). a, b, c, Dujice;m, l, Gorenje Jezero; x, y, z, Zadnji kraj.
Open circle outliers; asterisk extreme outliers
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however remains in terms of what the cost and benefit are with DSE colonisation in

P. australis roots in wetlands and habitats with intermittent flooding.
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Chapter 15

Response of Arbuscular Mycorrhizal Fungi

to Global Climate Change and Their Role

in Terrestrial Ecosystem C and N Cycling

Bhoopander Giri and Bhawna Saxena

Abstract The global climate change presents a serious threat to nature and has been

predicted to largely impact the life of human beings in the twenty-first century. The

Intergovernmental Panel on Climate Change predicted that human-induced climate

change is a major threat and also emphasized to develop global plans for mitigation

and adaptation to climate change. Taking into consideration the existing feedbacks

between carbon cycle and climate change, understanding whether terrestrial ecosys-

tems will respond to elevated atmospheric carbon dioxide concentration (eCO2) or up

to what extent is of utmost significance. In the global ecosystems, CO2 is largely used

by plants in the process of photosynthesis (net primary production). On the other hand,

microbes contribute directly, to a great extent, to net carbon exchange through

decomposition and respiration and indirectly by developing symbiotic associations

with plants. One of the most common symbiotic associations established between

plants and fungi is known as arbuscular mycorrhizal fungi (AMF). This association

facilitates the host plants for the better acquisition of water and nutrients and seems

to sequester soil organic carbon. AMF could play a vital role in the global carbon cycle,

as they can utilize a large proportion of the carbon fixed by the plants, deposit slow-

cycling organic compounds (glomalin), and protect organic matter from microbial

attack by promoting soil aggregation. In view of the importance of AM symbiosis in

the terrestrial ecosystems, this chapter highlights whether the arbuscular mycorrhizal

fungi contribute to soil carbon sequestration or influence soil carbon decomposition.

15.1 Introduction

Predicting the impacts of human activities on Earth’s climate, the Intergovernmen-

tal Panel on Climate Change has decisively advocated that human-induced envi-

ronmental change is a major area of concern. In the recent UN climate conference
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held in Paris, scientists, bureaucrats, policy makers, and economists discussed

global plans for mitigating and adapting to climate change issues as predicted to

occur in the twenty-first century (Treseder 2016). These projections of global

climate change are framed from Earth system models, which are the large-scale

integrated models, predicting about greenhouse gas emissions in the atmosphere

(Treseder 2016). Researchers have received attention to identify natural sinks of

atmospheric carbon dioxide (CO2) and other greenhouse gases to minimize the risks

of global climate change. Nonetheless, in view of the existing feedbacks between

global carbon (C) cycle and climate change, it is of paramount importance to

understand whether terrestrial ecosystems will respond to elevated atmospheric

carbon dioxide concentration (CO2) or up to what extent (Selsted et al. 2012).
The marine cyanobacteria (also known as blue-green algae) produced first

molecules of oxygen about three and a half billion years ago; since then microbial

processes have been considered the crucial drivers of climate change (Schopf and

Packer 1987; Singh et al. 2010). It is widely accepted that microorganisms play an

important role in determining the atmospheric concentrations of greenhouse gasses

(CO2, CH4, and N2O) right through the Earth’s history (Bardgett et al. 2008). As the
twenty-first century projected to experience some of the most rapid climatic

changes in our planet’s history (Pachauri and Reisinger 2007), one of the most

important debates could be how do we exploit and improve our understanding of

microbial processes to manage or mitigate the emerging problem of climate change

(Singh et al. 2010).
The current level of atmospheric CO2 depends largely on the balance between

photosynthesis and respiration. In the ocean ecosystems, photosynthesis is primar-

ily carried out by the phytoplankton and autotrophic and heterotrophic respiration

returns much of the carbon assimilated during photosynthesis to the dissolved

inorganic carbon pool (Del Giorgio and Duarte 2002; Arrigo 2005). In terrestrial

ecosystems, atmospheric CO2 is largely utilized by higher plants by the process of

photosynthesis for the net primary production, but microorganisms contribute

greatly to net carbon exchange through the processes of decomposition and hetero-

trophic respiration, as well as indirectly, through their role as plant symbionts like

arbuscular mycorrhizal fungi, which improve nutrient and water availability to host

plant in soil (Van der Heijden et al. 2006, 2008).
Arbuscular mycorrhizal fungi (AMF) are important components of terrestrial

ecosystems as they provide a crucial link for nutrient exchange between plants and

soil. The photosynthate produced by the host plant is required by AMF to fulfill

their C requirement for growth and reproduction; thus, it flows from plant to the

fungi; in reverse, mycorrhizal fungi facilitate plant by providing mineral nutrients

and other benefits (Smith and Read 1997). AMF are expected to modulate plant

response to CO2, by means of improving nutrient status and increasing plant

tolerance against a range of environmental stresses (Smith and Read 1997). AMF

are likely to play a critical role in the global carbon cycle, as they can utilize a large

proportion of the carbon fixed by the plants (up to 20% or approximately 5 billion

tons of carbon per year) under ambient atmospheric CO2 (aCO2) (Jakobsen and

Rosendahl 1990; Bago et al. 2000; Drigo et al. 2010), deposit slow-cycling organic
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compounds (Smith and Read 2008), and protect organic matter from microbial

attack by promoting soil aggregation (Wilson et al. 2009). Treseder (2016)

suggested that AMF play an important role in soil C sequestration, particularly

under elevated CO2 (eCO2) concentration. The organic substance like chitin has

been reported to constitute about 60% of fungal cell walls. The compound is not

readily decomposed, thus storing C for a long period in the soil. Moreover, AMF are

the sole producers of recalcitrant glue-like glycoprotein, the glomalin, and its

concentration in soil is positively correlated with the water stability of soil aggre-

gation (Wright et al. 1996; Wright and Upadhyaya 1996, 1999). After the death of

fungal hyphae, glomalin enters into the soil and becomes a source of soil organic

carbon sink. As AMF represent a major link between atmospheric and soil-retained

carbon (C), thus in order to understand the fate of atmospheric CO2 under the

projected increase in near future, it is of utmost significance to understand how

plants and AMF interaction could manage atmospheric CO2 rise through their

effects on C pooling or soil C decomposition (Verbruggen et al. 2013).

15.2 Mycorrhiza: A Fungal–Plant Symbiotic Association

The term mycorrhiza (myco (fungus) þ rhiza (roots)), meaning fungus root, was

used for the first time in the year 1885 by A. B. Frank. Among the myriad of soil

microorganisms, the fungi are distinctive because of their ubiquity in soils around

the globe and their ability to form symbiotic associations with plant species. They

are known to colonize all types of land plants, including vascular and nonvascular

plants. They develop bridges connecting the plant roots with surrounding soil

particles improving nutrient acquisition, water absorption, and soil structure and

enabling the plant to combat environmental stresses and therefore may have a

profound impact on terrestrial ecosystems (Hooker and Black 1995).

So far, seven different categories of mycorrhizal symbiosis have been distin-

guished on the basis of their morphological characteristics and the fungal and plant

species involved, namely:

(1) Arbuscular mycorrhiza—the most ancient and widespread symbiotic relation-

ship (discussed in detail in the next section).

(2) Ectomycorrhiza—the second largest group of fungi associated with woody

trees and shrubs and some herbaceous taxa.

(3) Ericoid mycorrhiza—this group of fungi colonizes a taxonomically narrow

group of plant families (Ericaceae, Empetraceae, and Epacridaceae (order

Ericales)) and Basidiomycetes, Sebacinales are also common ericoid mycor-

rhizal fungi. Ascomycetes show affinity to this association.

(4) Orchid mycorrhiza—restricted to family Orchidaceae.

(5) Monotropoid mycorrhiza—achlorophyllous monotropoid plants are completely

dependent on the fungi for reduced carbon and soil nutrients. Structurally these

fungi are like ectomycorrhizas.
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(6) Arbutoid mycorrhiza—the association formed between fungi that are normally

ectomycorrhizal and plants in the genera Arbutus and Arctostaphylos and the

family Pyrolaceae, where intracellular fungal penetration occurs.

(7) Ectendomycorrhiza—exhibits characters of arbuscular mycorrhiza or

ectomycorrhiza, here sheath is reduced or may be absent, Hertig’s net is well
developed, and intracellular penetration is also found (Srivastava et al. 1996;
Smith and Read 1997).

15.3 Arbuscular Mycorrhiza: The Most Ancient Plant–

Fungal Association

Arbuscular mycorrhizal fungi (AMF) are one of the most ancient associations

having a long evolutionary history (Schüβler and Walker 2011). On the basis of

fossil records and phylogenetic analysis, it has been suggested that in the early

Devonian era, about 450 million years ago, plants have established an intimate

association with certain filamentous fungi, which are now known as mycorrhizal

fungi (Srivastava et al. 1996; Torres-Cortes et al. 2015). It is also believed that

the progression of plants from water to land would not have been possible

without mycorrhizal association. Many types of mycorrhizal associations are

recognized by the organisms involved in the formation of symbiosis and the

development and structure of mycorrhiza (Smith and Smith 1997). The fungal

associates range from largely aseptate endophytes belonging to the order

Glomerales of phylum Glomeromycota to septate fungi belonging to Ascomycetes
to Basidiomycetes. Mycorrhizal fungi are classified on the basis of nature of

fungal hyphae, extent of penetration of root, production of external fungal sheath,

and various inter- and intracellular structures produced by fungal partners on

association with root (Morton and Benny 1990; Walker 1992; Smith and Read

1997) (Fig. 15.1).

AMF are ubiquitous both in terms of their wide geographical distribution and

their association with land plants, as they are associated with the roots of more than

90% of all plant species (Bonfante and Genre 2010). They extend their hyphae

(100 m of hyphae per cubic centimeter of soil) in soil to explore soil nutrients and

thereby facilitate the host plant for acquiring more mineral nutrients from soil

(Miller et al. 1995). Though AMF are found in different types of soils, these fungi

occur in their active phase of life in the rhizosphere, where they are associated with

plant root to reproduce their progeny (asexually). The AMF symbionts are consid-

ered intractable organisms by researchers because they are obligate biotrophs,

aseptate, multinucleate, and produced only asexually and cannot be cultured on

an artificial medium under controlled conditions like other microbes (Rosendahl

2008).

Rosewarne et al. (1997) pointed out that the development of a functional AM

symbiosis is the most complex process, which is dependent on molecular
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communications between plant and fungal symbionts. Till late 1990s, the molecular

mechanisms that govern signaling and recognition between AMF and their host

plants were poorly understood. However, with the beginning of the twenty-first

century, pioneer works carried out by Kosuta et al. (2003), Akiyama et al. (2005),
Navazio et al. (2007), Gutjahr et al. (2008), and Chabaud et al. (2011) identified
molecular mechanisms and bioactive compounds involved in the establishment of

functional AM symbiosis. During host recognition stage and before hyphopodia

(or appressoria) formation at root surface, AMF hyphae go through extensive

branching in the vicinity of host plant roots. The host plant roots release low-

molecular-weight signaling molecules that trigger hyphal branching and play

central roles in inter-organism communication. However, the chemical nature and

mode of action of such molecules remained unknown till late 1990s. In a pioneer

work, Akiyama et al. (2005) isolated a branching factor from the root exudates of

Lotus japonicus and identified it as a strigolactone (5-deoxy-strigol). The

strigolactone (a group of sesquiterpene lactones) isolated from L. japonicus was

reported to induce extensive hyphal branching in germinating spores of the AM

fungus Gigaspora margarita at very low concentration (Akiyama et al. 2005).
The establishment and development of AM symbiosis in the plant roots may

involve three phases: (1) asymbiotic phase, (2) pre-symbiotic phase, and (3) sym-

biotic phase (Bonfante and Anca 2010). In the asymbiotic phase, induction of AM

Fig. 15.1 The figure depicts formation of AMF structures in host plant root. The first row shows

AM fungal spores formation in soil. The second row shows the dichotomously branched fingerlike

projections arising from the branches of intraradical hyphae, the arbuscules, and balloon-like

vesicles, produced intercalary from intraradical hyphae in the cortical cells of root; arbuscules

serve as the site for nutrient exchange between AMF and host plants, while vesicles act as the

storage organ of the fungus
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fungal spores germination and production of little amount of mycelium takes place.

The germinating fungal spores produce diffusible Myc factors—the fungal signal-

ing molecules—and respond to host plant root exudates by switching to an active

pre-symbiotic growth phase. In this phase fungal hyphae come in contact of plant

root surfaces. This phase includes recognition and formation of appressoria events.

The key molecules which initiate molecular dialogs between AMF hyphae and host

plant root are strigolactones, present in the root exudates, and induce hyphal

branching and unusual mitochondrial activity in the fungus. On the other hand,

after perceiving plant signal, AM fungi release bioactive molecules, like LCOs, the

Myc factor (lipochitooligosaccharides), which induce expression of plant gene

ENOD11 and SYMRK and CCaMK (Bonfante and Requena 2011).

The symbiotic phase includes hyphal penetration into roots, organization of

pre-penetration apparatus, and release of cell-wall degrading hydrolytic enzymes,

membrane depolarization, and Ca spiking, which consequently establish a func-

tional symbiosis. The pre-penetration apparatus (PPA), a novel cytoskeletal orga-

nization, develops in epidermal cells before infection. PPA is considered as a key

cellular factor in AM infection. The dichotomously branched tree-shaped struc-

tures—the arbuscules—are formed in the cortical cell, separated from the cyto-

plasm with the help of periarbuscular membrane (PAM). It is also reported that a

type of apoplastic interface is formed between the plant and fungus by PAM

(Bonfante and Requena 2011).

15.4 Systematic Position of Arbuscular Mycorrhiza

In the last few decades, the classification of AMF has undergone considerable

transformations (Fig. 15.2). Till the early 1990s, AMF were considered the mem-

bers of Zygomycota (Gerdemann and Trappe 1974). By the time, their taxonomy

was exclusively based on phenotypic characters like spore morphology and the

structure and development of spore wall (Morton and Benny 1990; Walker 1992).

In 1990, Morton and Benny transferred genera of AMF from the order Endogonales
to a new order Glomerales.

On the basis of cladistic analysis of genetic and phyletic characters (nuclear-

encoded rRNA gene markers, sequence variation of the SSU rDNA), AMF have

been classified in the phylum Glomeromycota, a monophyletic group that diverged

from the same common ancestors as Ascomycota and Basidiomycota (Redecker and
Raab 2006; Redecker et al. 2013; Schüβler et al. 2001, 2006; Schüßler and Walker

2010). The phylum Glomeromycota is currently divided into four orders, namely,

Diversisporales, Glomerales, Archaesporales, and Paraglomerales (Schüβler et al.
2001). Three families Acaulosporaceae, Diversisporaceae, and Gigasporaceae
have been described within the order Diversisporales. Two families, the

Acaulosporaceae and Gigasporaceae, contain the greatest number of described

species. Order Glomerales consists of monotypic family, the Glomeraceae with

genus Glomus, although species have been recognized in two distinct clades
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(Schwarzott et al. 2001; Powell et al. 2009). Oehl et al. (2008, 2011) erected a few

new families and genera in the new classification based on the combination of both

genetic and phenotypic characters. Recently, Redecker et al. (2013) compiled all

information from the different classifications and presented a recent classification

of Glomeromycota which is based on a consensus of regions spanning ribosomal

RNA genes: 18S (SSU), ITS1-5.8S-ITS2 (ITS), and/or 28S (LSU).

15.5 Relevance of Arbuscular Mycorrhizal Fungi to Global

Climate Change

Over the last 20 years, considerable attention has been received to understand the

role of soil microorganisms in carbon (C) and nitrogen (N) cycling, particularly under

elevated carbon dioxide, which is predicted to be augmented in coming decades, if

the current state of affairs prevails. Several models have been proposed to understand

a link between terrestrial ecosystem nutrients cycling, in respect to global climate

change. The role of soil microorganisms has been considered central to it, as they

could convert soil organic matter in atmospheric carbon dioxide and mineral nutrients

Fig. 15.2 Evolutionary transformation of AMF classification
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(saprophytic fungi) or into a pool of extremely slow-decaying recalcitrant organic

matters in the soil (Talbot and Treseder 2011). Indeed, a diverse group of microor-

ganisms occurs in the soils, but they differ in their metabolic abilities to decay organic

sources like plant litter, animal residues, humus, and microbial biomass, conse-

quently differentially contributing to C emission or sequestration (Fig. 15.3).

Fungi play a crucial role in circulating atmospheric CO2 in the terrestrial

ecosystems. A majority of soil fungi are saprophytes, which act on dead organic

matter, carry out the process of mineralization, decompose the complex organic

Fig. 15.3 The model framework shows influence of elevated atmospheric CO2 on plant growth

and AMF. The elevated CO2 concentration in the atmosphere results in increased allocation of C to

root and AMF, which indeed influence root growth, and health and proliferation of AMF

extraradical hyphae in soil. AMF hyphae release recalcitrant substance in soil, which are difficult

to be decomposed by saprophytes and may remain in soil up to several decades; thus AMF help in

increased soil C sequestration and mitigate C emission in the atmosphere, while non-mycorrhizal

plants deposit only plant residue in soil, which is rapidly decomposed by the activity of sapro-

phytes, thus enhancing emission of C in the atmosphere
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compounds in to simple compounds, and by the way facilitate release of mineral

nutrients (including C) in soil. In turn, other group behaves as obligate biotrophs—the

arbuscular mycorrhizal fungi (AMF)—which lack saprophytic abilities. The impacts

of AMF on soil carbon cycling are important because these fungi develop a large and

complex hyphal network in the soil and constitute about 20–30% of total soil microbial

biomass, thus playing a critical role in soil C storage (Rillig et al. 2001a, b, 2003;

Treseder and Turner 2007; Treseder 2016; Verbruggen et al. 2013, 2016). Their

non-saprophytic nature basically promotes soil C sequestration. AMF extraradical

hyphae facilitate the formation of soil aggregates by entangling, enmeshing, and

binding soil particles with the help of glomalin-related soil protein, thus making soil

organic carbon resistant to be decomposed by other soil microbes (Zhang et al. 2016).
In contrary, Cheng et al. (2012) recently suggested that AMF could exert a priming

effect on the rhizosphere microbes, therefore participating indirectly in decomposition

of organic matter. In this chapter, on the basis of previous and recently published

research papers and review articles, we attempt to highlight both aspects, whether the

AMF fungi help in soil C sequestration or influence soil C decomposition.

15.6 AMF Synthesis of Glomalin: The Soil Glue

Glomalin is a glycoprotein produced in abundance by the extraradical hyphae

(within hyphal walls) of arbuscular mycorrhizal fungi (Wright and Upadhyaya

1996). Glomalin protein accounts for a large amount of organic carbon (30–40%)

in undisturbed soils (Rillig et al. 2003). In addition to containing iron, which

imparts red color to this compound, it appears to also contain N-linked oligosac-

charides (Wright et al. 1999, 2006; Wright 2000). Glomalin is insoluble in water but

soluble at high temperature (121 �C). In its natural state, it seems to be hydrophobic

(Wright et al. 1996; Rillig and Steinberg 2002). Glomalin helps the extraradical

hyphae to keep water and nutrient supply intact during their absorption and

movement in the plant. Glomalin is deposited in soils as the fungal hyphae die,

and remain accumulates until it represents about 5% of soil carbon and nitrogen

(Rillig 2004a, b; Lovelock et al. 2004a, b).
Glomalin was thought to be exuded by the member of other fungal groups;

however, no fungal group other than Glomeromycota produces this recalcitrant

glutinous glycoprotein in copious amount (Wright and Upadhyaya 1996). Glomalin

is extremely tough and resistant to microbial decay and hence may last 7–42 years

in soil environment, depending on conditions (Nichols et al. 2002). Nevertheless, it
is a good protector of fungal hyphae. Glomalin is considered to be distributed

ubiquitously as it is found in agriculture, grasslands, desert forests, and

noncultivated soils (Wright and Upadhyaya 1996; Rillig et al. 2003; Nichols and
Wright 2004; Antibus et al. 2006; Bai et al. 2009). Glomalin acts as glue with

hydrophobic properties; however, its direct biochemical evidences remain

unknown. Driver et al. (2005) demonstrated that instead of being secreted in the

liquid growth medium, glomalin is strongly associated with fungal mycelium,
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which enters the soil after mycelia death and decomposition (Treseder and Allen

2000).

15.7 Extraction Methods of Glomalin

From soil, glomalin can be extracted with sodium citrate (50 mM) buffer with high

temperature (121 �C). A soil containing glomalin appears rich brown colored,

which gets transformed into a mineral gray color after removal of glomalin. Four

common methods have been proposed to determine glomalin (Rillig 2004a, b;

Rosier et al. 2006):

1. Bradford-reactive soil protein (BRSP) analysis

2. Easily extractable BRSP (EE-BRSP) analysis

3. Immunoreactive soil protein (IRSP) analysis

4. Easily extractable IRSP (EE-IRSP) analysis

In most soils, total glomalin is extracted within 1 h with heat. Though a fraction

of glomalin can be extracted in the first extraction cycle within 30 min at 121 �C
using 20 mm sodium citrate at neutral pH (it is termed as easily extractable),

additional extraction cycles with a long extraction time and more concentrated

sodium citrate solution are required to remove all the glomalin from a soil (Wright

and Upadhyaya 1996). With the help of IRSP and EE-IRSP using a specific

monoclonal antibody, the concentrations of immunoreactive glomalin can be esti-

mated, while the BRSP and EE-BRSP analysis can be undertaken for the general

assay of protein content (Wright and Upadhyaya 1996). Researchers considered

IRSP and EE-IRSP (antibody-based determination) analysis of glomalin more

specific than the BRSP and EE-BRSP analysis of glomalin protein (Treseder and

Turner 2007). Glomalin concentrations range from 2 to 15 mm/g of soil in temper-

ate climates and over 60 mg cm�3 in a chronosequence of Hawaiian soils (Wright

and Upadhyaya 1998; Rillig et al. 2001a, b; Lovelock et al. 2004a).

15.8 The Role of AMF in Soil Particle Aggregation

Soil structure is important for facilitating water infiltration, biogeochemical cycling

processes, resistance against erosional loss, and soil carbon storage (Oades 1984;

Elliott and Coleman 1988; Hartge and Stewart 1995; Jastrow and Miller 1997). The

process of soil aggregation is complex. In this process, numerous organisms and

binding agents are involved (Tisdall and Oades 1982; Miller and Jastrow 2000).

Since their widespread distribution, broad host range and abundant members of the

soil biota, AMF are considered an important biotic factor in the terrestrial ecosys-

tems. Their extraradical hyphae have been found to substantially contribute in the

formation and maintenance of soil aggregates (Tisdall and Oades 1982; Six et al.
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2004; Rillig and Mummey 2006) (Fig. 15.4). The hyphal growth of AM fungi offers

itself to stabilize structures, and the relative persistence of hyphae and their

products make AMF important in longer-term aggregate stabilization (Miller and

Jastrow 2000; Rillig et al. 2001a; Leifheit et al. 2014). Wright and Upadhyaya

(1998) found a strong relationship of AMF hyphal product “glomalin” with soil

aggregate water stability. Furthermore, Jastrow et al. (1998) also found that AMF

hyphae provided the most important direct effect on soil aggregation of all soil

factors. Using a path analysis study, Rillig et al. (2002) observed that glomalin

produced by the hyphae of AMF significantly contributes to soil aggregate water

stability. A positive correlation was observed between soil aggregate water stability

and GRSP concentrations in different soils under different cropping systems and

management practices by Wright and Anderson (2000). Moreover, glomalin was

found to play an important role in soil aeration and drainage, plant nutrient uptake,

and productivity (Nichols and Wright 2004). Owing to the importance of AMF, it is

recently advocated to improve their representation in Earth system models, as well

as into ecosystem-scale models (Treseder 2016). Integrating AMF dynamic into

large-scale models may improve projections of soil C sequestration as they are

globally abundant (Treseder 2016).

Fig. 15.4 The picture depicts formation of soil aggregates by AMF
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15.9 Factors Affecting Glomalin Stocks in Soil

The deposition of glomalin in a soil is directly proportional to the growth of AMF

extraradical hyphae. Glomalin is not exuded by AMF hyphae; instead, it is present

within hyphal walls. Therefore, the rate of glomalin deposition in a soil is deter-

mined by the availability of hyphal standing stocks, hyphal glomalin content, and

hyphal turnover rate (Treseder and Turner 2007). Glomalin stocks in soils may be

indirectly influenced by a number of factors, which control both plant and AMF

growth. One of the most common factors is rate of photosynthesis, which could

determine absolute amounts of carbon available for mycorrhizal fungi (Johnson

et al. 2002; Lovelock et al. 2004a). Photosynthetic rates could control both the

growth and abundance of AMF. Plants often allocate more carbon to AMF under

nutrient-deficient conditions where plant growth is limited, while excessive nutri-

tion or fertilization of soil with P and N often reduces AMF growth and may be due

to alleviation of nutrient limitation (Treseder 2004). On the other hand, excessive

amount of atmospheric CO2 has been found to increase both AMF growth and

abundance and therefore could enhance the production of glomalin. Increased

growth and abundance of AMF under eCO2 may be as plants are more N or P

limited or plant carbohydrate is more readily available or both (Read 1991). The

availability of inorganic resources (mineral, water, etc.), composition of the plant

community, and soil texture could also influence glomalin yield (Rillig and

Steinberg 2002; Rillig et al. 2002). Wright and Anderson (2000) observed that

lower AM root colonization rate in sunflower decreases glomalin production in soil,

which was higher in the case of corn or proso millet crops. The crop rotation,

cropping systems, and land management practices also alter accumulation of

glomalin in soils (Wright and Anderson 2000; Wright et al. 2007). Further, water

availability also affects glomalin yield. It was found that AMF are more abundant if

the availability of water is low, which could be due to more investment of C by

plant to AMF for efficient utilization of water under water-limited conditions (Augé

2001; Al-Karaki and Clark 1999; Ruiz-Lozano and Azcon 1995; Treseder and

Turner 2007). Tillage physically disrupts the formation and proliferation of AMF

hyphal network and reduces glomalin production (Treseder and Turner 2007).

Therefore, the conversion from conventional tillage to zero-tillage practices could

enhance the development of AMF hyphal network. Consequently, the rate of

glomalin accumulation would be higher in an undisturbed forest as compared to a

regularly plow agricultural field. Treseder and Turner (2007) conducted a literature

survey of glomalin from 22 ecosystems to understand a relationship between

standing stocks of glomalin and net primary productivity and AMF abundance.

They summarized that glomalin stocks are positively correlated with net primary

productivity, but they do not initiate a correlation with AMF abundance. It was also

summarized that availability of carbon to AMF could influence glomalin dynamics

and glomalin stocks, increased in case of AMF abundance and efficient AMF hosts,

which narrates that an efficient host supplies more C to AMF, leading to enhanced

AMF health, and glomalin synthesis by fungal hyphae. They also found that CO2
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shows a positive impact on the growth of AMF and glomalin concentration in soil;

however, the effect of land use change did not show a consistent effect on the

synthesis of glomalin stocks, but the glomalin dynamics appear to be linked to C

dynamics.

15.10 The Role of AMF in Nitrogen Cycling

Until the 1980, AMF were thought to uptake inorganic forms (NH4+, NO3
�) of

nitrogen (N). Conversely, results of recent studies stress upon the ability of AMF to

acquire nitrogen from organic compounds; however, the extent to which they can

obtain N from organic materials remains unclear. The inorganic forms particularly

ammonium (NH4+) and nitrate (NO3
�) of N are more mobile and therefore diffuse

rapidly, especially NO3
� through soil matrix (Tinker and Nye 2000). In fact, in a

majority of natural ecosystems, most of N is in complex organic forms and

distributed heterogeneously in the soil matrix. Complex organic forms of N present

in soil necessitate depolymerization with the help of extracellular enzymes secreted

by soil microbes, and then it could transport to plant roots (Schimel and Bennett

2004). Otherwise, these forms of N are generally beyond the approach of plant

roots. Unlike to free-living soil fungi, which commence decomposition and miner-

alization of N from organic compounds, particularly from recalcitrant organic

materials like lignin, there is no evidence of direct participation of AMF in such

activities, obviously due to their lack of saprophytic capabilities. Recent investiga-

tion carried out by Leigh et al. (2009) provides evidence that extraradical hyphae of

AMF colonize soil extremely, thus increasing attempts to encounter a nutrient-rich

stock of organic material undergoing decomposition. They tested whether AMF

(Glomus hoi and Glomus intraradices) could capture N from organic compounds

and transfer it back to their host plant or not. The study demonstrated that two

species differ in their capacity to take up N and transfer it to host plant back.

Comparing both the Glomus species, Glomus intraradices was found to be more

efficient than G. hoi, likely as Glomus intraradices produced large amount of

external hyphae. Experiments conducted by Hodge and Fitter (2010) to understand

the role of AMF for acquisition of N from organic materials also suggested that

AMF can obtain substantial amount of N from decomposed organic residue

patches. Fellbaum and his co-workers recently observed interactions between C

and N transfer in AM symbiosis. They used AMF root organ cultures and manip-

ulated the C flux to the host plant and AMF. Manipulating C supply of the host plant

elicits the acquisition and transport of N in AMF symbiosis that could happen due to

changes in the fungal gene expression. Further, transport of N gets stimulated if the

C is delivered by the host across the AMF interface, instead of its direct supply to

the extraradical hyphae of fungi in the form of acetate (Fellbaum et al. 2012). In this

study, AMF culture was of artificial nature; therefore, it was suggested that further

studies should be conducted to better understand interactions between C and N

transport in host plants under natural conditions.
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Recently, Cheng et al. (2012) advocated the role of AMF in acquiring N from

organic matter under elevated CO2 (eCO2) condition by conducting an elegant

microcosm experiment. These researchers demonstrated that in the presence of

AMF, at elevated CO2, fresh aboveground dead organic material decomposes

faster, increasing N status of host plant. They recommended that it could happen

due to the active participation of AMF in accelerating decomposition of organic

compounds. Countering the report Verbruggen et al. (2013) pointed out that these

experiments were conducted for a short term; therefore, such results should not

be directly correlated with long-term studies (decade-scale studies). They

appealed that short-term experiments do not account for potential accumulation

of plant or microbial-based organic matter, triggered by increased decomposi-

tion; therefore, it is difficult to conclude. Moreover, the long-term effects of

AMF, particularly on the decadal scale, could be qualitatively different from the

short-term effects.

15.11 The Role of AMF in Soil Carbon Cycling

On the basis of the presence of organic matter content, soils can be characterized as

mineral or organic. A mineral soil forms most of the world’s cultivated land. Such

soils may contain up to 30% of organic matter. Indeed organic soils are rich in

organic matter and contain more than 30% of organic matter. Soil organic matter

(SOM) is predominantly produced by living organisms (plants and animals) by the

process of decomposition, which is returned back to the soil. In addition to 60–90%

of moisture, plant biomass consists of carbon, oxygen, hydrogen, and small

amounts of nitrogen, phosphorus, potassium, sulfur, magnesium, and calcium,

which are vital components for the management of soil fertility. In the past few

decades, attention has been paid toward increasing atmospheric CO2 concentration,

which is one of the major environmental abiotic factors responsible for global

environment change (Wayman 1991). Understanding the effects of human-induced

environmental change, the impact of increasing CO2 concentration on terrestrial

ecosystems is an area of main concern. Rising CO2 concentration in the atmosphere

has been found to accelerate plant photosynthate and belowground allocation of

carbon, providing a potential buffering mechanism against elevated carbon dioxide

(King 2011).

AMF are the integral component of most terrestrial ecosystems and are gradually

being found to be an important component of the soil organic carbon (SOC) pool. A

number of research studies have shown their participation in soil C sequestration,

thus predicting AMF contribution in mitigating effect of labile CO2 on climate

change (Treseder 2016; Verbruggen et al. 2016). They play a critical role in the

global C cycling as they consume approximately 20% of net plant photosynthate

and deposit slow-cycling organic compounds like chitin and glomalin in soils

(Smith and Read 2008; Wilson et al. 2009). The SOC is considered as a crucial

regulator of C fluxes between both, the biosphere and the atmosphere. The death of
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AMF and their hyphae conquer deposition of organic C in soil. Therefore, the

global annual flux of carbon into AMF may be significant. The organic carbon

added by the AMF hyphae contains recalcitrant substances like glomalin, which

may remain intact for a long period and therefore help in sequestering organic C in

soil (Wilson et al. 2009; Treseder 2016). Treseder and Turner (2007) found that

glomalin deposited in the soils represents tens to hundreds of grams of carbon/m2/

year (a large flux of SOC). The mechanism influencing SOC storage in soil depends

mainly on the net primary production and allocation of the plant photosynthate in

the above- and belowground structures. AMF largely improve net primary produc-

tivity by facilitating plant acquisition of P and N; in exchange, they acquire C from

their host plant, and therefore, a portion of net primary productivity is dispensed

belowground to AMF. In an ecosystem dominated by mycorrhizal fungi, AMF can

receive up to 47% of belowground net primary productivity (Treseder 2016).

Therefore, net primary productivity is a major factor in the sequestration of soil

organic carbon.

AMF have been considered to be a major carbon source, but their comprehen-

sible role in C sequestration to combat climate change is still undecided. Long-term

C deposition in a forest ecosystem depends on the balance between C gains from net

primary productivity and C losses by the decomposition of soil organic matter.

However, it is uncertain which factor(s) controls C retention and which controls C

loss in the forest ecosystems. Leifheit et al. (2015) observed reduced decomposition

of woody plant litter in the presence of AMF. Further, the accumulation of carbon in

a soil is controlled by the size and activities of the microbial biomass present in soil.

In a study, using 13CO2-labeling isotope, researchers observed a rapid C flux in the

form of glomalin from AMF hyphae to the soil (Johnson et al. 2002; Clemmensen

2013; Treseder and Turner 2007), which is extremely difficult to break down into

simple compounds, thereby preventing emission of atmospheric carbon dioxide,

suggesting a major role of AMF in global climate change. The sticky nature of

glomalin protein enables it to protect the carbonaceous material from rapid degra-

dation in soil and stabilize SOM by promoting soil aggregation (Rillig 2004a; Wu

et al. 2014). Wilson et al. (2009) observed a reduction in soil C and N content with

AMF suppression that leads to decreased fungal hyphae biomass and consequently

decreased accumulation of glomalin. The decreased accumulation of AMF hyphae

and glomalin protein could lead to the loss of C and N protected in microaggregates

by reducing aggregate stabilization. Thus, AMF largely contribute for the removal

of CO2 from the atmosphere by colonizing plant roots and by the deposition of

substantial amount of C in soil.

The activity of soil microbes is generally limited by the availability of labile C in

soil. Rising concentration of CO2 in the atmosphere causes increased microbial

activities that improve the decomposition of complex organic materials into simple

form eventually releasing nutrients in soil (Cheng and Kuzyakov 2005). Nutrient

availability has been found to be one of the very vital factors limiting soil C

sequestration. There are two schools of thought; according to one, AMF largely

contribute to soil C storage, indirectly by utilizing more atmospheric CO2 to

increase plant growth and biomass production, and a copious amount of plant
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photosynthate is utilized by the AMF for its own growth and for the growth of

extraradical hyphae, which proliferate in the soil vigorously and release organic C

as and when senesced and decomposed. However, another school of thoughts

advocated a paradigm shift in the role of AMF in climate change. According to

them, in the presence of AMF at elevated atmospheric carbon dioxide (CO2), the

extra soil carbon is respired back to the atmosphere, because AMF exert priming

effect on saprophytic soil microbes which consequently stimulate additional

decomposition of soil organic carbon (Cheng et al. 2012). This work raised a

question on the C sequestering capacity of the AMF and their role in mitigating

climate change. Further evidences particularly long-term experiments are required

to authorize this fact.

To better understand the contribution of AMF in soil carbon sequestration,

Clemmensen (2013) investigated a portion of boreal forest islands using a mathe-

matical model to partition soil carbon storage either derived from aboveground

parts of plant litter or from underground part—the roots and the microbial biomass

like AMF associated with plant roots. They investigated that about 70% of the

organic carbon stored in the soil is derived from roots and root-associated micro-

organisms. They also reported that AMF and roots associated with microbes other

than fungi contribute largely deeper in soils where root density is higher, while

decomposers are more prevalent in shallow soils. These findings showed that AMF

play a significant role in terrestrial ecosystems by sequestering soil carbon. The

study suggested that on the death of AMF hyphae, the carbon present in AMF

hyphal tissues may remain intact for so many years or even decades. Ecological

studies suggested that the longer deposition of carbon in the soil leads to greater soil

carbon sequestration. These findings are in accordance with Prescott (2010) who

also reported that carbon derived from the soil microbes (like AMF) is not easily

decomposed, while it remains unbroken for a longer period than the carbon

obtained from plant residues. The longer stay of microbe-driven carbon in the

soil may be due to its origin from cell walls, chitin, glucan, and peptidoglycans or

polysaccharides like substances, which make these compounds more difficult to be

decomposed by decomposers. In this respect, the abundance of AMF in a soil could

be directly related to soil carbon storage.

In a disturbed ecosystem or a burned forest, the role of AMF to soil carbon

sequestration could be lesser as compared to an intact or unburned forest ecosys-

tem, as the burning makes AM fungal tissues degradable faster than natural decay

of fungal tissues. On the other hand, in a disturbed ecosystem, the growth of AM

hyphal is less as compared to an intact ecosystem, which is directly proportional to

organic carbon accumulation in soil. The role of AMF could be critical in northern

forests where instances of wildfire are common. Kasischke and Turetsky (2006)

suggested that if the current trend of global warming continues, the contribution of

AMF to reduce atmospheric CO2 may drop, because under such circumstances the

cases of wildfire in these areas are likely to increase, which can enhance degrada-

tion of AMF-driven carbon in soil that would eventually decrease the soil C

sequestration in these regions. Treseder and Holden (2013) suggested that in an

ecosystem, the decomposition of mycorrhizal residues including its hyphae and
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augmentation of plant growth may determine the contribution of AMF in soil

carbon sequestration. The role of AMF in improving plant growth determines the

extent of the deposition of soil carbon from plant litter. They also highlighted that

modern agricultural practices like application of pesticides, excessive use of chem-

ical fertilizers, intensive cultivation, compaction, organic matter loss, and soil

erosion adversely affect abundance and efficacy and infectivity of AMF. Instead,

majority of agricultural lands lack adequate population of AMF propagules which

also affect plant–fungal relationship.

15.12 Future Perspectives and Conclusions

Terrestrial carbon pool in agriculture and forest ecosystems are at risk to any further

increase in CO2 and temperature. It has already been predicted that high tempera-

ture and long drought period may lead to wildfires, which could badly influence the

soil C storage (Maracchi et al. 2005; Loboda 2012). Under such a scenario,

countries across the globe would experience impact of abrupt climate change in

terms of hotter days and heat waves even with aggressive easing strategies (Caesar

and Lowe 2012). Several regions of sub-Saharan Africa have been projected to

become even more prone to severe drought (Rojas et al. 2011). The countries like

Russia and the USA have previously experienced a long-term drought due to

changes in climate in 2010 and 2012, respectively. Therefore, to combat such

problems, it is imperative to minimize emission of greenhouse gases in the

atmosphere.

The land use conversion and agricultural activities produce about 30% of total

anthropogenic emissions both directly and indirectly (Lal 2012). Therefore, con-

version to a restorative land use and adoption of best management practices may be

integral to any strategy for mitigating impact of global climate change. The strategy

which can be applied to minimize C emission and create a positive ecosystem C

budget by enhancing the C pools whether in the soil or biomass could be explored

(Lal 2004).

Indeed, soil C sequestration is a feasible strategy for a significant storage of

atmospheric CO2 concentration (Hansen et al. 2008). In terrestrial ecosystems, the

response of the soil microorganisms to climate change, including rising temperature

and CO2 levels, is less clear. Arbuscular mycorrhizal fungi are likely to play a

critical role in the global carbon cycle. They are globally abundant and play vital

roles in C cycling. Their extensive hyphal network in the soil provides an important

pathway for the flow of C from roots to bulk soil. The allocation of plant photo-

synthate to AMF often increases under elevated atmospheric CO2 level, which

stimulates the growth of AMF (Drigo et al. 2010; Cheng et al. 2013). Therefore, it is
pertinent to state that global soils could sequester more C through AMF symbioses

under eCO2 condition (Drigo et al. 2008; Orwin et al. 2011). AMF produce copious

amount of glomalin, which facilitates the soil particle aggregation that remain

stimulates the storage of soil carbon. However, the production of glomalin by
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AMF varies among individual AMF taxa, growth conditions, land disturbance, and

plant species composition (Treseder and Turner 2007). On the other hand, exper-

iments carried out by Cheng et al. (2012) receive attention toward the priming

effect of AMF on saprobes/decomposers. Though it was a short-term study, the

possible role of AMF for C sequestration may change under such state of affairs.

Therefore, to better understand the role of AMF under ambient (aCO2) and elevated

(eCO2) carbon dioxide concentrations on the soil C gain or loss, more precise

research with long-term experiments are needed to critically evaluate the role of

AMF in terrestrial ecosystems.

Treseder (2016) pointed out that current Earth system models do not show

accuracy in predicting soil C stocks; therefore, our ability to project future climate

change remains tapered. She advocated that the accuracy of ecosystem-scale

models can be increased by explicit incorporation of microbial mechanisms and

proposed to include the dynamics of individual AMF taxa and glomalin in ecosys-

tem models that can be linked to Earth system models to precisely predict about

climate change.
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Chapter 16

Arbuscular Mycorrhizal Fungi in Hypoxic

Environments

Irena Maček

Abstract Hypoxia and even anoxia in plant rhizosphere are common phenomena

that can be the consequence of flooding, submergence, soil compaction, or are a

specific characteristic of some extreme ecosystems (e.g. due to geological CO2

release in natural CO2 springs or mofettes). The frequency and severity of flooding

events will dramatically increase in the future, as projected by climate change

models. Therefore, understanding the response of different organisms to soil hyp-

oxia, including crop plants, and their interaction with symbiotic and ubiquitous

arbuscular mycorrhizal (AM) fungi is becoming increasingly important in order to

enhance plant yield and to promote sustainable agriculture in the future. Plants and

soil fungi are known to be obligate aerobes and are sensitive to O2 deficiency since

they need a sufficient amount of this gas to support their aerobic metabolism.

However, some specific morphological and metabolic adaptations also enable

plants to survive in habitats where O2 availability is severely limited. Moreover,

recent reports show that diverse plant root endophytic fungal communities exist in

these ecosystems with some specific (new) taxa being reported to even thrive there.

This includes obligate biotrophic AM fungi that fully depend on the plant-derived

carbon source. A new aspect in the biology of these organisms originating from the

research into hypoxic environments is that in addition to carbon, they can also use a

plant-derived O2 source delivered into the submerged organs via plant’s root

aeration systems (e.g. aerenchyma). Moreover, in the field of community ecology,

extreme hypoxic environments (e.g. mofettes) have been shown to represent a

powerful tool for the study of slower ecological and evolutionary processes in

still largely unexplored soil microbial communities. They can be used to gain

insight into the adaptation of native communities to a specific permanent stress

(e.g. soil hypoxia) as long-term natural experimental systems. In this chapter a

review of the literature investigating AM fungi and their communities in hypoxic

environments is presented. Considering this aspect will be essential for our capacity

to adequately manage ecosystems and predict ecological and evolutionary
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responses to global change, with flooding and soil hypoxia being a consistent part of

terrestrial ecosystems in the future.

16.1 Introduction

The vast majority of all land plants receive inorganic nutrients via an indirect

uptake through the symbiotic arbuscular mycorrhizal (AM) fungi (Fig. 16.1) and

not by a direct uptake from the soil (Smith and Read 2008; Hodge et al. 2010).

Therefore, with the tendency towards more sustainable food production, arbuscular

mycorrhiza may play a large role in sustainable agricultural practices in the future

(e.g. Gianinazzi et al. 2010). AM fungi from the phylum Glomeromycota form

diverse communities in natural habitats. A number of different AM fungal taxa

simultaneously interact with the roots of a single plant and the whole community in

practically almost any terrestrial ecosystem (e.g. Fitter 2005). Those fungal taxa,

however, can provide many different benefits to the plant that extend beyond the

typically most exposed P uptake, like improving N uptake and water relations,

protecting plants from pathogens and other stress factors. A fungus good in one of

these functions is unlikely to be the best in another, which also leads to the

diversification of different taxa based on function (Fitter 2005).

Different AM fungal taxa also respond differently to their environment, both

biotic (e.g. plant internal environments) and abiotic. Studies on the environmental

Fig. 16.1 AM fungi-root colonisation with abundant arbuscules in the root cortex of a C4 grass

Setaria pumila

330 I. Maček



determinants of the composition of AM fungal communities in natural ecosystems

show that AM fungal communities are largely determined by their environmental

niche (e.g. soil physicochemical properties and other environmental variables). In

one of the relatively rare reports where temporal dynamics has been studied, a

combination of both niche and neutral (stochastic) processes in determining AM

fungal community composition has also been suggested (Dumbrell et al. 2011). One

of the critical abiotic factors affecting cellular metabolism in all eukaryotes,

including AM fungi and their host plants, is the O2 concentration in their environ-

ment. The existing reports clearly show that soil aeration and availability of O2 in

the soil atmosphere can act as an important selective pressure on AM fungi and can

severely impact AM fungal community composition (e.g. Maček et al. 2011, 2016).

Typically, soil air is not limited in O2 and contains similar concentrations of this

gas as found in the atmosphere (just below 21%). However, in some cases soil O2

availability can become a limiting factor for survival of aerobic organisms. There

can be different causes of soil hypoxia (low O2 concentration compared to atmo-

spheric conditions) or even anoxia (devoid of O2), and it can appear locally or in a

larger volume of soil. In the case of a local small-scale hypoxia, larger organisms,

plant roots and also possibly some filamentous fungi can avoid it by moving or

growing into a different soil compartment where O2 is more abundant. However,

when hypoxia is present in a larger volume of soil, and is in addition long-term

(e.g. permanently submerged environments, during flooding or in some extreme

ecosystems like natural CO2 springs or mofettes; see the description in the Sect.

16.3.3), this is not possible, and other mechanisms of O2 supply must take place in

order to support aerobic metabolism. Long-term soil hypoxia in mofette areas has

been shown to result in unique and temporally relatively stable composition of soil

microbial communities (Maček et al. 2011; Šibanc et al. 2014), including AM

fungal communities (e.g. Maček et al. 2011, 2016) that are better able to tolerate

those conditions. Interestingly, diverse AM fungal communities also exist in envi-

ronments that are hypoxic. However, the exact physiological and evolutionary

mechanisms behind that are yet to be explored.

Hypoxia and its impacts on different aspects of AM fungal ecology and phys-

iology have been chosen to be presented in this chapter for several reasons: (1) it is a

common but understudied stress regarding its impacts on AM fungal biology

(Maček et al. 2011); (2) it is present in many natural ecosystems worldwide (Perata

et al. 2011), with climate change models projections to become even more frequent

and severe due to increased areas of flooding in the future (Hirabayashi et al. 2013);

and (3) the new insights originating from research into a specific, extreme hypoxic

ecosystem—natural CO2 springs or mofettes—with evidence accumulating and

supporting the idea that locally extreme hypoxic environments can serve as natural,

long-term experiments in ecology (Maček et al. 2016). This specific ecosystem is a

unique example of a plant and root fungal communities subject to well

characterised (Vodnik et al. 2006, 2009), localised long-term selection pressure in

the form of soil hypoxia (Maček et al. 2011, 2016) and thus enables a more

controlled study of this common abiotic stress or on soil microbial communities

(e.g. Maček et al. 2011, 2016; Šibanc et al. 2014). In this chapter a range of hypoxic
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environments with their specificities, in addition to lessons learned regarding AM

fungal response, and in particular patterns of their community assembly, are

presented.

16.2 Arbuscular Mycorrhiza

In terrestrial ecosystems, symbiotic associations between plant roots and mycor-

rhizal fungi are near ubiquitous, with 90% of all plant species forming mycorrhiza

(Smith and Read 2008). The symbiosis is ancient, over 400 million years old, and

was significant in enabling the colonisation of land by plants (Redecker et al. 2002).

In exchange for mineral nutrients, the plants supply up to 20% of photosynthates as

the only energy source of the fungus (ca. five billion tonnes of C per year) (Bago

et al. 2000). The nutrient exchange within plant root cells mainly takes place at the

fungus-plant symbiotic interface formed around the finely branched fungal

arbuscules (Parniske 2008). Because the fungal hyphae are finer than roots by at

least an order of magnitude, the costs to a plant of acquiring nutrients symbiotically

will always be much lower than those of doing so by new root growth (Fitter

1991)—which also may be true for some hypoxic environments (e.g. Møller et al.

2013). As with any other mycelial fungus, AM fungi acquire resources in numerous

spatially dispersed locations by exploring the soil and moving them within the

mycelium to fund growth at favoured locations (Bago et al. 2002; Hughes et al.

2008). Phosphate, for example, is relatively immobile in soil; therefore, localised

areas of depletion exist around roots. Fine hyphae covering a greater spatial extent

can access more areas and overcome problems of local depletion (Smith and Read

2008). Nutrients are moved in a packaged form between the extra-radical and the

intra-radical fungal mycelium (Bago et al. 2002; Hughes et al. 2008; Parniske

2008). The extensive hyphal network of AM fungi also influences the physico-

chemical properties of the soil—e.g. stabilisation of structural aggregates (Rillig

2004; Rillig and Mummey 2006)—and directly or indirectly contributes to the

release of phosphate from inorganic complexes of low solubility (Finlay 2008).

Phosphate is actively imported by fungal transporters (e.g. Harrison and van Buuren

1995; Maldonado-Mendoza et al. 2001) that are present in extra-radical hyphae.

Polyphosphate granules are used as transport vehicles to move phosphate—and

possibly arginine (N source) and trace elements—to the host root (Parniske 2008).

In addition to enhanced phosphorous supply, AM fungi also affect plant’s nitrogen
assimilation by accelerating decomposition and acquiring N from organic material

(Govindarajulu et al. 2005; Hodge et al. 2001). N is taken up by ammonium, nitrate

or amino acid transporters in extra-radical hyphae (Fig. 16.2).

This ancient mechanism of plants acquiring mineral nutrients is of particular

importance for the developing field of sustainable agriculture. The current data

show that within the next 50–100 years, global rock phosphate reserves will deplete

(http://www.phosphorusfutures.net), and therefore the price of the commercial

fertilisers will increase, becoming even more inaccessible to the poorest and the
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hungriest of the world’s population. Rock phosphate is the primary, but limited and

non-renewable source for large-scale fertilisation in agriculture. How to solve the

problems with phosphate supply is a matter of debate, but it becomes increasingly

evident that better understanding of the arbuscular mycorrhiza will play a large role

in sustainable agricultural practices since the arbuscular mycorrhiza is a key

symbiosis for efficient P uptake by plants in natural habitats (e.g. Hodge et al.

2010).

Yet despite its ecological and agricultural importance, astonishingly little is

known about ecological and physiological responses of AM fungi to soil hypoxia

(Maček et al. 2011, 2012), a common condition in soil (e.g. Perata et al. 2011;

Pucciariello et al. 2014). Soil hypoxia primarily affects respiration in aerobes and

by this involves both aerobic groups of organisms in the symbiosis, plants and

mycorrhizal fungi (Maček et al. 2005, 2011, 2016).

16.3 AM Fungal Diversity in Hypoxic Environments

Hypoxia, or even anoxia, is a common transition property of the soil that appears

often in waterlogged and flooded soils or is due to soil compaction (Fig. 16.3). In

some ecosystems hypoxia or/and anoxia can also be permanent or long-term. Such

ecosystems include submerged environments or also soils at natural CO2 springs

(mofettes) with constant geological gas exhalations consisting mainly of CO2

originating from the underground reservoirs (e.g. Vodnik et al. 2006, 2009;

Maček et al. 2011, 2016).

Fig. 16.2 Spores and extra-radical hyphae of AM fungus Rhizophagus irregularis around

transformed Medicago truncatula roots in in vitro culture
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In general, hypoxia has been widely studied in plants with currently over

200 records listed on the Web of Science portal when using the keywords: (plant
and hypoxia). There have been several special issues in scientific press on plant

anaerobiosis (e.g. New Phytologist vol. 190, issue 2, April 2011; Frontiers in Plant
Science, vol. 5, May 2014). In addition, thematic meetings of the International
Society for Plant Anaerobiosis (ISPA) are held once every 3 years, and a New
Phytologist Workshop on flooding biology was held in 2015 in the Netherlands

(Voesenek et al. 2016). However, in the context of soil hypoxia caused by flooding

and its impact on plant biology, AM fungi are still largely not considered, or as an

integrated and important functional part of the plant rhizosphere continuum. When

the keywords (mycorr* and hypoxia), or (arbuscul* and hypoxia), are used, only

10 and 8 records, respectively, have been found in the Web of Science (date of the
survey, 23 May 2016). This is a disturbing result, which indicates that mycorrhizal

symbiosis is largely ignored or neglected when hypoxia is studied in respect to

different aspects of plant biology. Most of the studies where hypoxia is at least

indirectly studied in relation to mycorrhiza involve flooded and submerged ecosys-

tems. Indeed when the topics (arbuscul* and flood*) or (arbuscul* and submerge*)
are used, a higher number (however still relatively low) of published studies can be

found, with the number of records 123 and 34, respectively (Web of Science,
23 May 2016). Among the few studies where hypoxia is directly reported and

investigated as a stress factor acting on AM fungal communities, there are reports

involving research at a specific extreme environment—natural CO2 springs or

mofettes—with geogenic CO2 displacing O2 from soil air, resulting in long-term

hypoxia (Maček et al. 2011, 2012, 2016, Table 16.1, see Sects. 16.3.3 and 16.4.2.)

AM fungi
in hypoxic

environments

SUBMERGED AREAS
(root and aerial

system flooding)
• long-term
• temporary

FLOODED AREAS
(root system
inundation)

NATURAL
CO2 SPRINGS
(MOFETTES)

COMPACTED SOILS

• long-term
• temporary

• long-term

• long-term
• temporary (e.g.
  after ploughing)

Fig. 16.3 Specific hypoxic environments with confirmed presence of functional and diverse AM

fungal communities
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16.3.1 Flooded Soils

The frequency and severity of flooding worldwide is going to increase in the future,

with the biggest increase projected by the climate change models for the tropics and

Western Europe (Hirabayashi et al. 2013). Therefore, understanding the response of

different crop plants to interaction with AM fungi in flooded conditions is becoming

Table 16.1 An overview of molecular studies on diversity and community ecology of AM fungi

in a range of hypoxic environments, including some studies from mofettes (natural CO2 springs),

submerged and flooded ecosystems

Environmental

factor

AM fungal/plant

community Ecosystem/location Reference

Soil hypoxia

(mofettes or

natural CO2

springs)

Native grassland

community

Mofettes

(worldwide)

Maček et al. (2016),

Advances in Ecological
Research, special issue
Large Scale Ecology, vol.
55

Native grassland

community

Mofettes in

Stavešinci (Slove-

nia), Bossoleto

(Italy), Cheb basin

(Czech)

Šibanc et al. (unpubl.)

Native grassland

community

Mofettes in

Stavešinci

(Slovenia)

Maček et al. (2011),

Applied Environmental
Microbiology, vol. 77(14)

Submergence

(plant root and

aerial system

flooding)

Native community in

submerged isoetid plants;

first description of a new

AM fungal species

Rhizoglomus melanum

Oligotrophic lakes

(Norway)

Sudová et al. (2015),

Mycological Progress,
vol. 14(3)

Native community in

isoetid vegetation

Oligotrophic lakes

(Norway)

Kohout et al. (2012)

FEMS Microbiology
Ecology, vol. 80(1)

Native community in

aquatic macrophytes

Oligotrophic and

ultra-oligotrophic

lakes (the Nether-

lands and Norway)

Baar et al. (2011),

Aquatic Botany, vol. 94
(2)

Flooding gra-

dient (plant

root system

inundation)

Native community in

wetlands

Wetlands—lake

(China)

Wang et al. (2016), Plant
and Soil, vol. 403

Mangrove communities Qi-Ao mangrove

nature reserve

(China)

Wang et al. (2015), Ann
Microbiol, vol. 65

Mangrove communities Qi-Ao mangrove

nature reserve

(China)

Wang et al. (2011), PLoS
One, vol. 6(9)

Rice fields Rice fields (Italy) Lumini et al. (2011),

Ecological Applications,
vol. 21(5)
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increasingly important in order to enhance plant yield and to promote sustainable

agriculture. In the special issues on plant anaerobiosis (e.g. New Phytologist vol.
190, issue 2, April 2011; Frontiers in Plant Science, vol. 5, May 2014), several

mechanisms, involved in plant response to flooding stress, the effects floods may

have on patterns of plant distribution and biodiversity and the devastating impact on

crop growth, are described (e.g. Perata et al. 2011; Pucciariello et al. 2014).

However, no studies on any aspect of the plant symbiosis with AM fungi are

presented in these volumes, which shows a poor integration of knowledge on

arbuscular mycorrhiza into some parts of plant biology, including plant anaerobi-

osis. Nevertheless, some studies on arbuscular mycorrhiza and AM fungal com-

munities have also been performed in flooded soils. Flooded rice fields and rice

plants, in general, are one such system, where substantial progress in interaction

between plants and AM fungi and their common response to flooding has been

performed (e.g. Vallino et al. 2014) (see Sect. 16.4.1).

In flooded areas different spatial and temporal gradients are a very common

feature. The fluctuation between dry and wet (flooded) periods can also result in

recolonisation of roots of plants after the water retreats. Such soils have been shown

to contain sufficient AM fungal propagules for a new round of colonisation

(e.g. Lumini et al. 2011; Wirsel 2004). As a result of living in a dynamic environ-

ment, also the composition of AM fungal communities may be more dynamic when

compared to ‘normal’ soil, and plant root colonisation may follow the fluctuations

in the water regime. This can also represent a certain stress factor to AM fungi. In a

study of the impact of different farming and water regimes on Italian rice fields,

Rhizophagus irregularis has been shown to be flexible in this system, and its

colonisation of rice roots was reversible following a short period of dry conditions

(Vallino et al. 2014). However, all the AM fungal taxa may not possess such a high

level of plasticity, and more research is needed to shed more light on the AM fungal

diversity in these systems, their community composition and its temporal dynamics

over a longer time period.

AM fungi are also common in mangrove forests (Radhika and Rodrigues 2007)

and were reported to be present in 16 mangrove species at riverine and fringe

habitats in Goa, West India (D’Souza and Rodrigues 2013). No molecular analyses

of AM fungal communities in the roots of mangrove trees were performed in the

study from Goa. However, AM fungal taxa were determined by molecular

approaches in a second study that was done in four semi-mangrove plant commu-

nities from the Qi’AoMangrove Forest Reserve in South China that are subject only

to spring and storm high tides (e.g. Wang et al. 2011, 2015). AM fungal spores were

extracted from rhizosphere soil and identified using SSU rRNA amplification and

Sanger sequencing. In addition, AM fungi in roots were identified. The authors

report of six molecular operational taxonomic units (MOTUs) from the

Glomeraceae family that could not be identified to the genus level and could

represent potential new taxa, which is a common feature in many hypoxic environ-

ments (e.g. Sudová et al. 2015, see also Sect. 16.3.2).
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16.3.2 Submerged Environments

There are only few reports of the AM fungi in submerged environments (in the

context of permanent plant root and aerial system flooding). The first report of

aquatic plants (Littorella uniflora L. Ascherson and Lobelia dortmanna L.) having

mycorrhizal fungal colonisation was by Søndergaard and Laegaard (1977) in roots

from oligotrophic softwater lakes with low P concentrations in Denmark. Further

records on the occurrence of AM fungi in macrophytes were published in the 1980s

(e.g. Farmer 1985; Tanner and Clayton 1985). In the next two decades, this trend

slowly continued, and a few further reports have been published on AM fungal root

colonisation of macrophyte vegetation, both from lakes and streams (e.g. Beck-

Nielsen and Madsen 2001). However, only very recently and empowered by the

newly developed molecular tools, researchers have looked further into AM fungal

community composition in these specific ecosystems and have determined the

environmental factors that may be of major importance for the development of

the AM fungal communities in different aquatic habitats.

The first molecular analysis of AM fungal diversity in aquatic macrophytes from

oligotrophic and ultra-oligotrophic lakes in the Netherlands and Norway was

performed by Baar et al. (2011). The study reports on diverse AM fungal commu-

nities in the roots of L. uniflora, with several AM fungal taxa present, including the

taxa from the genera Glomus, Acaulospora and Archaeospora. AM fungi occurred

more abundantly with low phosphate and high redox values in the lakes than with

high phosphate and low redox values (Baar et al. 2011). Interestingly, another

report on the AM fungal diversity in oligotrophic lakes shows that organic enrich-

ments of sediments reduce AM fungal colonisation of submerged plant roots,

indicating that more organic matter could lead to anaerobic decomposition and

less available O2 in this environment, thus impacting arbuscular mycorrhiza and its

functioning in this ecosystem (Møller et al. 2013). Indeed, also older studies show

that high levels of AM fungal colonisation in submerged plant roots is correlated to

high redox potentials (Wigand et al. 1998; Beck-Nielsen and Madsen 2001), lower

depth of habitats with coarse sediment and higher availability of light for photo-

synthesis (e.g. Wigand et al. 1998), that is, also an internal source of O2 for plants

and potentially also for endophytic fungi.

Surprisingly, however, there are only a few further reports on the AM fungal

diversity of submerged aquatic plants (e.g. Kohout et al. 2012; Wang et al. 2011).

Recently, a new AM fungal species Rhizoglomus melanum was taxonomically

described that till now has only been found in lake sediments and was isolated

from the rhizosphere of the two aquatic macrophytes, L. uniflora and Isoëtes
lacustris, from the freshwater lake Avsjøen (Norway) (Sudová et al. 2015). Both

plant host species, L. uniflora and I. lacustris, form small, submerged rosettes with a

well-developed root system (Beck-Nielsen and Madsen 2001; Farmer 1985;

Søndergaard and Laegaard 1977) and are characterised by a continuous lacunal

system allowing rapid O2 diffusion from the shoots to the roots, as well as by high

radial O2 losses from their roots into the sediment (Smolders et al. 2002). Indeed,
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among aquatic plants, isoetids seem to have the highest degree of root colonisation

with AM fungi (Beck-Nielsen and Madsen 2001). The AM fungi appear to be

dependent on the high O2 concentrations in the roots and surrounding root zones of

the isoetid plants (Wigand et al. 1998), and this appears to be a consistent and

important component of AM fungal habitats in hypoxic soils.

Freshwater research has recently stretched to marine ecosystems; however, the

only published study on cultivable root mycobionts of the seagrass Posidonia
oceanica reports on the colonisation of this species roots with new, undescribed

taxa of dark septate endophyte (DSE) fungi (Vohnı́k et al. 2016). To our knowl-

edge, however, there are no published data on the diversity of AM fungi in

submerged marine environments. However, observation from seagrass and man-

grove forests, along with the new AM fungal species described from oligotrophic

lakes, indicates that submerged environments still represent a rich potential source

of new fungal taxa that are yet to be discovered.

16.3.3 Mofettes or Natural CO2 Springs

Natural CO2 springs, also known as mofettes, are areas with CO2 gas vents

occurring in tectonically or volcanically active sites, where ambient temperature

geological CO2 reaches the surface (Vodnik et al. 2006, 2009; Maček 2013; Maček

et al. 2016). In these extreme habitats, severe and relatively constant changes in soil

gases take place (Vodnik et al. 2006). In the process of raising the soil CO2

concentration (up to 99.9%), hypoxia is induced by reducing the partial pressure

of O2, often to very low values (Maček et al. 2012; Maček et al. 2016). Since the

early 1990s, mofettes have been used for research of the elevated CO2 impact on

ecosystems, with the main focus on plant responses to atmospheric CO2

(e.g. Raschi et al. 1997). Only in the recent years, the focus has shifted to

researching the mofettophilic communities of a range of different organisms

(Maček 2013; Maček et al. 2016), including flora (e.g. Pfanz 2008), soil fauna

(e.g. Hohberg et al. 2015; Russell et al. 2011) and soil microorganisms (e.g. Beulig

et al. 2015, 2016; Maček et al. 2011; Šibanc et al. 2014); see Maček et al. (2016) for

a detailed overview on the recent knowledge on biodiversity and community

ecology of different groups of organisms in mofette ecosystems.

The soil gas regime at mofettes, and soil hypoxia in particular, can have strong

impact on the communities of obligatory aerobic eukaryotic organisms like plants,

soil fauna (e.g. Hohberg et al. 2015) and of AM fungi (Maček et al. 2011, 2012;

Maček 2013; Maček et al. 2016) (Fig. 16.4). Thus far, only the research by Maček

et al. (2011), studying the impact of elevated CO2 and soil hypoxia on diversity of

AM fungal communities, has focused on the diversity of AM fungi from these

habitats. Maček et al. (2011) report on significant levels of AM fungal community

turnover (beta diversity) between soil types and the numerical dominance of

specific AM fungal taxa when exposed to soil hypoxia. This work strongly suggests

that direct environmental selection acting on AM fungi is a major factor regulating

338 I. Maček



AM fungal communities. However, as noted in the paper, only more intensive

sampling, using, for example, a high-resolution amplicon sequencing approach

(next-generation sequencing—NGS), can provide further insight into the temporal

dynamics of the present AM fungal communities and give more detailed informa-

tion on the community composition and the differences between sites, in particular

the currently lacking information on the presence and the abundance of the rare taxa

in these environments (Maček et al. 2011). Therefore, experiments involving

mofettes could serve as a good working space for a detailed study of the mecha-

nisms that regulate the evolutionary processes in soil fungi and their functioning in

hypoxic environments (Maček et al. 2011, 2016). They could also give us new

insight into different pathways of mineral assimilation in hypoxic environments and

the role of the fungal partner in those processes (see Sects. 16.4.1 and 16.4.2).

16.3.4 Compacted Soil

Apart from waterlogged and mofette soils, hypoxic or even anoxic environments

can also be found in other soil habitats, like underground borrows, microenviron-

ments in soil aggregates and in compacted soils. Here, low O2 levels can be

permanent or, more frequently, temporally present (Hourdez 2012). Soil compac-

tion is common in agroecosystems due to use of heavy field equipment and field

traffic. Soils are in particular susceptible to soil compaction when wet. In addition

to directly affecting soil structure, soil compaction can also affect roots (growth and

activity) and microbial functions in soil. Soil porosity is an important factor

affecting soil aeration. Soil compaction changes pore space size, distribution and

Fig. 16.4 Mofette soil with geological CO2 exhalations causing long-term soil hypoxia

(Stavešinci mofette, Slovenia)
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soil strength and therefore reduces soil gas exchange. Compacted soils have few

large pores since when soil particles are pressed together, the pore space between

them is reduced (DeJong-Hughes et al. 2001). As the pore space is decreased within

a soil, the bulk density is increased. This can lead to locally hypoxic or anoxic

conditions.

In intensively managed fields, compacted soils are often maintained by deep

tillage. This in addition to compaction (especially the subsoil layers below the

ploughing depth) directly negatively impacts microbial communities, where fila-

mentous fungi (also AM fungi) are in particular vulnerable due to mechanical

damage (e.g. Helgason et al. 1998; Schnoor et al. 2011). Indeed, some AM fungal

taxa disappear in intensively managed soils, and one of the factors affecting this

could also be mechanical damage and changes in soil structure and compaction

(e.g. Säle et al. 2015). However, it is difficult to test what the effect of the

compaction is, per se, on soil microbial communities since soil is a complex

environment and the communities of soil organisms are usually affected by many

factors acting simultaneously.

16.4 AM Fungal Biology in Hypoxic Environments: Where

Could the Future Research Go?

The vast majority of the multicellular organisms are aerobes, with some very rare

exceptions (Danovaro et al. 2010); thus, their respiration and growth can be

severely affected in hypoxic conditions, since nearly all multicellular organisms

require O2 at least during part of their life cycle. The majority of fungi are known to

be aerobes, and it is widely accepted that many fungal groups are sensitive to the

lack of O2 in their environments. Since microbes, due to their extremely small body

size, cannot avoid hypoxic conditions—in, for example, submerged soils or

mofettes—and are too small to flee, they are often forced to evolve and adapt in

order to survive, function and grow in those environments. Soil-borne organisms

have evolved to tolerate low or rapidly changing O2 levels and are exposed to

occasional hypoxia, where the hypoxic response starts also in fungi (similar as in

multicellular eukaryotes) at an O2 level of about 6% (Simon and Keith 2008).

16.4.1 Aerobic Metabolism and Hypoxia

Respiration is an aerobic process that requires O2; thus, soil hypoxia will affect

respiration in plant roots and fungal hyphae. Respiration is also the main metabolic

energy source for the active mineral nutrient uptake into plant roots. Most plant

species form mycorrhizas, yet these are to a large extent still neglected by plant

physiologists (see Sect. 16.3). One consequence of this neglect is reduced ability to
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predict plant respiration in any ecosystem (Hughes et al. 2008). The energy

requirement for increased rates of plant ion uptake is likely to cause an increase

in root respiration in AM symbiosis (Hughes et al. 2008); thus, O2 availability is

crucial for the normal function of the symbiosis. Mitochondria concentrate around

the arbuscules (the sites of nutrient transfer) in root cortex cells of colonised

Medicago truncatula (Lohse et al. 2005), potentially reflecting the provision of

adenosine triphosphate (ATP) necessary for nutrient import. The nutrient uptake by

an AM plant can be seen as a four-stage process consisting of ion uptake by the

external hyphae, ion transport within the fungus, ion export by the internal hyphae

and ion uptake by plant root cells, each stage representing a separate ATP demand

(Hughes et al. 2008). In the opinion article (Hughes et al. 2008), the authors

conclude that there is some evidence that respiration in the globally dominant

AM symbiosis can be considerably higher than respiration in non-mycorrhizal

plant roots, as also shown to some extent by Atkin et al. (2009). The exact

mechanistic understanding of the respiration in mycorrhizal roots or external

hyphae has, however, not yet been revealed.

But when exposed to soil hypoxia, respiration of both roots and symbiotic fungi

is affected. Plants that have adaptive traits like the ability for aerenchyma forma-

tion, or other systems for O2 transfer to roots, are more likely to survive in these

environments and also more likely to support and be able to form symbiotic

relationships with other aerobic organisms in their rhizosphere. In plants, the

formation of aerenchyma can allow a relatively high level of O2 in the rhizosphere

and sustain aerobic respiration of the roots even in the context of very high soil CO2

concentrations or submerged soils. AM fungi are likely to be supported by plant-

driven O2 transport into root tissues that can enable aerobic microorganisms to

survive in such environments. Aerenchyma are typical adaptive traits of wetland

plant species, but can arise also as response to flooding or mineral deficiency

(Marschner 2012). However, the authors of a recent study on uninoculated and

inoculated rice with R. irregularis, grown in dry and flooded conditions, report on

the reduced AM fungal colonisation with R. irregularis three weeks after inocula-
tion and continuous exposure to flooding (Vallino et al. 2014). This is coincident

with the time when rice plants intensively start to form aerenchyma in their root

cortex (Vallino et al. 2014). An interesting observation is that despite better

aeration of the rhizosphere by aerenchyma, significant reduction of the available

space in cortex also reduces root AM fungal colonisation levels. This may be plant

and fungus taxa specific; however, it shows that development of AM fungi in the

plants with substantial amount of aerenchyma may be limited due to the lack of

available space. The results of this study also show that under flooding conditions,

AM fungal nutrient transporters are regularly expressed; however, the functional

markers of the AM symbiosis reveal a significant decrease in the expression of plant

and fungal nutrient transporters during progressive flooding (Vallino et al. 2014).

Increasing plant nutrient uptake by AM symbiosis is also relevant for some

submerged plants, especially in conditions of poor nutrient availability in their

environment (e.g. submerged vegetation of oligotrophic lakes in Norway, Møller

et al. 2013). In the latter study, extensive extra-radical hyphal networks were found
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in sediments of the submerged isoetid plants (L. dortmanna and L. uniflora) with a

high mean hyphal density (6 and 15 m cm�3, respectively, for each plant species).

This is comparable with the density typically found in terrestrial soils (Møller et al.

2013). The hyphal surface area exceeded root surface area by 1.7–3.2 times with the

highest density in the main root zone (Møller et al. 2013).

Therefore, research into hypoxic ecosystems has exposed some new aspects of

the interaction between plants and mycorrhizal fungi, one of these is also acquiring

O2 from plants by using a plant transport system (e.g. aerenchyma or lacunal

system). This is a relatively new concept in AM fungal symbiosis, but is also

relevant for other aerobic microbes, either endophytic, living in roots, or rhizo-

sphere (Maček et al. 2011, 2016). Therefore, plant-AM fungal interactions could, in

addition to nutrient (trophic) interaction, be expanded to the additional benefit of a

positive effect of one species on another by reducing physical or biotic stress in

existing habitats and by creating new habitats for AM fungi. In this context this

means that some species modify conditions sufficiently to make life more hospita-

ble for others that otherwise would not be able to survive in this environment. The

concept is well known in plant literature under the term facilitation and is used to

beneficial (non-trophic) interactions that occur between physiologically indepen-

dent plants and are mediated through changes in the abiotic environment (Brooker

and Callaway 2009). The cross-trophic and cross-system level interactions in this

concept of facilitation are still a matter of debate and a challenge to a current

‘working’ definition of facilitation as being limited to the plant-plant interactions,

mostly in terrestrial environments (Brooker and Callaway 2009).

16.4.2 AM Fungal Diversity and Community Ecology

A central aim in ecology is to quantify the mechanisms that regulate the diversity of

natural communities. AM fungi are one such functionally important group with still

insufficiently understood community ecology (Helgason and Fitter 2009;

Rosendahl 2008). This is even more prevalent in environmental extremes, including

hypoxic environments (Maček et al. 2011, 2016). AM fungi form an extensive

mycelial network in soil and so will be subject to strong selection pressures from the

abiotic soil environment (e.g. Dumbrell et al. 2010; Maček et al. 2011; Lenoir et al.

2016), and soil hypoxia is one such important abiotic factor (Maček et al. 2011)

(Fig. 16.5).

Nevertheless, most of the existing studies on community composition of AM

fungi in hypoxic environments were single time-point studies, or sampling has not

been done systematically enough to include the temporal component in a consistent

manner (Maček et al. 2016). This makes it difficult to predict with a higher certainty

the assembly of the typical hypoxia-tolerant AM fungal community throughout

different time-points, indicating its long-term temporal stability. However, our

preliminary results on AM fungal communities from mofette areas suggest that

under permanent (long-term) selective pressure community composition is more
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constant compared to the one in a control environment (Maček et al. 2011, 2016). In

the latter, stochastic processes and other environmental factors play a much bigger

role in structuring the communities among different time-points (e.g. between two

vegetation seasons) (Maček et al. 2016; Šibanc et al., unpubl.). The major shifts in

obligatory biotrophic AM fungal community composition within and between

consecutive years happen each spring, when the winter community supported by

low photosynthetic carbon flux into roots is shifted to the summer community (with

high photosynthetic carbon flux into roots) and the pattern of how the new com-

munity assemblies each year is largely stochastic (Dumbrell et al. 2011). This

pattern, however, is much less prominent in areas of high geogenic CO2 concen-

trations and hypoxic soil in mofettes, where permanent long-term abiotic selective

pressure acts on soil microbial communities (Maček et al. 2016). Therefore, it has

been suggested that extreme, persistent and directed abiotic pressure results in a

more stable system with highly specific microbial communities, dominated by the

adapted and tolerant taxa that are consistently present in high abundance in the soil

that is under long-term soil hypoxia (Maček et al. 2011, 2016; Šibanc et al. 2014).

The case of mofette AM fungal community composition response shows the

potential of some specific (possibly extreme or stressed) environments

(e.g. mofettes, submerged environments, flooded soil) to serve as model ecosystems

to study some unresolved principles in community ecology (Maček et al. 2016).

RESEARCH OF NEW
PRINCIPLES IN AM
FUNGAL BIOLOGY
(e.g. facilitation -

O2 supply)

PHYSIOLOGY OF
MYCORRHIZA

(e.g. assimilation of
mineral nutrients,

respiration)

APPLICATION IN
BIOTECHNOLOGY
& AGRICULTURE

(hypoxia tolerant
taxa)

BIODIVERSITY &
TAXONOMY

STUDIES

COMMUNITY
& POPULATION

ECOLOGY

SOIL HYPOXIA
& AM FUNGI

Fig. 16.5 Potential areas and interconnection of current and future research of AM fungal biology

and arbuscular mycorrhiza in hypoxic environments
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16.5 Conclusions

Diversity and community ecology of fungi in hypoxic environments, including

mofettes (natural CO2 springs), submerged and flooded continental or marine

environments, remains largely unexplored (Maček et al. 2011, 2016). In a Norwe-

gian oligotrophic lake, a new species of AM fungus Rhizoglomus melanum has been

recently isolated, grown in pure cultures, and taxonomically described (Sudová

et al. 2015). As many biotechnological applications require the capacity to grow in

high CO2 low O2 environments, hypoxic environments are likely ideal locations for

bioprospecting for industrially relevant fungi (Maček et al. 2016). However, the

biotechnological potential of these specific ecosystems and their adapted biota is

yet to be discovered.

Moreover, climate change models predict an increased frequency and duration

of flooding events in the future (Hirabayashi et al. 2013). Especially in the field of

sustainable agriculture, understanding the response of crops and their rhizosphere to

flooding and soil hypoxia is becoming increasingly important in order to enhance

yield and promote sustainable agriculture (e.g. Vallino et al. 2014). A weak overlap

of the knowledge on the biology and ecology of AM fungi and the fast-growing

research field of plant aerobiosis and responses to flooding (e.g. Perata et al. 2011;

Pucciariello et al. 2014) has been noted. Thus, better communication between plant

biologists and mycorrhiza researchers is needed in order to address problems

related to food production and global changes in the future. Mycorrhiza should be

considered as an integral part of plant biology, and hypoxic environments are

only one such system where this integration is still largely missing.

Last but not least, many hypoxic environments can be considered as locally

extreme environments and could serve as long-term natural experiments in ecology

and evolution (Maček et al. 2016). Natural CO2 springs (mofettes) are an example

where the scientific power of this extreme ecosystem is starting to be harnessed for

better insights into long-term ecological processes (Maček et al. 2011, 2016; Šibanc

et al. 2014). The knowledge on long-term (permanent) stresses will be essential for

sustainable future and a better prediction capacity of ecosystem responses to global

change, as a permanent and long-term environmental perturbation on itself.
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Maček I, Kastelec D, Vodnik D (2012) Root colonization with arbuscular mycorrhizal fungi and

glomalin-related soil protein (GRSP) concentration in hypoxic soils from natural CO2 springs.

Agric Food Sci 21:62–71
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Chapter 17

Piriformospora indica (Serendipita indica):
The Novel Symbiont

Uma Singhal, Ram Prasad, and Ajit Varma

Abstract Piriformospora indica (Serendipita indica) (Hymenomycetes,
Basidiomycota) is a cultivable endophyte that colonizes roots and has been exten-

sively studied. P. indica has multifunctional activities like plant growth promoter,

bio-fertilizer, immune modulator, bioherbicide, phytoremediator, etc. Growth pro-

motional characteristics of P. indica have been studied in enormous number of

plants (about 150 plants), and majority of them have shown highly significant

outcomes. Certain secondary metabolites from the fungus are reasons behind

such promising outputs. Promising outputs of laboratory experiments and small

field trials indicated the need for its mass cultivation and usage. For field trials, a

formulation “Rootonic” is prepared by mixing P. indica biomass in magnesium

sulfite (raw talcum powder). The quantity of formulation (Rootonic) to be used per

hectare of land for maximum productivity has also been standardized for about

150 plants. P. indica has proved to be highly beneficial endophyte with high

efficacy in the field. In this chapter, a general view of the journey of P. indica
from laboratory to field and finally toward industrialization is described.

17.1 Introduction

Soil is one of the organic and inorganic materials on the surface of the earth that

provide the medium for plant growth, and rhizosphere is the most active portion of

that frontier in which biogeochemical processes influence a host of landscape and

global scale processes (McNear 2013). A better understanding of these processes is

critical for maintaining the health of the planet and feeding the organisms that live

on it (Morrissey et al. 2004). On uprooting a plant, a bulk amount of soil (mud)

remains adhered to the rooting system (Fig. 17.1ai). They contain diverse micro-

organisms like bacteria, fungi, and actinomycetes. On washing the mud, a clean

beautiful root architecture is seen (Fig. 17.1aii). The root system of all the land

plants are colonized by a special group of fungi named as mycorrhiza. Mycorrhizal
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fungi are characterized by and named after arbuscules (from the Latin arbusculum,

small tree). These structures are formed in the inner root cortex by repeated

branching of an intracellular hypha and are considered the site of nutrient exchange

(Bonfante and Genre 2010) (Fig. 17.1b). They produce spores of diverse shape,

size, and color, either singly or in aggregates (Fig. 17.1c). Spores form as swellings

on one or more subtending hypha in the soil or in roots. These structures contain

lipids, cytoplasm, and many nuclei. Spores usually develop thick walls with more

than one layer and can function as propagules. They promote plant growth, enhance

the active ingredient, increase seed production, and protect plants against disease.

One of the most characteristic features is the production of arbuscules into the

living cortical cell. Although this group of fungus (arbuscular mycorrhiza) was

discovered by a German scientist A.B. Frank way back 1885, their biotechnological

applications could not be exploited to the level they deserve because they cannot be

cultured in the absence of a living root system. Spores/fungal hyphae do not

multiply on detaching from the living root system:

Fig. 17.1 Rhizosphere and spore structure: (a) Rhizosphere of plant system (i) pre-washed and

(ii) washed; (b) anatomy of the root indicating the arbuscule, vesicle, and spores. Note the

extramatrical hyphae in the soil and the root cortex; (c) spore structure of arbuscular mycorrhiza
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Overcoming the above said disadvantage, an endophyte Piriformospora indica (Serendipita
indica) was discovered by Prof Dr. Ajit Varma and his colleagues from Thar Desert of

Western India in 1992 from the root system of several xerophytic plants (Verma et al. 1998,

1999). It belongs to a largest class of fungi Hymenomycetes within the phylum

Basidiomycota. A new family Sebacinaceae and new order Sebacinales was created for

this fungus due to its unique features (Weiß et al. 2004; Qiang et al. 2011). This symbiotic

fungus not only promotes plant growth but also has other multifunctional activities such as

plant growth promoter, bioprotectant, bio-pesticide, helps in enhancing flowering and

fruiting, etc. (Gill et al. 2016) (Fig. 17.2). Properties have been patented in Germany

(European Patent Office, Muenchen, Germany, Patent No. 97121440.8-2105, Nov.1998)

dating back to 1997. P. indica is deposited at the Deutsche Sammlung fu¨r Mikroorganismen

und Zellkulturen, Braunschweig, Germany (DSM 11827). See also https://www.ncbi.nlm.

nih.gov/nuccore/AF014929 Colonization byP. indica increases nutrient uptake, allows plants
to survive underwater, temperature and salt-stresses, confers (systemic) resistance to toxins,

heavy metal ions and pathogenic organisms and stimulates growth and seed production

(Harman 2011; Varma et al. 2012). The valuable secondary metabolites excreted by

P. indica influence early seed germination, better plant productivity, early flowering, etc.

(Varma et al. 2012). Use of P. indica to increase desiccation tolerance in higher plants has

been studied by Varma and his colleagues (2012) and significant increase tolerance was

achieved. Genome wide study revealed that its genome is assembled into 1884 scaffolds

containing 2359 contigs with an average read coverage of 22 and a genome size of 24.97 Mb.

The estimated DNA content of P. indica nuclei ranges from 15.3 to 21.3 Mb. To assess the

genome completeness of P. indica a blast search was performed with highly conserved core

genes present in higher eukaryotes (Zuccaro et al. 2009). P. indica can be stably transformed

by random genomic integration of foreign DNA and that it possesses a relatively small

genome as compared to other members of the Basidiomycota (Zuccaro et al. 2011). Extensive
research on this organism has brought it to an appreciable state and made its field trials and

marketing possible. In this chapter a general view of journey of P. indica from laboratory to

field and finally toward industrialization is described.

Plant Promoter

Plant Protector

Immuno-modulatorBasic Research

Biofertilizer Bio-herbicide

Resistance Against
High Temperature

Resistance Against
Heavy Metals

Piriformospora 
indica

Fig. 17.2 Functional characteristics of fungus
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17.2 Recent Taxonomic Position

P. indica, a Basidiomycete, resembles in many aspects to arbuscular mycorrhizal

fungi (AMF) which, however, belongs to a new family Sebacinaceae and new order

Sebacinales. Sebacinales was established to harmonize taxonomic ranking in the

major groups of early-diverging Agaricomycetes (Weiß et al. 2004). Sebacinales is
divided into two subgroups: group A or Sebacinaceae and group B for which it was

proposed as a new family Serendipitaceae (Weiß et al. 2016) (Fig. 17.3).

Serendipitaceae also includes S. indica (formerly called P. indica), the Sebacinales
species most frequently used in experimental research. This strain, named by refer-

ence to its pear-shaped asexual spores, was isolated from the Indian desert soil (Verma

et al. 1998) and has been associated experimentally with diverse host plants (Varma

et al. 2012). As the related species Serendipita williamsii (Piriformospora williamsii;
Basiewicz et al. 2012), it produces chlamydospores (asexual-resting spores) and

hyphae resembling a string of beads, which are also observed in Serendipita
herbamans and other Serendipitaceae (Warcup and Talbot 1988; Riess et al. 2013).

In contrast to AMF, P. indica can grow axenically and promotes plant growth,

increases resistance of colonized plants against fungal pathogens and tolerance to

abiotic stress, and shows further beneficial to plants (Gill et al. 2016). It also alters

the secondary metabolites of many plants of economic importance and promotes

overall growth and seed production of many plants (Bagde et al. 2010a, b). In

contrast to AMF, P. indica colonizes A. thaliana, a model plant for which a

multitude of well-characterized mutants is available. P. indica has white to almost

hyaline hyphae. The hyphae are thin walled and have a diametric range of

Fig. 17.3 Sebacinales: phylogenetic position within Basidiomycota and interactions of the two

families (Sebacinaceae and Serendipitaceae) with plants (Weiß et al. 2016)
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0.7–3.5 μm. The hyphae are 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 chlamydospores are thin walled and hyaline while

they become thick walled and autofluorescent toward maturity. Further, no sexual

structures or clamp connections were observed (Varma et al. 2001). The mycelium

has a subsurfaced and concentric growth on agar medium. When grown on a solid

culture media, very few aerial hyphae were formed. Occasionally the mycelium

fabricates periodic rings on agar medium, whereas the 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.

To assess the genome completeness of P. indica, a blast search was performed with

highly conserved core genes present in higher eukaryotes. A genetic transformation

system is established using a fragment of the TEF promoter region for construction of

vectors carrying the selectable marker hygromycin B phosphotransferase. It is

already shown that P. indica can be stably transformed by random genomic integra-

tion of foreign DNA and that it possesses a relative small genome as compared to

other members of the Basidiomycota.
Through 18S rRNA molecular methods and electron microscopy, it was eluci-

dated that this fungus belongs to Hymenomycetes. With the help of electron

microscopy, the presence of dolipores with non-perforated parenthosomes was

elucidated. This further implied that P. indica belongs to Hymenomycetes
(Basidiomycota). Sequence comparison showed the close relation of P. indica
with Rhizoctonia group (Varma et al. 2001). 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 anamorphic

P. indica is associated with group B (Basiewicz et al. 2012) and inferred significant

changes in physiological and molecular parameter within similar strains of

Piriformospora (Basiewicz et al. 2012).

17.3 Cultivation and Morphological Characteristics

The fungus has got very simple morphology containing hyphae and pear-shaped

large spores. The fungus can be cultivated on simple defined medium both in solid

medium and broth. Optimum conditions for growth are temperature of 25 �C � 2,

pH of 6.8, carbon energy of 1.5% glucose. Incubation is done on the rotatory shaker

(120 rpm). The best growth is obtained after 7 days of incubation where colonies

can be large or small Fig. 17.4.

P. indica has simple septum with dolipores and continuous, straight

parenthosomes. It promotes the growth of plants and improves their productivity,

increases the drought tolerance of host plants, delays the wilting of leaves, prolongs

the aging of callus tissue, and protects the plants from the attack of pathogens
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(Kumari et al. 2005; Waller et al. 2008; Zuccaro et al. 2009). It enhances the

phosphate uptake by the plants (Yadav et al. 2010). The biological hardening of

tissue culture-raised plants with P. indica protects them from transplantation shock

and increases their survival rate to 90–100%. The stress conditions caused due to

acidity, desiccation, and heavy metal toxicity are relieved by P. indica. The fungus
also induces systemic disease resistance by enhancing the concentration of antiox-

idants, ascorbate, and glutathione in the plant body to cope up with the oxidative

stress caused by pathogens (Waller et al. 2005; Vadassery et al. 2009; Gill et al.

2016). Thus, P. indica shows tremendous potential to be used as a biological agent

for plant growth promotion and control of plant root disease and a tool for

biological hardening of micropropagated plants. Another advantageous feature of

the fungus is that it produces a large number of thick-walled, autofluorescent, pear-

shaped spores called chlamydospores having longer shelf life. These spores, rather

than fungal mycelia, are to be used as bioinoculant for agricultural crops. The

spores can be produced easily and can survive unfavorable conditions and germi-

nate on the onset of favorable conditions, which lead again to vegetative growth.

All these qualities make spores a good candidate from application point of view.

17.3.1 Growth Conditions of P. Indica

P. indica was cultured and grown on different synthetic media and best in modified

Hill and Kaefer medium (Pham et al. 2004; Kumari et al. 2005). Circular agar disks

(4 mm in diameter) infested with chlamydospores and actively growing hyphae of

P. indica are placed onto petri dishes containing solidified Hill and Kaefer medium.

Incubation is carried out at 25 �C in the dark for 7–10 days. Broth Erlenmeyer flask

is constantly shaken at 80 rpm. After 7–10 days, the petri plate is completely filled

Fig. 17.4 The fungal colony after incubation at 28 �C (a) in broth and (b) in agar plate

354 U. Singhal et al.



up with biomass. In broth Erlenmeyer flask, small and large colonies appear which

consist of hyphae and chlamydospores. Spores are extrametrical and intercellular.

17.3.2 Morphogenesis of P. Indica

The morphogenesis of the fungus was monitored for about 7 days in batch cultures.

The cylindrical hyphae after 2 days started enlargement at places, and after 5 days,

many of the hyphae turned into aggregated spores. At the end of 7 days, typical

pear-shaped spores were produced in abundance (Das et al. 2013). Another exper-

iment after 4 days of incubation at 28 �C was transferred in cold at 4 �C, and
massive sporulation was found within 24 h. Vice versa, the cultures after 25 h were

incubated at 37 �C; the massive sporulation was recorded in Fig. 17.5.

Interestingly, Barman and Prasad group observed that the autofluorescence

selectively “labels” the spores in comparison to the hyphal structures, thus offering

spatial localization of the spores in the intact culture. This can be the differential

concentration of the chromophores in the spores and in the mycelium, with NAD(P)

H amount observed to be ca. 40% higher in regions of high metabolic activity. The

greater accumulation of such molecules in the spores likely results in enhanced

autofluorescence (Siddhanta et al. 2017).

Fig. 17.5 Morphogenesis of P. indica (a, b) The cylindrical hyphae after 2 days started enlarge-

ment at places, and (c) after 5 days, many of the hyphae turned into aggregated spores. (d) At the

end of 7 days, typical pear-shaped spores were produced in abundance. (e, f) After 4 days of

incubation at 28 �C, they were transferred in cold at 4 �C, and massive sporulation was found

within 24 h. (g, h) Vice versa, the cultures after 25 h were incubated at 37 �C; the massive

sporulation was recorded
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17.3.3 Separation of P. Indica Biomass and Culture Filtrate

One of the unique features of the fungus is that the culture filtrate also acts as an

excellent source for plant promotion. Culture filtrate was separated from fungal

biomass using a simple filtration procedure (Fig. 17.6). In an independent experi-

ment, the fungus was grown in broth. After 10 days, the biomass was removed. The

culture filtrate caused early seed germination and flowering. In the long run, the

culture filtrate may serve as liquid bio-fertilizer (Bagde et al. 2011, 2014).

17.4 Applications of Serendipita indica

17.4.1 Plant Growth Promotion

P. indica is a wide-host symbiotic fungus and colonizes members of bryophytes,

pteridophytes, gymnosperms, and angiosperms—monocots and dicots including

orchids and members of the Brassicaceae (e.g., Arabidopsis thaliana) (Peskan-
Berghofer et al. 2004). Plants colonized by P. indica display a wide range of

beneficial effects including enhanced host growth and resistance to biotic and

abiotic stresses, promotion of adventitious root formation in cuttings, and enhanced

nitrate and phosphate assimilation (Zuccaro et al. 2011). They not only act as a

plant promoter but also as bioprotectant against pathogens (Waller et al. 2005;

Deshmukh et al. 2006). Baltruschat et al. in 2008 studied biochemical mechanisms

underlying P. indica-mediated salt tolerance in barley with special focus on anti-

oxidants. P. indica-colonized barley roots in salt stress conditions had increased

plant growth, elevated the amount of ascorbic acid, and increased activities of

Fig. 17.6 Separation of P. indica biomass and culture filtrate
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antioxidant. These findings have suggested that antioxidants might play a role in

both inherited and endophyte-mediated plant tolerance to salinity as reported in

Brassica napus L. (Chen et al. 2012; Varma et al. 2012 ). The fungus-treated

Brassica plants showed significant increase in the size and numbers of their leaves

and the weights of their fresh roots, dry roots, and shoots; early flowering; and

increased seed yield and oil content. Nutritional analysis revealed that fungus-

treated plants had reduced erucic acid and glucosinolate contents and increased

accumulation of N, P, K, S, and Zn. Also, RT-PCR results showed that the

expression of Bn-FAE1 and BnECR genes, encoding enzymes responsible for

regulating erucic acid biosynthesis, was downregulated at mid- and late-life stages

during seed development in colonized plants (Binggen Lou-personal communica-

tion). Thus, the results confirmed that P. indica plays an important role in enhancing

growth, seed yield, and seed quality of B. napus.
A large number of medicinal plants like Spilanthes calva, Withania somnifera,

Bacopa monnieri, Coleus forskohlii, and others were inoculated with the P. indica
in pots as well as in fields to study its influence on the host plants (Das et al. 2013).

The effect of P. indica on growth of B. monnieri, A. vasica, and S. alva is given in

Fig. 17.7a.

17.4.2 Protection Against Pathogens and Insects

In addition to plant promotion, this fungus also protects the plant against pathogens

and insects. Some of the plants’ growth promotional factors involved in

Arabidopsis protection are glucosinolates, ethylene, etc. P. indica co-inoculation

protected bottle gourd and Nicotiana tabacum from other fungal and viral infec-

tions leading to healthy growth of plant (Fig. 17.7b).

17.4.2.1 Glucosinolates

A second class of plant glycosides, called the glucosinolates or mustard oil glyco-

sides, break down to release defensive substances. Found principally in the

Brassicaceae and related plant families, glucosinolates break down to produce

the compounds responsible for the smell and taste of vegetables such as cabbage,

broccoli, and radishes. Glucosinolate breakdown is catalyzed by a hydrolytic

enzyme called a thioglucosidase or myrosinase that cleaves glucose from its bond

with the sulfur atom. These defensive products function as toxins and herbivore

repellents (Wittstock et al. 2004). Like cyanogenic glycosides, glucosinolates are

stored in the intact plant separately from the enzymes that hydrolyze them, and they

are brought into contact with these enzymes only when the plant is crushed. Several

studies have reported that glucosinolates exhibit growth inhibition or feeding

deterrence to a wide range of general herbivores such as birds, slugs, and generalist

insects (Giamoustaris and Mithen 1995, 1996). It was also found that plants respond

to herbivore or insect damage by systematically accumulating higher levels of
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glucosinolates and thus presumably increasing their resistance (Martin and Müller
2006). Usually, it is the indole glucosinolates which become induced.

17.4.2.2 Ethylene

The plant response to damage by insect herbivores involves both a wound response

and the recognition of certain insect-derived compounds referred to as elicitors.

Although repeated mechanical wounding can induce responses similar to those

caused by insect herbivorous in some plants, certain molecules in insect saliva can

serve as enhancers of this stimulus. In addition, such insect-derived elicitors can

trigger signaling pathways systemically, thereby initiating defensive responses in

distant regions of the plant in anticipation of further damage. After being regurgi-

tated by an insect, elicitors become part of its saliva and are thus applied to the

feeding site during herbivory. Plants then recognize these elicitors and activate a

complex signal transduction pathway that induces their defenses. Ethylene is one of

the signaling compounds induced by insect herbivory. In many cases, the concerted

action of ethylene is necessary for the full activation of induced defenses (Arimura

et al. 2008).

B. monnieri A.vasica S.alva

Fig. 17.7 Application of P. indica in plant growth promotion and protection of plants against

pathogens. (A) Effect of P. indica on in vitro grown Bacopa monnieri and A. vasica, pronounced
growth response and flowering in S. alva after inoculation with P. indica. (a) Control (without
P. indica), (b) inoculated with P. indica. (B) P. indica protects against plant pathogens like fungi

and viruses. (a) Bottle gourd infested with insects and virus in the field; (b) bottle gourd plants

treated by P. indica are healthy; (c) Alternaria longipes infection status of untreated Nicotiana
tabacum and (d) P. indica-colonized plants
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17.4.3 Stress Tolerance

Abiotic stresses are often interrelated, either individually or in combination; they

cause morphological, physiological, biochemical, and molecular changes that

adversely affect plant growth and productivity and ultimately yield. Heat, drought,

cold, and salinity are the major abiotic stresses that induce severe cellular damage

in plant species, including crop plants. P. indica also shows tolerance toward

stresses of extremes of climate that are very high and very low temperature and

also salt stress (Gill et al. 2016). It also shows synergism with other plant growth

bacteria like Azospirillum brasilense.

17.5 The Secret of Plant Promotion, Value Addition,

and Early Flowering

Fungus interactions are characterized by a more efficient nutrient uptake from the

soil due to a better hyphal penetration into the soil compared to the penetration of

the thicker root hairs. The plant delivers phosphorus assimilates to the fungus. In

mycorrhizal associations, plants acquire phosphate from the extensive network of

fine extra-radical hyphae of fungus, which extend beyond root depletion zones to

mine new regions of the soil. Several studies have indicated that the interaction

alters the pathway for nitrogen metabolism whereby transferring more nitrogen

nutrients to the plants. Preliminary studies indicate that P. indica influences the

sulfate reduction leading to formation of sulfur proteins and glutathione contents.

This, in turn, influences the resistance against water deficiency and drought. The

supply of the fungus with carbon sources and the faster growth of colonized plants

require the breakdown of starch which is deposited in the root amyloplasts. Thus, it

is not surprising that one of the major starch-degrading enzymes, the glucan-water

dikinase, is activated by the fungus.

The fungus regulates the uptake and transportation of important macronutrients

like iron, zinc, manganese, copper, etc. Interaction of plants results in synthesis of

important phytohormones. The cumulative effect of macro-micronutrients and

phytohormones influences the plant metabolism—the value addition, early

flowering, and plant growth. Massive proliferation of useful rhizospheric microor-

ganisms sustains soil fertility (organic farming).

17.6 Step Forward Toward Commercialization

To enhance the usage so that the benefits of the fungus are used by a common

farmer, the fungus was formulated with magnesium sulfite which acts as a carrier.

For this, 2% (w/w) of formulation served as effective and stable carrier. On an

average, the CFU count was maintained as 109 and moisture 20%. The protocol for

formulation is given in Fig. 17.8.
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17.6.1 Formulation of Rootonic for Field Application

The Rootonic bio-fertilizer was formulated to enhance its handling, storage, prop-

agation, and overall convenience of use by a common farmer. To enhance the usage

so that the benefits of the fungus are used by a common farmer, it was formulated

with magnesium silicate which acts as a carrier, and quantity for field trial was

optimized. For this, 2% (w/w) of formulation served as effective and stable carrier.

On an average, the colony forming unit (CFU) count was maintained as 108 and

moisture 20%. Protocol for seed treatment for field trial has been given as Fig. 17.9

and the quantity of formulation required for the seed treatment.

Fig. 17.8 Steps for the preparation of formulation
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Fig. 17.9 Protocol for seed treatment
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17.7 Conclusion

P. indica is a rewarding organism with its huge and distinguished properties.

Colonization by P. indica increases nutrient uptake and allows plants to survive

in drought, salt stress, and temperature stress. Excellent plant growth promotion,

resistant against extremes of climate and bio-protecting capability of the organisms,

has paved way for its varied field applications. Large field trials at various locations

in India showed beneficial effects of P. indica on plant growth and development.

Promising outputs of field trials showed that it should be used at a large scale so that

common farmers are benefited and finally countries’ economy is at profit. Increase

in productivity of certain crop upon interaction with P. indica will increase total

land usage. Field trials of the same are done by formulating biomass with powder

and inoculating the mixture into the root of plants. The formulation is termed

“Rootonic.” The journey from P. indica to Rootonic is exciting and very fulfilling.

Large-scale production and application of the product are still under process, and

we are looking forward to its commercialization soon.
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Chapter 18

Mass Cultivation of Mycorrhiza-Like Fungus
Piriformospora indica (Serendipita indica) by
Batch in Bioreactor

Uma Singhal, Manpreet Kaur Attri, and Ajit Varma

Abstract Piriformospora indica (Serendipita indica) is an axenically cultivable

root endophytic fungus which exerts plant growth promoting effects on its host

plants. To enable commercial production of its chlamydospores, Serendipita indica
was cultivated in a 10 l batch bioreactor condition in such that they result in

maximum biomass during growth phase and in maximum chlamydospore yield

during subsequent sporulation phase. An enhancement of 100% in overall biomass

productivity (0.18 g l�1 h�1) and reduction of about 70% in the time (60 h) required

to achieve the maximum spore yield (9.25 � 109 spores ml�1) was achieved in

comparison to the original batch culture grown in Hill and Kaefer medium. The

high chlamydospore yield obtained promises to be economical for commercial

production of P. indica.

18.1 Introduction

Piriformospora indica (Serendipita indica), a root endophytic fungus, was isolated
from the rhizosphere of the woody shrubs Prosopis juliflora and Zizyphus
nummularia growing in desert interior of Rajasthan, India. It exhibits most of the

beneficial characteristics of arbuscular mycorrhizal fungi (AM fungi). Like AM

fungi, it has a broad and diverse host spectrum and exerts plant growth-promoting

effects on its host plants (Singh et al. 2000). But the most important advantage of

P. indica over AM fungi is that it is a facultative symbiont and can be easily

cultivated axenically on a variety of synthetic media (Varma et al. 2001). This is the

reason that among the microbes capable of exerting plant growth-promoting

effects, which can be used as biological agents against plant pathogens, spore

formers are receiving increasing attention in agriculture as potential alternative to

chemicals in the form of biofertilizers and biopesticides (Casula and Cutting 2002).
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The fermentation medium influences the nutritional and physiochemical environ-

ment and therefore directly affects productivity and process economics (Zhang and

Greasham 1999). A suitable medium thus supports vegetative growth and also the

subsequent production of spores. Media optimization is therefore an important

consideration in the development of bioprocesses that can produce affordable

agricultural bioinoculants. Hence, this chapter describes the mass cultivation of

P. indica by batch culture and bioreactor for enhancement of its growth for large-

scale production of spores.

18.2 Symbiont Cultured on Solid or in Liquid Media

The fermentation unit in industrial microbiology is analogous to a chemical plant in

chemical industry. A fermentation process is a biological process and, therefore,

has requirements of sterility and use of cellular enzymatic reactions instead of

chemical reactions aided by inanimate catalysts, sometimes operating at elevated

temperature and pressure. Industrial fermentation processes may be divided into

two main types, with various combinations and modifications. These are batch

fermentations and continuous fermentations (bioreactor).

18.2.1 Methods

18.2.1.1 Microorganism, Culture Maintenance, and Inoculum
Preparation

Usually, the stock culture is maintained on slants containing Hill and Kaefer

medium (Prasad et al. 2005) supplemented with 15 g/l agar. Inoculate the slants,

incubated at 30 �C for 10 d, and then store at 4 �C. For the preparation of inoculum,

grow P. indica on Hill and Kaefer medium (Kaefer 1977) in a petridish.

18.2.2 Media Composition

A large variety of synthetic and complex media are employed for the activation of

fungal strains.

(a) MMN 1/10 (Herrmann et al. 1998)

Composition (g/l)

CaCl2�2H2O 0.07

MgSO4�7H2O 0.15

NaCl 0.03

(continued)
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(NH4)2HPO4 0.03

KH2PO4 0.05

Trace elements (mg/l)

(NH4)6Mo7O24�4H2O 0.09

H3BO4 1.55

CuSO4�5H2O 0.13

KCl 3.73

MnSO4�H2O 0.84

ZnSO4�7H2O 0.58

Fe-EDTA (mg/l)

FeSO4 8.50

EDTA 1.50

Agar 20.0 g

(b) Modified aspergillus medium (Varma et al. 2001)

The media composition was the same; except yeast extract, peptone, and

casamino acid were reduced to 1/10 in quantity.

(c) M4 N (Mukerji et al. 1998)

Composition (g/l)

D-Glucose 10.0

(NH4)2HPO4 0.25

KH2PO4 0.50

MgSO4�7H2O 0.15

CaCl2�2H2O 0.05

Ferric citrate (2% ferric citrate, 2% citric acid v/v) 7.0 ml

NaCl 0.025

Thiamine HCl 100.0 mg

MES 2.5

Malt extract 1.5

Yeast extract 1.5

Agar 15.0

pH 5.6

(d) MMNC (Kottke et al. 1987)

Composition (g/l)

Glucose 10.0

CaCl2�2H2O 0.07

MgSO4�7H2O 0.15

NaCl 0.03

(NH4)2HPO4 0.25

KH2PO4 0.5

Casein-hydrolysate 1.0

Malt extract 5.0

(continued)
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Trace elements (mg/l)

(NH4)6Mo7O24�4H2O 0.02

H3BO4 1.55

CuSO4�5H2O 0.13

KCl 3.73

MnSO4�H2O 0.85

ZnSO4�7H2O 0.58

Fe-EDTA (mg/l)

FeSO4 8.5

EDTA 1.5

Vitamins (mg/l)

Thiamine 0.1

Riboflavin 0.1

pH 5.6

Agar 20.0 g

(e) MS (Murashige and Skoog 1962)

Chemicals (mg/l)

Macronutrients

NH4NO 30.5

KNO3 1650.0

CaCl2�2H2O 900.0

MgSO4�7H2O 440.0

KH2PO4 370.0

Micronutrients

KI 170.0

H3BO3 0.83

MnSO4�H2O 6.20

ZnSO4�7H2O 15.60

NaMoO4�2H2O 8.60

CuSO4�5H2O 0.25

CoCl2�H2O 0.025

Iron source

Na2�EDTA 0.025

FeSO4�7H2O 37.30

Vitamins

Nicotinic acid 27.8

Pyridoxine HCl 0.5

Thiamine HCl 0.1

Glycine 2.0

Myo-inositol 100.0

Agar 0.7% (w/v)

Sucrose 3.0% (w/v)

PH 5.6–5.7
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Each chemical was dissolved in bidistilled water individually. pH of the medium

was adjusted using 1 N NaOH/HCl before autoclaving at 121 �C, 15 lbs. for 20 min.

Stock solutions were stored at 4 �C except organic supplements, which were stored

at 20 �C.
(f) WPM (“Woody Plant Medium” for Populus) Ahuja (1986)

Composition (g/l)

Sucrose 20.0

K2SO4 1.00

Ca (NO3)2�4H2O 0.73

NH4NO3 0.40

MgSO4�7H2O 0.37

Myo-inositol 0.10

Agar 7.00

Add 700 ml H2O and adjust pH to 5.8 using 3.7% HCl (ca. 9.5 ml)

Add after autoclaving sterile phosphate solution (0.17 g KH2PO4 dissolved in

270 ml H2O) + 15 ml NaOH (saturated)

10 ml of trace element stock solution (see below)

10 ml Fe-EDTA (see below)

10 ml Glycine stock solution (100�: solve 20 mg in 100 ml)

1 ml Thiamine stock solution (1000�: solve 10 mg in 100 ml)

1 ml Nicotinic acid stock solution (1000�: solve 50 mg in 100 ml)

1 ml CaCl2 stock solution (1000�: solve 3.6 g in 50 ml)

250 ml Pyridoxine stock solution (4000�: solve 40 mg in 100 ml)

100 ml CuSO4 stock solution (10,000�: solve 25 mg in 100 ml)

Sterilize by filtration before adding.

100� trace element stock solution (g/l, autoclave, store at 4 �C):

MnSO4�H2O 2.23

ZnSO4�7H2O 0.86

H3BO4 0.62

Ammonium molybdate 0.10

KI 0.09

100� Fe-EDTA stock solution

Dissolve 0.128 g FeSO4 and 0.172 g EDTA at 60 �C in 100 ml H2O store at 4 �C,
20 g.

CaCl2�2H2O 0.07

MgSO4�7H2O 0.15

NaCl 0.03

(NH4)2HPO4 0.03

KH2PO4 0.05

Trace elements (mg/l)

(NH4)6Mo7O24�4H2O 0.018

H3BO4
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(g) MMN (Modified Melin-Norkrans) (Johnson et al. 1957)

Composition (g/l)

NaCl 0.025

KH2PO4 0.5

(NH4)2HPO4 0.25

CaCl2 0.05

MgSO4 0.15

FeCl3 0.001

Thiamine hydrochloride 83.0 ml

Trypticase peptone 0.1% (w/v)

Glucose monohydrate 1.0% (w/v)

Malt extract 5.0% (w/v)

Trace elements from stock 10.0 ml/l

Trace elements (stock) (g/l)

KCl 3.73

H3BO3 1.55

MnSO4�H2O 0.85

ZnSO4 0.56

CuSO4 0.13

pH was adjusted to 5.8 with 1 N HCl/NaOH.

All the stocks were stored at 4 �C except thiamine hydrochloride which was

stored at 20 �C.
(h) Malt Extract (Gallowey and Burgess 1962)

Composition (g/l)

Malt extract 30.0

Mycological peptone 5.0

Agar 15.0

pH 5.4

(i) Potato Dextrose Agar (PDA) (Martin 1950)

Composition (g/l)

Potato peel 200.0

Dextrose 20.0

Agar 15.0

Distilled water 1.0 l

Skin of potatoes was peeled off, cut into small pieces, and boiled (200 g) in

500 ml of water till they were easily penetrated by a glass rod. After filtration

through cheese cloth, dextrose was added to the filtrate. Agar was dissolved and the
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required volume (1 l) was made up by the addition of water. The medium was

autoclaved at 15-lb. pressure for 20 ml.

(j) Aspergillus Medium (Kaefer 1977)

Composition (g/l)

Glucose 20.0

Peptone 02.0

Yeast extract 01.0

Casamino acid 01.0

Vitamin stock solution 01.0 ml

Macroelements from stock 50.0 ml

Microelements from stock 02.5 ml

Agar 10.0

CaCl2 0.1 M 1.0 ml

FeCl3 0.1 M 1.0 ml

pH 6.5

Macroelements (major elements Stock) (g/l)

NaNO3 120.0

KCl 10.4

MgSO4�7H2O 10.4

KH2PO4 30.4

Microelements (trace elements) Stock (g/l)

ZnSO4�7H2O 22.0

H3BO3 11.0

MnCl2�4H2O 5.0

FeSO4�7H2O 5.0

CoCl2�6H2O 1.6

CuSO4�5H2O 1.6

(NH4)6Mo7O27�4H2O 1.1

Na2EDTA 50.0

Vitamins (%)

Biotin 0.05

Nicotinamide 0.5

Pyridoxal phosphate 0.1

Amino benzoic acid 0.1

Riboflavin 0.25

pH was adjusted to 6.5 with 1 N HCl. All the stocks were stored at 4 C except

vitamin which was stored at 20 �C.
(k) Jaggery (Sugar Cane Juice concentrate)

Composition (w/v)

Grounded jaggery 4%

pH 6.5

The grounded jiggery was dissolved in distilled water.
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Chemical composition (in %) of Jaggery is:

Sucrose 60–85

Glucose and fructose 5–15

Protein 0.4

Fat 0.05

Minerals 0.6–1.0

Calcium 0.4

Magnesium and phosphorus 0.045

Iron 11

This formulation is patented (Patent number: 944/DEL/2012 dt: 27.03.12).

18.3 Growth in Batch Culture on Shaker

Many fungi effectively sporulate in submerged cultures containing suitable

medium with optimized nutrients. Thus, fungal cultures can be produced aseptically

on large scale using shake flasks. The sporulation can be enhanced by transferring

the jar in cold for 24 h.

18.3.1 Preparation of Media

Various media compositions are employed for the production of fungal cultures in

shake flaks. Hill and Kaefer medium along with other media such as YPG media,

Potato Dextrose Broth (PDB), and Malt extract are effectively employed for the

submerged cultivation of fungal cultures. The media are prepared following the

standardized media compositions in distilled water. The desired pH of the com-

posed media is adjusted using acid or base and quantified using a pH meter (Bagde

et al. 2010).

18.3.2 Sterilization of Medium

Prior to inoculation of media for the production of cultures, the media should be

sterilized. This avoids growth of undesired microbes along with the cultures.

Sterilization of medium is done under high pressure saturated stream at 121 �C
for 15–20 min in autoclaves.
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18.3.3 Inoculum Preparation

The stock cultures of fungus are maintained on slants containing complex medium

(Hill and Kaefer 2001) augmented with 15 g/l agar (Prasad et al. 2005). The slants

after being inoculated were incubated at 30 �C for 10 days and later on stored at

4 �C. For the preparation of inoculum, the fungal cultures were initially grown in a

petri dish containing Kaefer medium (Kaefer 1977). At the time of inoculation, agar

discs of approximately 8 mm were then punched out using sterilized cork borer.

These discs were then used for inoculation of seed cultures.

18.3.4 Growth in Flasks/Jars on Shaker

The submerged cultures were raised in 500 ml of Erlenmeyer flasks containing

100 ml of complex media, most probably Hill and Kaefer medium. The flasks were

inoculated with 5 ml of freshly prepared inoculum at 30 �C under constant shaking

at 200 rpm on a rotary shaker. Flasks may be replaced by 200 ml jars.

18.3.5 Harvesting of Biomass

After maximum growth is attained, the biomass is harvested. The culture is filtered

and the biomass is separated. The culture can also be centrifuged at 3000 rpm for

separation of filtrate and biomass. The filtrate thus obtained can be employed for the

study of bioactives produced by the fungal cultures. The biomass separated is used

as a bioinoculant by mixing the 2% (w/v) biomass with sterilized magnesium

sulphite or vermiculite.

18.4 Production of Fungal Cultures in Fermenters

Fermenters provide optimized environmental and nutritional conditions for the

large-scale production of microbial cultures. The constant administration of condi-

tions at variable stages in fermenters enables a more efficient scale-up of microbial

cultures. The submerged conditions enhance the uptake of nutrients resulting in

stimulation of the biochemical processes. Fermentation of the microbes can be

accomplished through the following three processes: batch, continuous, and

fed-batch.

Batch culture comprises of a closed system which encompasses an initial

restricted availability of nutrient. The batch fermentation is employed for the

production of biomass as well as primary and secondary metabolites. Further in
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fed-batch systems, the exponential growth phase can be prolonged by the contin-

uous addition of fresh culture to the system. This addition results in the continuous

culture system. The continuous culture systems require media which is designed for

substrate limited growth. Thus, these systems effectively maintain microbial pop-

ulation in exponential growth where cultures grow at a constant rate and biomass

concentration for extended periods.

There is yet another system called the fed-batch system. The batch cultures

constantly being fed with medium without the culture fluid being removed corre-

sponds to the fed-batch culture (Yoshida et al. 1973). It is initially established in

batch mode and further fed accordingly depending upon the conditions required by

the culture. The fed-batch cultures control the organism’s growth rate which is

related to the specific rate of oxygen uptake. Thus, fed-batch culture systems are

readily used in fermentation technology.

18.4.1 Medium for Optimal Growth

The media used for fermentation greatly influences the nutritional requirements as

well as physiochemical environment and thus directly effects productivity and

process economics (Zhang and Greasham 1999). Therefore, a suitable media should

invariably support vegetative growth and production of spores. The optimum

growth conditions are observed in a modified Kaefer media with peptone, 3.0;

yeast extract, 3.0; KH2PO4, 1.83; and MgSO4.7H2O, 0.65 g/l. The concentration of

other components was the same as in the original Kaefer medium without NaNO3

and KCl, while the glucose concentration was 20 g/l (Kumar et al. 2011a, b).

18.4.2 Sterilization of the Fermenter

Prior to the initiation of the production process, the fermenter needs to be sterilized.

The fermentation media and the fermenter can be sterilized together or separately.

The fermenter is sterilized by channeling steam into the vessel via all entries and

releasing the steam slowly through air outlet. The jackets or coils of the fermenter

are sterilized by heating them with stream. Also the steam pressure is maintained at

15 psi inside vessel for 20 min approximately for thorough sterilization.

18.4.3 Cultivation in Fermenter

For all the fermentation processes, an active 2% inoculum raised in an optimized

medium is used. The initial pH is calibrated at 6.5. As the biomass production is

initiated, there is uptake of glucose which decreases the pH to between 5.5 and 6.0
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in late log phase. Since the optimum pH for sustainable growth of P. indica is 5.8,

there is no requirement for pH control in fermenter systems where the fungal

cultures are grown on media containing complex nitrogen sources. The temperature

range is in between 20 and 35 �C. However, for optimized growth the fungal

cultures are grown at a temperature of 30 �C. The fungus grows best at lower

agitation and low oxygen concentrations (Varma et al. 2001). Thus, the cultures are

grown at 200 rpm and 60% working volume.

18.4.4 Recovery of Biomass Produced

After the desired biomass is obtained, the production process is terminated. The

biomass produced in the fermenter vessel is removed. The produced biomass is then

filtered, separating the filtrate from the biomass. After separation, the biomass

obtained is then formulated by mixing with sterilized magnesium sulphite, talcum

powder, or vermiculite (described in Chap. 17).

18.5 Cultivation in Bioreactor

Growth may be defined as an irreversible increase in the volume of an organism,

usually accompanied by an increase in biomass. Mycelial fungi exhibit extension

growth of hyphae, accompanied by an increase in biomass. Unicellular fungi (e.g.,

Yeasts) may exhibit an increase in individual cell volume, accompanied by an

increase in biomass. But collectively, the number of yeast cells within a culture

(i.e., cell concentration) may also increase, resulting in an increase in biomass of the

culture as a whole.

18.5.1 Batch Fermentations

The fermenter vessel is filled with the prepared media up to its 60% capacity. The

operational parameters such as pH, temperature, dissolved O2 (DO), agitation and

duration of the process, etc., are fed into the fermentor’s central processing unit

(CPU) at the start of the experiment for microbial fermentation. The media is steam

sterilized in a pure culture process. The inoculum of a pure culture is added to the

fermenter, from a separate pure culture vessel. Fermentation proceeds, and after the

proper time the contents of the fermenter are taken out for further processing. The

fermenter is cleaned and the process is repeated. Thus, each fermentation is a

discontinuous process divided into batches.

18 Mass Cultivation of Mycorrhiza-Like Fungus Piriformospora indica. . . 375

http://dx.doi.org/10.1007/978-3-319-53064-2_17


18.5.2 Continuous Fermentation

Growth of microorganisms during batch fermentation conforms to the characteristic

growth curve, with a lag phase followed by a logarithmic phase. This, in turn, is

terminated by progressive decrements in the rate of growth until the stationary

phase is reached. This is because of limitation of one or more of the essential

nutrients. In continuous fermentation, the substrate is added to the fermenter

continuously at a fixed rate. This maintains the organisms in the logarithmic growth

phase. The fermentation products are taken out continuously. The design and

arrangements for continuous fermentation are somewhat complex.

18.5.3 Aerobic Fermentations

A number of industrial processes, although called “fermentations’,” are carried on

by microorganisms under aerobic conditions. In older aerobic processes, it was

necessary to furnish a large surface area by exposing fermentation media to air. In

modern fermentation processes, aerobic conditions are maintained in a closed

fermenter with submerged cultures. The contents of the fermenter are agitated

with au impeller and aerated by forcing sterilized air (Fig. 18.1).

18.5.4 Growth Kinetics in Liquid Media: Batch Culture

For estimating the growth of a mycelial fungus growing in a liquid medium, we

might first have to filter off the liquid medium and then determine the dry mass of

the mycelium.

To estimate growth of a yeast species in liquid culture, we could:

• Either filter the culture and determine the dry mass of all the yeast cells together

(i.e., the biomass of the culture).

• Or we could estimate the concentration of cells in the culture, using either a

haemocytometer or optical density readings.

If we plotted biomass or cell concentration against time, we might obtain the

following characteristic S-shaped growth curve as shown in Fig. 18.2.

1. Characteristic S-shaped Growth Curve:

• During an initial Lag phase, the rate of growth or cell division is very slow.

• Growth or cell division then starts to accelerate into the exponential phase—for

example, with a unicellular organism (e.g., Yeast species) any 1 cell produces

2 in a given period of time, those 2 produce 4, the 4 produce 8, 8 produce 16, and

so on. This exponential phase represents the period when the fungus is growing

or multiplying most rapidly. This phase will continue until one or more nutrients
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Fig. 18.1 Aerobic fermenter

Fig. 18.2 Characteristic S-shaped growth curve
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become limiting, oxygen becomes depleted, and/or metabolic by-products accu-

mulate to toxic levels, when.

• Growth will start to decelerate (Decline).

• This may be followed by a stationary phase, during which there is no discernible

change in cell concentration or biomass.

• Finally, one may observe a phase of cell death and lysis—which results in a

decrease in cell number and/or biomass.

Often the most interesting part is determination of the rate of growth taking place

during the exponential phase. But it would be difficult to determine the overall rate

of growth during the exponential phase from the graph above, i.e., the red section of

this graph, because the rate of growth (i.e., the slope of this region of the graph)

changes with time.

2. Loge (biomass or cell concentration) versus Time:

• If one plot loge (dry mass or cell concentration) versus Time, we obtain a graph

with this characteristic shape as shown in Fig. 18.3.

• The exponential phase of growth is now represented by the linear (straight line)

red region.

• The slope of this red region is now constant and represents the specific growth

rate (or relative growth rate) of the fungus ¼ μ.
• μ is a measure of the rate of change in biomass or cell concentration relative to

the biomass or cell concentration already present.

Fig. 18.3 Loge (biomass or

cell concentration) vs. Time
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• With rate of change in biomass or cell concentration (i.e., dn/dt, change in

biomass divided by change in time) calculation, rate of change relative to the

biomass or cell concentration already present (i.e., (dn/dt)/n ¼ μ) is also being

calculated.

• If all the conditions are optimal for growth of the fungus, then the maximum

specific growth rate (μmax) is obtained—this is characteristic for any particular

organism.

3. Log10 (biomass or cell concentration) versus Time:

• One could plot log10 (dry mass or cell concentration) versus Time as shown in

Fig. 18.4.

• This provides a graph with a shape similar to that above (Fig. 18.3)—but the

values on the y-axis will be different.
• So the logarithmic values in our calculation of μ will have to be converted to

loge, by multiplying them by 2.303—because these organisms are exhibiting

exponential growth.

4. Doubling Time (or Generation Time) Td:

• The specific growth rate of a unicellular organism (e.g., Yeast or bacterium) is

also related to the doubling time or generation time (Td) of the organism.

Fig. 18.4 Log10 (biomass

or cell concentration)

vs. Time
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• This is the time it takes for all the cells present in the culture to double in

number.

• Td ¼ (loge 2)/μ
• So, μ ¼ (loge 2)/Td
• The doubling time in graph 3 above is 1 h (see red region), so μ ¼ 0.693 h�1.

The graphs illustrated above are characteristic of batch cultures:

• No additional nutrients are added to the culture vessel once it has been inocu-

lated and incubation has commenced, and the only environmental factor con-

trolled is the temperature of incubation—nutrients, oxygen levels, and pH will

change as incubation proceeds and the culture grows.

• Therefore, this is essentially a “closed” system.

• Batch cultures are used in some industries because valuable microbial products

(e.g., antibiotics, ethanol, organic acids) accumulate in the medium during the

stationary phase of growth.

18.5.5 Growth Kinetics in Liquid Media: Continuous Culture

An alternative to the liquid batch culture system is continuous culture in a liquid

medium:

• This involves the continuous addition of fresh culture medium to the vessel and

the withdrawal (by means of an overflow devise) of a corresponding volume of

old, spent medium, which will contain some of the microbial cells.

• The apparatus used is called a chemostat as shown in Fig. 18.5.

Fig. 18.5 Growth kinetics in liquid media: continuous culture
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Chemostat

• Many environmental factors (e.g., pH, oxygen levels, nutrients, and tempera-

ture) can be controlled very precisely throughout the incubation period.

• The culture is stirred continuously—ensuring nutrients and oxygen reach the

cells and metabolic products are distributed away from them.

• Chemostats may be used to culture yeasts or mycelial fungi.

• When culturing a mycelial fungus, the stirrer consists of blades which prevent

large mycelial pellets from forming. In this system, the fungus continues grow-

ing exponentially because it’s continuously supplied with fresh nutrients and

oxygen, and the pH is controlled.

• But the actual rate of that exponential growth will depend upon the rate of flow

of the culture medium through the culture vessel, i.e., dilution rate.

• The rate of exponential growth ¼ specific growth rate μ ¼ dilution rate D.

• μ ¼ D ¼ f/v, where f ¼ flow rate (ml h�1) and v ¼ volume of the culture (ml).

• If all environmental factors are optimal for growth, then the maximum specific

growth rate (μmax) will be achieved.

18.6 Mass Cultivation of P. indica in 10 l Fermenter

P. indica, which mimics AMF, represents a good model system to understand the

molecular basis of photo- and mycobiont interaction. Its application in horticulture

or agriculture as a potent biofertilizer and biocontrol agent is economically and

practically feasible through the easy propagation of a fungal inoculum using liquid

or axenic cultures.

It is shown that the fungus can be grown axenically on different synthetic media.

Among the tested media, the best growth reported to be on Hill and Kaefer medium

(2001) which is reported from different authors (Varma et al. 1999, 2001; Pham

et al. 2004). However, significant quantitative and morphological changes are

detected when the fungus is grown on different nutrient composition with no

apparent negative effect on plants (Kumar et al. 2011a, b).

A 3 or 7 or 10 l bioreactor was used to grow P. indica on optimized Hill and

Kaefer medium as shown in Fig. 18.6 to establish the best conditions for a maximal

biomass and spore production for scale-up studies.

When P. indica was grown n 7-l bioreactor on optimized Hill and Kaefer

medium containing (20.0 g/l glucose, 1.0 g/l peptone, 1.0 g/l yeast extract, 1.0 g/l

Casein acid hydrolysate, 50.0 ml/l macroelement, 2.5 ml/L microelement stock

solution, 1.0 ml/l vitamin stock solution, 1 ml/l CaCl2, 0.1 M, and 1.0 ml/l FeCl3), a

maximum dry cell weight of 7.36 g/l was obtained after 42 h of growth. The value

of biomass yield and the specific daily growth rate were 0.79 and 1.15, respectively.

The fungus initiated the sporulation after 48 h, and a spore yield of 9.25 � 109

spores/ml was achieved after 60 h of growth. The early sporulation in this case may

be due to rapid consumption of glucose. Due to more efficient mixing and
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homogenized fungal suspension, the growth of fungus was faster in the bioreactor

and resulted in early depletion of the carbon source and thereby early sporulation

compared to a shake flask. A complete growth profile of P. indica on modified Hill

and Kaefer medium has been depicted. The pattern of pH profile was quite similar

in all these experiments where complex nitrogen sources were present in the growth

medium. The uptake of glucose caused a decrease in pH of fermentation broth

which might be due to the generation of acidic metabolites. The growth of fungus

remained unaffected as long as the pH during the log phase was not reduced below

4.5. Besides this, it was found that the optimal mass cultivation of P. indica is

achieved on soil extract-enriched media and jaggery (extracted from Saccharum
officinarum) that contains 60–85 g/l sucrose, 5–15 g/l glucose and fructose, 0.4 g/l

protein, 0.05 g/l fat, 0.6–1.0 g/l minerals (0.4 g/l calcium, 0.045 g/l magnesium, and

phosphorus), and 11% iron. The soil extract enriched with some nutrients is suitable

for mass production of the endophyte, up to 14 days. Hill and Kaefer (2001)

medium looks to give better results in a longer run. Soil extract and jaggery

which are economically feasible need to be optimized for getting a higher biomass

of P. indica at fermentor scale.

Fig. 18.6 Production of biomass in bench Fermenter (7 l)
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18.6.1 Measurement of Cell Growth, Growth Yield,
and Specific Growth Rate

The growth of P. indica was expressed in terms of dry cell weight (DCW) per liter

of culture broth, which was determined by filtering a known volume of culture broth

through Whatman No. 1 filter paper, drying to a constant weight in vacuum oven at

60 �C for about 48 h, and weighing the dry mass. Growth yield (YX/S) was

calculated as grams of biomass produced per gram of substrate consumed. The

specific growth rate (μ) was calculated from the Equation ¼1/X � dx/dt, where X is

the biomass concentration (g/l) at time t.

18.6.2 Measurement of Chlamydospores

P. indica produced pear-shaped chlamydospores, which were attached to the

mycelium.

The spores were dislodged by adding 1 ml of Tween 80–100 ml of culture broth,

vortexing, grinding in a mixer grinder, and sonicating for 5 min each. After their

detachment, the spores were counted with a hemocytometer.

18.7 Conclusions

Significant increases in biomass productivity and reductions in time to achieve

maximum spore yield were obtained for P. indica by using batch bioreactor for its

mass cultivation. The medium appears useful for economical mass production of

spore-rich P. indica biomass for agricultural and horticultural applications.
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